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We investigate the tunneling magnetoresistance (TMR) effect using the lattice models which
describe the magnetic tunnel junctions (MTJ). First, taking a conventional ferromagnetic MTJ as
an example, we show that the product of the local density of states (LDOS) at the center of the
barrier traces the TMR effect qualitatively. The LDOS inside the barrier has the information on the
electrodes and the electron tunneling through the barrier, which enables us to easily evaluate the
tunneling conductance more precisely than the conventional Julliere’s picture. We then apply this
method to the MTJs with collinear ferrimagnets including antiferromagnets. The TMR effect in
the ferrimagnetic MTJs changes depending on the interfacial magnetic structures originating from
the sublattice structure, which can also be captured by the LDOS. Our findings will reduce the
computational cost for the qualitative evaluation of the TMR effect, and be useful for a broader
search for the materials which work as the TMR devices showing high performance.

I. INTRODUCTION

Utilizing the close connection between the spin and
charge degrees of freedom of electrons in solids, spintron-
ics has developed various phenomena that are novel from
the viewpoint of fundamental physics and promising
for industrial use [1–5]. Among those, the tunneling
magnetoresistance (TMR) effect [6, 7] is one of the
representative phenomena in its wide application [8–12].
The TMR effect is observed in the magnetic tunnel junc-
tion (MTJ), which consists of two magnetic electrodes
and the insulating barrier in between. The electrons
can tunnel through the MTJ as a quantum mechanical
current, and the tunneling resistances become different
when the magnetic moments of the two electrodes
align parallelly or antiparallelly. The set of these two
alignments with different tunneling resistances corre-
sponds to a bit taking a binary 0 or 1, which has been
utilized in the magnetic head and the magnetic random
access memory devices for the storages and the readout.
As well as the theoretical approaches [13–16], large
TMR ratios have been experimentally observed in the
MTJs such as the Fe(Co)/Al2O3/Fe(Co) [17, 18],
Fe(Co)(001)/MgO(001)/Fe(Co) [19, 20] and
CoFeB/MgO/CoFeB systems [21, 22]. Ferromag-
netic Heusler compounds have also been utilized as the
electrodes thanks to their half-metalicity [23–26].

While the main target of the spintronics was ferromag-
nets, recent spintronics has been extended to antiferro-
magnets and ferrimagnets owing to their superiorities to
ferromagnets; the smaller stray field and the faster spin
dynamics [27–35]. The antiferromagnetic version of the
spintronic phenomena, e.g., the giant magnetoresistance
effect [36–38] and the anomalous Hall effect [39–42], has
been developed. Along with these advances, the TMR
effect using ferrimagnets and antiferromagnets has also
been intensively investigated [43–49]. While most of the

studies have been theoretical attempts, experiments have
also been developed; the TMR effect is observed in the
MTJ whose two electrodes are the ferromagnet and the
ferrimagnetic Heusler compound [45]. However, for more
practical application of the MTJs with antiferromagnets
and ferrimagnets to the devices, we should search for ma-
terials constructing the MTJs which show a large TMR
ratio, and handy methods for the search are required.
In this paper, we examine the TMR effect using the

lattice models mimicking the MTJs whose electrodes are
made of collinear ferrimagnets, including the antiferro-
magnets. Motivated by the studies indicating that the
interfacial electronic structures affect the TMR effect
and they can be probed by the local density of states
(LDOS) [50–54], we particularly focus on the LDOS to
analyze the TMR effect. We find that the product of the
LDOS at the center of the barrier usually reproduces the
transmission properties qualitatively in the ferrimagnetic
MTJs as well as the ferromagnetic ones. The LDOS has
the information both on the magnetic properties of elec-
trodes and on the tunneling electrons. Besides, from the
physics point of view, we show that multiple sets of con-
figurations can appear in the ferrimagnetic MTJs due to
the sublattice structure for each of the parallel and an-
tiparallel magnetic configurations. We present that the
resultant TMR effect changes depending on the config-
urations, whose sign is determined by their interfacial
magnetic structures in many cases. This difference in
the TMR properties suggests that the magnetic configu-
rations should be carefully examined when we deal with
the ferrimagnetic MTJs.
Considering the above qualitative estimation in terms

of the LDOS, we present a hierarchy for evaluating the
TMR effect in Fig. 1. To quantitatively estimate the
TMR effect, we have to calculate the conductance itself
through the Landauer–Büttiker formula [55–58]. Tech-
nically, this method can be applied to any system and
gives us highly accurate results, whereas its numerical
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FIG. 1. Hierarchy for the evaluation of the tunneling mag-
netoresistance effect. The upper has a broader coverage and
gives more quantitative results, with the higher calculation
cost. Symbols in the right side, G(E), Nσ(E;x, y), and
Nσ(E), denote the conductance, the local density of states,
and the density of states of the bulk, respectively, which are
the quantities obtained in each calculation.

cost is often expensive, particularly in calculating from
first-principles. By contrast, the Julliere’s picture, which
claims that the density of states of the bulk electrodes
determines the efficiency of the MTJ [6, 59], is a sim-
ple and convenient picture to predict the TMR effect.
However, the picture is valid only for limited cases, and
currently it is found that the electronic states of the tun-
neling electrons are significant rather than those of the
bulk electrodes [12]. Our results can be placed between
these two methods. Calculating the LDOS of the MTJs
is much easier than the Landauer–Büttiker calculation.
Additionally, the estimation from the LDOS can cover a
broader range of MTJs with higher reliability than the
prediction from the electronic structures of the bulk elec-
trodes.

The remainder of this paper is organized as follows. In
Sec. II, we introduce the model describing the MTJ. We
simulate the TMR effect using the ferromagnetic elec-
trodes in Sec. III, and see how the LDOS works for pre-
dicting the tunneling conductance. In Sec. IV, we calcu-
late the TMR effect in the ferrimagnetic and antiferro-
magnetic MTJs applying the prediction from the LDOS.
We discuss in Sec. V the hierarchy shown in Fig. 1 and the
correspondence between our models and the MTJ with
real materials. Section VI is devoted to the summary and
perspective of this study.

II. MODEL AND METHOD

We construct the two-dimensional square lattice MTJ
using two semi-infinite lattices which work as electrodes
and the barrier in between, which is schematically shown
in Fig. 2. We treat the tight-binding Hamiltonian with

the s–d coupling on this system, which is given as

H = H0 +Ht +Hs−d, (1)

H0 =
∑
i

εini, (2)

Ht = −
∑

⟨i,j⟩,σ

tij

(
c†i,σcj,σ + h.c.

)
, (3)

Hs–d = −J
∑

i∈electrode

(si · σ)αβ c†i,αci,β . (4)

Here, c†i,σ (ci,σ) is the creation (annihilation) operator
of an electron with spin-σ on the i-th site, and ni =∑

σ c
†
i,σci,σ is the number operator. The on-site poten-

tial is denoted as εi, and the electron hopping between
site-i and j is written as tij . The summation in Ht is
taken over the neighboring two sites, which is expressed
by ⟨i, j⟩. The effect of the magnetism of the electrodes
is introduced by the s–d coupling, Hs–d, where the local-
ized spin moment, si, and the conducting electrons cou-
ple each other with the magnetic interaction constant, J .
The spin degrees of freedom of the conducting electrons
are expressed by σ, which is the vector representation of
the 2 × 2 Pauli matrices. We take the two-dimensional
cartesian coordinate, (x, y), for the MTJ, where the x-
axis is parallel to the conducting path which infinitely
extends, and the y-axis is perpendicular to the conduct-
ing path (see Fig. 2(a)). The width of the barrier in
the x-direction is L, and the width of the MTJ in the
y-direction is W . The lattice constant is taken to be
unity. We hereafter impose the open boundary condition
on the y-direction, while we confirmed that the periodic
boundary condition does not change the overall results.

The calculations of the transmissions are performed
using the kwant package [60], in which the quantum
transport properties are computed based on the scatter-
ing theory and the Landauer–Büttiker formula.

III. TUNNELING MAGNETORESISTANCE
EFFECT WITH FERROMAGNETIC

ELECTRODES

Let us first recall the conventional TMR, namely the
TMR using the ferromagnetic electrodes as shown in
Fig. 2(a). We set the localized spin moments as si =
t
(
0 0 1

)
for all sites in the left electrode. For the

sites in the right electrodes, we set si = t
(
0 0 1

)
and

t
(
0 0 −1

)
for the parallel and antiparallel configura-

tions, respectively. The schematics of these two config-
urations are shown in Figs. 3(a) and 3(b). We set the
hopping tij uniform, tij = t, and take it as a unit, t = 1.
The on-site potential is set as εi = 0 for the electrodes,
and εi = 10 for the barrier region. The system size is set
as L = 8 and W = 160.
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FIG. 2. Schematics of the two-dimensional magnetic tun-
nel junctions (MTJ) used in our calculations. (a) MTJ with
the ferromagnetic electrodes. (b) MTJ with the ferrimagnetic
electrodes. Arrows represent the localized spin moments on
the electrodes.

A. Bulk properties

Before discussing the properties of the tunneling con-
ductance, we see the properties of the bulk ferromagnetic
metals used as the electrodes, namely, the energy bands
and the density of states (DOS). The DOS is given as
Nσ(E) =

∫
BZ

dk δ(E − Ek,σ), where Ek,σ is the energy
band with spin-σ. For the energy bands of the bulk elec-
trodes, we consider the two-dimensional square lattice
described by H given in Eq. (1). The energy bands are
found to be E±

k = −2t (cos kx + cos ky)±J . The DOS of
the ferromagnet is shown in Fig. 3(c) at J = 1, where the
right-hand side and the left-hand side are the ones with
the up-spin and down-spin, respectively. By introducing
a finite J , the energy band with up-spin gains the energy
−J , while that with down-spin shifts by +J .

B. Transmission and local density of states

In Fig. 3(d), we show the TMR ratio defined as

rt =
TP − TAP

TP + TAP
, (5)

on the plane of J and E. Here, TP/AP denotes the trans-
mission for the parallel/antiparallel configuration. We
note that the definition above is slightly different from
the conventional optimistic/pessimistic ones for the rea-
son on normalization. At J = 0, the whole system is
nonmagnetic and has the degeneracy on the spin degrees
of freedom, and thus TP = TAP holds at each energy.
Namely, rt is zero. When we introduce a finite magnetic
interaction J , the degeneracy is lifted, and TP starts to

take a larger value than TAP; a finite TMR ratio is ob-
served. Due to the asymmetric structure of the barrier in
the energy, rt is also asymmetric with respect to E = 0.
The J-dependence of TP and TAP is shown in Figs. 3(e)
and 3(f). At E = −2, both of TP and TAP decrease when
J increases, and TAP reaches zero at J = 2 [61]. When
E = 0, TP increases with J , while TAP decreases to zero.
To better understand the transmission properties, we

examine the LDOS in addition to the bulk DOS. In the
naive Julliere’s picture, the product of the bulk DOS,
g(E), defined as

g(E) =
∑
σ

NL,σ(E)NR,σ(E), (6)

describes the transmission [6, 59], where NL/R,σ(E) is
the bulk DOS with spin-σ, Nσ(E), of the left/right elec-
trodes. However, g(E) does not consider the barrier, and
thus this picture holds only for the limited cases [12]. In-
stead, the LDOS has been utilized to capture the details
on the MTJs. In particular, it has been proposed that
the transmission can be described using the LDOS at the
interfaces of the MTJ. In fact, when the potential of the
barrier is high enough, the conductance derived by the
Kubo formula [14] is proportional to the product of the
LDOS at the left and right interfaces, and to the expo-
nential function, e−κL, representing the decay inside the
barrier [50, 51]. Here, κ stands for the decaying property,
namely, 1/κ means the spin diffusion length [62]. Hence,
we consider the product of the LDOS at the interfaces,
gi(E) given as

gi(E) =
1

2

∑
σ

[
Nσ

(
E; 1,

W

2

)
Nσ

(
E;L,

W

2

)
+Nσ

(
E; 1,

W

2
+ 1

)
Nσ

(
E;L,

W

2
+ 1

)]
, (7)

where Nσ(E;x, y) (1 ≤ x ≤ L, 1 ≤ y ≤ W ) is the LDOS
of the barrier at (x, y). Since we impose the open bound-
ary condition in the y-direction, we take the average over
the sites at y = W/2 and W/2 + 1 in Eqs. (7) and (8) to
reduce the effects of the oscillation due to the boundary,
and we implicitly assume that the spins do not flip in-
side the barrier [63]. However, in general, it is not easy
to precisely evaluate the exponent κ; we should need the
transmission coefficients [64] in addition to finding the
electronic structures.
Alternatively, we here utilize the LDOS at the center of

the barrier. Expecting that it contains both the details
of the MTJ and the decay, we consider the product as
follows;

gc(E) =
1

2

∑
σ

[
Nσ

(
E;

L

2
,
W

2

)
Nσ

(
E;

L

2
+ 1,

W

2

)
+Nσ

(
E;

L

2
,
W

2
+ 1

)
Nσ

(
E;

L

2
+ 1,

W

2
+ 1

)]
.

(8)
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FIG. 3. (a), (b) Schematic pictures of (a) the parallel and (b) antiparallel configuration of the magnetic tunnel junction (MTJ)
with ferromagnetic electrodes. (c) Spin-resolved density of states of the electrode with J = 1. Broken lines are the energies
where we show the results in (e), (f), (h), (i). (d)–(i) Results of the calculation on the ferromagnetic MTJ. (d) TMR ratio rt
(Eq. (5)) on the plane of J and E. (e), (f) Transmissions as a function of the magnetic interaction, J , at (e) E = −2 and (f)
0. (g) Ratio rc (Eq. (9)). (h)–(i) Magnetic interaction, J , dependence of gc(E).

In this scheme, we only have to find the electronic struc-
tures to estimate the transmission. While we now con-
sider the case with even-L and calculate the product of
the LDOS at x = L/2 and L/2 + 1, we should replace
both of them with the one at x = (L+1)/2 for the odd-L
case.

Similarly to the TMR ratio rt, we calculate the ratio,
rc, defined as

rc =
gc,P(E)− gc,AP(E)

gc,P(E) + gc,AP(E)
, (9)

where gc,P(E) and gc,AP(E) are gc(E) for the parallel
and antiparallel configurations, respectively. Figure 3(g)
shows rc on the plane of J and E. We find that rc quali-
tatively reproduces the TMR ratio rt shown in Fig. 3(d).
We show the J-dependence of gc(E) in Figs. 3(h) and
3(i), and that of g(E) in the insets. At E = −2, gc(E)
reproduces the overall properties of the transmission,
while g(E) increases with J and does not reproduce the
transmission properties. When we increase the energy to
E = 0, the bulk DOS with the up and down spins take the
same values, and the estimation in terms of g(E) would
lead to the absence of the TMR. Even in this case, the
product of the LDOS at the center of the barrier well re-
produces the transmission properties; the J-dependence
of gc(E) is qualitatively the same as the one of the trans-
missions.

We remark that we also examine the J-dependence of
gi(E) following the previous proposals [14, 50, 51]. We
find that gc(E) better reproduce the transmission prop-

erties than gi(E) when we compare these two quantities
(see Appendix A for the detailed results of gi(E)), which
is due to the absence of the decay effect in gi(E).

IV. TUNNELING MAGNETORESISTANCE
EFFECT WITH

FERRIMAGNETIC/ANTIFERROMAGNETIC
ELECTRODES

Next, we examine the tunneling conductance of the
MTJ with ferrimagnetic electrodes, including the anti-
ferromagnet, and apply the analysis by means of the
LDOS. We here concentrate on the ferrimagnet with two-
sublattices, A and B, on the square lattice. We assume
that the ferrimagnet has the G-type structure; all spins
at the nearest-neighbors of the spins in the A-sublattice
are in the B-sublattice, and vice versa. In the ferrimag-
netic MTJ, we define the parallel and antiparallel con-
figurations by the alignments of the spins on the same
sublattice. Due to the two-sublattice structure, there
are two pairs of the parallel–antiparallel configurations
whose schematic views are shown in Figs. 4(a)–4(d). In
the first one, which we call configuration-1, two local-
ized spins next to the barrier layer on the left and right
electrodes with the same y-coordinates are in the dif-
ferent sublattices. The parallel and antiparallel arrange-
ments of configuration-1 are shown in Figs. 4(a) and 4(b),
respectively. In the second one, which we refer to as
configuration-2, those two spins are in the same sublat-
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FIG. 4. Two configurations of the magnetic tunnel junc-
tions (MTJ) using the ferrimagnetic electrodes, configuration-
1 and 2. (a) Parallel and (b) antiparallel alignments of
configuration-1. (c) Parallel and (d) antiparallel alignments
of configuration-2.

tices, whose parallel and antiparallel arrangements are
respectively shown in Figs. 4(c) and 4(d). The param-
eters in the Hamiltonian are taken in common with the
ferromagnetic MTJ; the hopping is set as t = 1, εi = 0
and 10 for the electrodes and the barrier respectively, and
L = 8 and W = 160.

A. Bulk properties

We first see the bulk properties of the ferrimagnetic
electrodes; we calculate the energy band and the DOS
of the system described by the Hamiltonian H on the
square lattice. The spins of A- and B-sublattices are set
as sA = t

(
0 0 sA

)
and sB = t

(
0 0 sB

)
, respectively.

Since the ferrimagnet has two-sublattices, there are two
energy bands, E±

k,σ, for each spin degrees of freedom σ.

(a) (b)

density of states

6

0

-6

6

0

-6
-1 0 1

density of states
-1 0 1

-4

-2

2

4

-4

-2

2

4

FIG. 5. Spin-resolved density of states of (a) the two-
dimensional ferrimagnet with (sA, sB) = (1.0,−0.5), and (b)
the antiferromagnet with (sA, sB) = (1.0,−1.0). For both
cases, J = 1.0.

The energy bands are written as

E±
k,↑ =

−J (sA + sB)±
√
J2 (sA + sB)

2 − 4 (J2sAsB − γ2
k)

2
,

(10)

E±
k,↓ =

+J (sA + sB)±
√
J2 (sA + sB)

2 − 4 (J2sAsB − γ2
k)

2
,

(11)

where γk = −2t (cos kx + cos ky). In Figs. 5(a) and 5(b),
we show examples of the DOS of the ferrimagnet with
(sA, sB) = (1.0,−0.5), and that of the antiferromagnet
with (sA, sB) = (1.0,−1.0), respectively.

B. Transmissions and local density of states

1. Ferrimagnetic electrode

We discuss the transmission properties of the ferrimag-
netic MTJ. First, we investigate the system where we
fix the magnetization of two sublattices as (sA, sB) =
(1.0,−0.5). Figures 6(a) and 6(b) show the TMR ratio,
rt, on the plane of J and E for configuration-1 and 2,
respectively. The J-dependence of the transmissions for
configuration-1 and 2 at E = 3.6 is respectively shown
in Figs. 6(c) and 6(d). Without the s–d coupling J ,
the localized magnetic moment does not affect the trans-
mission, and TP and TAP take the same values for both
configuration-1 and 2. When a small J is introduced in
configuration-1, TAP is larger than TP, and TP becomes
larger than TAP at J ≃ 1.5. Meanwhile, TP is larger than
TAP at finite J in configuration-2.
As well as the ferromagnetic MTJ discussed in Sec. IV,

we focus on gc(E) defined by Eq. (8) and calculate rc
given in Eq. (9). In Figs. 6(e) and 6(f), we plot rc
for configuration-1 and 2, respectively, which indicates
that gc(E) qualitatively traces the TMR property also
in the ferrimagnetic MTJs. We plot the J-dependence
of gc(E) in Figs. 6(g) and 6(h) for configuration-1 and
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FIG. 6. Results of the transmission calculation for the ferrimagnetic tunnel junction with (sA, sB) = (1.0,−0.5) for configuration-
1 and 2. (a), (b) TMR ratio rt (Eq. (5)) on the plane of J and E. (c), (d) Transmissions at E = 3.6 with respect to J . (e), (f)
Ratio rc (Eq. (9)). (g), (h) Product of the local density of states at the center of the barrier, gc(E), as a function of J . Inset
in (g) is the J-dependence of g(E).

2 at E = 3.6, respectively, together with g(E) given in
Eq. (6) in the inset of Fig. 6(g). We can see that the
transmission and gc(E) similarly changes with J , while
g(E) does not reproduce the transmission. Here the av-
erage is meaningful also for capturing the two-sublattice
magnetic structure in the y-direction in the ferrimagnetic
MTJ, whereas in the ferromagnetic MTJ the average over
y = W/2 and W/2 + 1 is important to take the open
boundary conditions into account. We note that gc(E)
traces even the reversal of the transmission occurring in
configuration-1, whereas g(E) or gi(E) defined by the
interfacial DOS does not (see Fig. 10 for details).

2. Antiferromagnetic electrode

Next we discuss the antiferromagnetic limit, (sA, sB) =
(1.0,−1.0). In this case, configuration-1 and 2 are
equivalent; the parallel and antiparallel alignments of
configuration-1 correspond to the antiparallel and par-
allel alignments of configuration-2, respectively. Hence,
here we consider configuration-1 only and define the par-
allel and antiparallel configurations by configuration-1.
We show the TMR ratio rt (Eq. (5)) in Fig. 7(a), and
the J-dependence of the transmission at in Fig 7(b) at
E = 1. At E = 1, both of TP and TAP increase with J
at J ≲ 1 as shown in Fig. 7(b). At J ≳ 1, Nσ(E) is zero,
namely, there is no incidence from the electrodes. Thus,
the transmission of each configuration becomes zero.

Figures 7(c) represents the ratio rc (Eq. (9)). We con-

firm that rc has a parameter dependence qualitatively
the same as the one of rt. In fact, the J-dependence of
gc(E) at E = 1 shown in Fig. 7(d) well reproduce the
J-dependence of the transmissions shown in Fig. 7(b).
In the inset of Fig. 7(d) we show g(E) for the paral-
lel and antiparallel configurations, which are degenerate
and do not predict a finite TMR effect. Also, we find
that gi(E) defined by the interfacial LDOS has a param-
eter dependence qualitatively different from the one of
the transmissions (see Fig. 11 for details).

V. DISCUSSION

A. Hierarchy in estimating the transmission
properties

We presented a hierarchy in the evaluation of the trans-
mission properties in Fig. 1. Here we discuss how the
appearance, namely, the bulk DOS and the spin config-
urations, and the LDOS are related to the transmission
properties. For the ferrimagnetic tunnel junction with
(sA, sB) = (1.0,−0.5) at J = 1.85, we show the energy
dependence of the transmissions and gc(E) in Fig. 8. Fig-
ures 8(a) and 8(b) are the results for configuration-1, and
Figs. 8(c) and 8(d) are for configuration-2. When either
of the two spin-states has a finite DOS, TP takes a larger
value than TAP, which supports the Julliere’s picture.
When both spin-states have finite DOS, shown as the

shaded regions in Fig. 8, TAP is sometimes larger than
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FIG. 7. Results of the transmission calculation of the an-
tiferromagnetic tunnel junction with (sA, sB) = (1.0,−1.0).
(a) TMR ratio rt (Eq. (5)) on the plane of J and E. (b)
Transmissions for the parallel and antiparallel configurations
at E = 1. (c) Ratio rc (Eq. (9)). (d) Magnetic coupling, J ,
dependence of gc(E) at E = 1. Inset is the J-dependence of
g(E).

TP, e.g., at E ∼ 3 for configuration-1 (Fig. 8(a)). This
means that the conventional Julliere’s description breaks
down in these regions. Instead, the spin configurations
at the interface usually give very rough estimation of the
transmission. Let us focus on the spin configurations
at the interface. As shown in Figs. 4(a) and 4(b), for
configuration-1, the interfacial spins of the two electrodes
with the same y-coordinates align antiparallelly in the
parallel arrangement, and those spins in the antiparallel
arrangement align parallelly. For the configuration-2, the
parallel arrangement has the interfacial spins with oppo-
site directions, and the antiparallel arrangement has the
interfacial spins pointing in the same direction, which is
represented in Figs. 4(c) and 4(d). Since the spins are
unlikely to flip through coherent tunneling, the trans-
missions become larger when the interfacial spins of two
electrodes align parallelly. In fact, in the case where two
spin-states have nonzero DOS, TP < TAP basically holds
for configuration-1, whereas TP > TAP holds in a broad
E-region for configuration-2 (see Figs. 8(a) and 8(c)).

From the interfacial spin configurations, we can
roughly predict the TMR properties in many cases where
the bulk electrode has finite DOS of both spin states.
However, near the region where either one spin state has
a finite DOS, e.g., at E ∼ 3.7 in configuration-1, TP

becomes larger than TAP as shown in Fig. 8(a), which is
contrary to the prediction from the interfacial spins. Still
in this case, gc(E) for the parallel configuration takes a

(a) (b)

(c) (d)

0 0

Configuration-1

Configuration-2

6

4

2

0
42 1 2

Parallel
Antiparallel

0 042 1 2

6

4

2

0

FIG. 8. Results of the transmission calculations for the fer-
rimagnetic tunnel junction with (sA, sB) = (1.0,−0.5) at
J = 1.85 for (a), (b) configuration-1 and (c), (d) 2. (a),
(c) Transmissions and (b), (d) gc(E) for the parallel and an-
tiparallel alignments. Shaded regions represent the energies
where both spin-states have finite DOS (see Fig. 5(a)).

larger value than that for the antiparallel configuration.
Furthermore, gc(E) gives us detailed information on the
parameter dependence as shown in Figs. 8(b) and 8(d),
while we can only know from the appearance whether
the parallel or antiparallel configuration gives the larger
transmission. To completely understand the transmis-
sion properties, of course we should calculate the trans-
mission itself, but we expect that the estimation in terms
of the LDOS is enough as an initial way.

B. Details of the magnetic tunnel junctions

We have considered the simplest cases, where the elec-
tronic orbitals are isotropic and the barrier is structure-
less. In reality, we should consider the details of the
MTJs. In the Fe(001)/MgO(001)/Fe epitaxial MTJ, for
example, the ∆1-symmetry state with a large spin po-
larization has less decay, which dominantly contributes
to the large TMR ratio [15, 16]. If we focus on this ∆1
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Bloch state, we can apply our treatment and estimate
the TMR effect in terms of the LDOS. Besides, due to
structural disorders or hybridization of orbitals, the elec-
tronic and magnetic states at the interfaces may be mod-
ulated. We can trace the effect of the modulation with
gc(E), which is indicated by the results that gc(E) repro-
duces the transmissions with each of two different inter-
faces, configuration-1 and 2, for the ferrimagnetic MTJs.
To check the effect of interfacial structures, we examine
the MTJ with the hoppings at the interface between the
electrodes and the insulating barrier modulated. The re-
sults suggest that the LDOS can capture the qualitative
properties of the transmission even under the modula-
tion (see Appendix B for details). Also, the crystal and
magnetic structures or the interfacial disorders can cre-
ate a sharp k-dependence of the transmission [65, 66],
which we may have to examine. Even for such a case,
we consider that the LDOS can qualitatively capture the
k-dependent transmission, since the (L)DOS is the quan-
tity by integrating over the whole eigenstates, namely the
contribution at each k-point is incorporated.

If the barrier is so thick or has so large an energy gap,
the LDOS may be too small to discuss the spin polariza-
tion. In such a case, we can utilize the LDOS away from
the center instead of that at the center, since it is enough
to consider both of the properties of the barrier and the
decaying effect. By using the LDOS away from the cen-
ter, we can deal with a larger LDOS which will have the
information on the spin splitting more while keeping the
effect of decay incorporated. (see Appendix C for de-
tails).

In the typical metals used in the ferrimagnetic spin-
tronics such as GdFeCo [67–69] or Mn2RuxGa [70], the
valences of the ions carrying the magnetic moments of
the different sublattices are different. This charge in-
equivalence determines the interfacial structure to keep
the charge neutrality at the interface. Namely, if we
also take the charge degrees of freedom into account,
we can in principle design the interfacial magnetic struc-
ture. On the other hand, when we cannot control the
interfacial structures precisely, the averaged structure of
configuration-1 and 2 seems to be realized, which can be
regarded as the ferromagnetic MTJ of the net magnetic
moments. We have numerically confirmed that the Jul-
liere’s picture with the bulk DOS holds like ferromagnets
in that case.

For antiferromagnetic MTJs, when we use the antifer-
romagnets with the macroscopic time-reversal symmetry,
configuration-1 and 2 are not distinguished. The TMR
effect then vanishes since there is an equivalence on the
transmission between configuration-1 and 2 as mentioned
in Sec. IV. By contrast, the antiferromagnets macro-
scopically breaking the time-reversal symmetry separate
the MTJs with configuration-1 and 2, which enables us
to observe a finite TMR effect in the antiferromagnetic
MTJs. Actually, the MTJs using such antiferromagnets
have been theoretically proposed [47–49].

VI. SUMMARY AND PERSPECTIVES

In summary, we have numerically studied the tunnel-
ing magnetoresistance (TMR) effect modelizing the mag-
netic tunnel junction (MTJ) consisting of the collinear
ferrimagnetic electrodes as well as the well-known fer-
romagnetic ones. To grasp the transmission properties,
we have focused on the local density of states. We have
shown that the transmission properties can be qualita-
tively reproduced by the product of the local density of
states at the center of the barrier. In the physical aspect,
we have shown that there can be multiple configurations
for the ferrimagnetic MTJs owing to the sublattice struc-
ture of the electrodes. We have found that those multiple
configurations give different transmission properties and
have clarified what determines the transmission. When
either one of the majority or minority spin-states has a
finite density of states (DOS) in the bulk electrodes, the
parallel configuration gives a larger transmission than the
antiparallel configuration as the conventional picture of
Julliere. When both of the spin-states have finite DOS,
the interfacial magnetic configurations basically deter-
mine which has a larger transmission between the par-
allel and antiparallel configurations, namely the sign of
the TMR effect. Near the boundaries with the regions
where one of the two spin-states has a finite DOS, the
magnetic configurations at the interface sometimes do
not correspond to the transmission properties, but even
in those cases we can know the qualitative properties of
the transmission from the local density of states.

It will be interesting to apply our protocol to the cal-
culation based on first-principles. While detailed results
will be discussed elsewhere [71], we briefly discuss an ap-
plication to the Fe/MgO/Fe system [72], which indicates
that estimating the tunneling magnetoresistance effect
with the local density of states will be valid also in more
realistic systems. When one performs a more realis-
tic TMR calculation, the electronic structures and the
wave-functions should be obtained from first-principles.
To calculate the transmission by using first-principles
wave-functions, the methods such as the nonequilibrium
Green’s function formalism [73–75] or the scattering
problem approach [76–79] are widely adopted. However,
calculating the transmission itself using these methods
usually demands huge numerical costs, which probably
has prevented us from exploring the MTJ using various
materials. Instead, to apply our method, one only has
to calculate the electronic structure and the local den-
sity of states of a supercell containing magnetic metals
and an insulator in between, which is much less costly.
Therefore, the approach with the local density of states
will serve an easy means to search for the MTJ with high
efficiency.
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FIG. 9. Results of the simulation for ferromagnetic tunnel
junctions (Sec. III). See also Fig. 3 as a comparison. (a)
Ratio ri (Eq. (A1)) on the plane of J and E. (b), (c) Product
of the interfacial local density of states gi(E) (Eq. (7)) with
respect to J at (b) E = −2 and (c) 0.
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Appendix A: Product of the local density of states
at the interfaces

In the main text, we have discussed the similarities
between the transmissions and the product of the local
density of states (LDOS) at the center of the barrier re-
gion. Here we discuss the J-dependence of the product
of the LDOS at the interface [50, 51]. Similarly to rc
defined in Eq. (9), we define the ratio for the interfacial
LDOS, ri, as

ri =
gi,P(E)− gi,AP(E)

gi,P(E) + gi,AP(E)
. (A1)

Here gi,P/AP is gi(E) for the parallel/antiparallel config-
uration. We plot ri in Fig. 9(a). We find that ri also
describes the transmission in the large- or small-E re-
gions where rt ≃ 1 owing to the absence of the bulk DOS
of either of the spin-states. However, ri does not repro-
duce the intermediate-E region. Actually, as shown in
Fig. 9(b), gi(E) changes similarly to the transmission at
E = −2 (see Fig. 3(e)), whereas the J-dependence of

(c) (d)

(a) (b)
Configuration-1 Configuration-2

0 1 2
0

2

4

0 1 2
0

2

4
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Antiparallel

-4

-2
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2

4

0 21
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2

4

0 21

1

0
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FIG. 10. Results of the calculation for ferrimagnetic tun-
nel junctions with (sA, sB) = (1.0,−0.5) (Sec. IVB1). See
also Fig. 6 as a comparison. (a), (b) Ratio ri (Eq. (A1))
on the plane of J and E for (a) configuration-1 and (b) 2.
(c), (d) Product of the interfacial local density of states gi(E)
(Eq. (7)) as a function of J at E = 3.6 for (c) configuration-1
and (d) 2.

(a) (b)

0

1

0 1 2
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-4
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2

4

0 21
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1

FIG. 11. Results of the simulation for antiferromagnetic tun-
nel junctions with (sA, sB) = (1.0,−1.0) (Sec. IVB2). See
also Fig. 7 as a comparison. (a) Ratio ri (Eq. (A1)) on the
plane of J and E. (b) Product of the interfacial local density
of states gi(E) (Eq. (7)) at E = 1 as a function of J .

gi(E) shown in Fig. 9(c) largely deviates from that of the
transmission at E = 0 (Fig. 3(f)).
In Figs. 10(a) and 10(b), we present ri for the ferrimag-

netic MTJ with (sA, sB) = (1.0,−0.5) for configuration-1
and 2, respectively. Figures 10(c) and 10(d) are the J-
dependence of gi(E) at E = 3.6. These results show
that the transmission and gi(E) of configuration-2 may
roughly agree with each other, whereas the reversal of
the transmission in configuration-1 is not reproduced by
gi(E) at J ≤ 2.
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FIG. 12. (a) Schematic picture of the magnetic tunnel junc-
tion with the hopping at the interface modulated. (b)–(e)
Results for the ferromagnetic tunnel junction. (b), (c) TMR
ratio, rt (Eq. (5)), on the plane of J and E, for (b) t′ = 0.5
and (c) 2.0. (d), (e) Ratio calculated with the local density
of states, rc (Eq. (9)), for (d) t′ = 0.5 and (e) 2.0.

Figure 11(a) shows ri for the antiferromagnetic MTJ;
(sA, sB) = (1.0,−1.0), and Fig. 11(b) the J-dependence
of gi(E) at E = 1. At E = 1, gi(E) of the antiparallel
configuration changes similarly to TAP as J increases,
but the increase in TP at J ≲ 1 is not observed in the
J-dependence of gi(E) of the parallel configuration.

Therefore, gi(E) is not enough to describe the trans-
mission properties, and the effect of decay inside the bar-
rier should be additionally considered.

Appendix B: Results for the system with
modulation of hopping

7 To consider more realistic situations, we calculate the
transmission properties when the hopping at the interface
between the electrode and the barrier is modulated. As
schematically shown in Fig. 12(a), we here take tij = t′

for the hopping at the interface, and tij = t for the other
hoppings. We set t = 1, and examine two cases where

the interfacial hoppings become larger and smaller than t;
t′ = 0.5 and 2.0. The parameters other than the hoppings
are common with the case shown in the main text; εi =
10 and 0 for the barrier and the electrodes, respectively,
and the system size is set as L = 8 and W = 160.
We show the results for the ferromagnetic tunnel

junction with the interfacial hoppings modulated in
Figs. 12(b)–12(e). In Figs. 12(b), and 12(c), we respec-
tively show the TMR ratio, rt (Eq. (5)), with t′ = 0.5
and 2.0. The ratio defined with the LDOS, rc (Eq. (9)),
with t′ = 0.5 and 2.0 are shown in Figs. 12(d) and 12(e),
respectively. These results indicate that the LDOS can
trace the TMR properties even when the MTJ does not
take the simple structure.
The result for the ferrimagnetic tunnel junction with

(sA, sB) = (1.0,−0.5) is shown in Fig. 13. When t′ = 0.5,
we show rt for configuration-1 in Fig. 13(a), and that for
configuration-2 in Fig. 13(b). Figures 13(c) and 13(d)
are rt with t′ = 2.0 for configuration-1 and 2, respec-
tively. The LDOS-counterpart, rc, with t′ = 0.5 and
2.0 are shown in Figs. 13(e)–13(h). We also show the
results for the antiferromagnetic tunnel junction with
(sA, sB) = (1.0,−1.0) in Fig. 14; rt with t′ = 0.5 and 2.0
are shown in Figs. 14(a) and 14(b), and rc with t′ = 0.5
and 2.0 are shown in Figs. 14(c) and 14(d), respectively.
All these results suggest that gc(E), the product of the
LDOS at the center of the barrier, qualitatively captures
the properties of the transmission when a system has
multiple kinds of hoppings.

Appendix C: Local density of states away from
center

If we deal with a MTJ with a thicker barrier or a bar-
rier with a larger energy gap, the LDOS at the center
of the barrier may take so small a value, and the spin
polarization in the LDOS may be too small to observe
the difference between parallel and antiparallel configu-
rations using the LDOS. In such a case, we can employ
the LDOS away from the center in place of that at the
center. While the LDOS at the interface does not con-
sider the tunneling effect as shown in Appendix A, the
LDOS inside the barrier still takes the tunneling effect
into account even when it is not at the center.

We here consider the LDOS of the sites one layer away
from the center, and calculate the product of the LDOS,
gnc(E). For even-L case, gnc(E) is given as

gnc(E) =
1

2

∑
σ

[
Nσ

(
E;

L

2
− 1,

W

2

)
Nσ

(
E;

L

2
+ 2,

W

2

)
+Nσ

(
E;

L

2
− 1,

W

2
+ 1

)
Nσ

(
E;

L

2
+ 2,

W

2
+ 1

)]
.

(C1)

Particularly, in our current situation of L = 8, we con-
sider the product of the LDOS at the third and sixth
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FIG. 13. Results of the transmission calculation for the ferrimagnetic tunnel junction with (sA, sB) = (1.0,−0.5). (a)–(d) TMR
ratio, rt (Eq. (5)), on the plane of J and E, for (a), (b) t′ = 0.5 and (c), (d) 2.0. (e)–(h) Ratio calculated with the local density
of states, rc (Eq. (9)), for (e), (f) t′ = 0.5 and (g), (h) 2.0. Figures (a), (c), (e), (g) are the results for configuration-1, and
Figs. (b), (d), (f), (h) are for configuration-2.

layers of the barrier. In common with rc and ri, we de-
fine the ratio with gnc(E) as

rnc =
gnc,P(E)− gnc,AP(E)

gnc,P(E) + gnc,AP(E)
, (C2)

where gnc,P/AP(E) is gnc(E) for the parallel/antiparallel
configuration.

We show rnc on the plane of J and E for each of the fer-
romagnetic, ferrimagnetic, and antiferromagnetic MTJs
in Figs. 15, 16, and 17, respectively. When compared
with rt shown in Figs. 3(d), 6(a), 6(b), and 7(a), these
results indicate that the LDOS inside the barrier works
for the qualitative estimation of the TMR effect long as
the effect of decay is included.
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FIG. 14. Results of the transmission calculation for the an-
tiferromagnetic tunnel junction with (sA, sB) = (1.0,−1.0).
(a), (b) TMR ratio, rt (Eq. (5)), on the plane of J and E, for
(a) t′ = 0.5 and (b) 2.0. (c), (d) Ratio defined by the local
density of states, rc (Eq. (9)), for (c) t′ = 0.5 and (d) 2.0.
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FIG. 15. Ratio defined by the local density of states away
from the center, rnc (Eq. (C2)), for the ferromagnetic tunnel
junction (Sec. III).
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FIG. 16. Ratio defined by the local density of states away
from the center, rnc (Eq. (C2)), for (a) configuration-1 and
(b) configuration-2 of the ferrimagnetic tunnel junctions with
(sA, sB) = (1.0,−0.5) (Sec. IVB1).
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FIG. 17. Ratio defined by the local density of states away
from the center, rnc (Eq. (C2)), for antiferromagnetic tunnel
junctions with (sA, sB) = (1.0,−1.0) (Sec. IVB2).
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J. Sinova, and T. Jungwirth, Phys. Rev. X 12, 011028
(2022).

[49] J. Dong, X. Li, G. Gurung, M. Zhu, P. Zhang, F. Zheng,
E. Y. Tsymbal, and J. Zhang, Phys. Rev. Lett. 128,
197201 (2022).

[50] E. Y. Tsymbal and K. D. Belashchenko, J. Appl. Phys.
97, 10C910 (2005).

[51] E. Y. Tsymbal, K. D. Belashchenko, J. P. Velev, S. S.
Jaswal, M. van Schilfgaarde, I. I. Oleynik, and D. A.
Stewart, Prog. Mater. Sci. 52, 401 (2007).

[52] K. Masuda, H. Itoh, and Y. Miura, Phys. Rev. B 101,
144404 (2020).

[53] K. Masuda, H. Itoh, Y. Sonobe, H. Sukegawa, S. Mitani,
and Y. Miura, Phys. Rev. B 103, 064427 (2021).

[54] K. Masuda, T. Tadano, and Y. Miura, Phys. Rev. B
104, L180403 (2021).

[55] R. Landauer, IBM J. Res. Dev. 1, 223 (1957).
[56] R. Landauer, Phil Mag. 21, 863 (1970).
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