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Enhanced tunneling magnetoresistance and spin filtering in perovskite magnetic tunnel junctions
via oxygen octahedral tilting
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Oxygen octahedral tilting significantly reduces the symmetry of perovskites and changes the transport
properties of perovskite magnetic tunnel junctions (MTJs). We investigated SrRuO3/CaTiO3/SrRuO3 MTJs by
first-principles simulation and predicted an intriguing coupling between oxygen octahedral tilting and tunneling
magnetoresistance. We obtained higher spin polarization at the Fermi level for the SrRuO3 electrodes with tilted
octahedra, which increases the tunneling magnetoresistance value. Transmission and complex band structure
analysis shows that the majority spin tunneling current in the CaTiO3 barrier with tilted octahedra is suppressed
by wave function symmetry filtering, thus producing a negative spin filtering with an efficiency close to −100%
and further enhancing the TMR effect. Both phenomena disappear in the junction without oxygen octahedral
tilting, hence they have resulted from lattice distortions. The effective control of the tunneling magnetoresistance
via oxygen octahedral tilting could act as a way to improve the performances of perovskite spintronic devices.
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I. INTRODUCTION

Magnetic tunnel junctions (MTJs) are heterostructures that
consist of dielectric tunneling barriers sandwiched by ferro-
magnetic electrodes. A typical MTJ exhibits a sizeable change
in tunneling resistance with the flip of electrode magnetization
direction, known as the tunneling magnetoresistance (TMR)
effect. MTJs with high TMR values are the fundamental
structures of hard disk reading heads [1], magnetoresistive
random access memories [2], and magnetic field detectors [3].
Therefore, the development of MTJ has focused on obtaining
higher TMR values, and different materials were utilized to
achieve this goal. At present, the most common electrode
materials include magnetic metals [4] and alloys [5–8], while
the tunneling barrier materials have gone through transition
metals [4,9,10], amorphous metallic oxides [5,11–13], crys-
talline MgO [14–16] to low-dimensional materials such as
MoS2 [17–19], layered-BN [20–22], and graphene [23–25].
TMR values of MTJs increased significantly in this process,
especially after two-dimensional (2D) materials were applied.
The predicted value with 2D tunneling barriers has recently
exceeded 9000% [26]. However, most works on MTJs built
by low-dimensional materials have not been confirmed by
experiments [27] since it is difficult to prepare high-quality
2D heterostructures. Therefore, getting higher TMR values in
traditional MTJs is still practical. In this regard, the applica-
tion of perovskites in MTJs has been explored. A primary
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characteristic of perovskites is their complex lattice distor-
tions. Some of them have aroused important applications.
For example, the ferroelectric distortions in perovskites pro-
duce tunneling electroresistance (TER) effects and developed
ferroelectric tunnel junctions [28]. This application inspired
the idea of using structural distortions to design new de-
vices. Naturally, an intriguing question comes: What role
will such lattice distortions play in perovskite MTJs? Several
works have thoroughly discussed this topic, such as com-
bined TER/TMR effects [29,30] and ferroelectric induced
skyrmions [31] in perovskite MTJs with ferroelectric barriers.
However, the ferroelectric distortions have not been reported
to improve the TMR value significantly in these works.

In this paper, we consider a more common yet less inves-
tigated lattice distortion in perovskites: the oxygen octahedral
tilting (OOT), which could have a closer connection to the
TMR effect. Initially, the TMR effect in the MTJ was ex-
plained with the Julliere model [32], in which the electrode
spin polarization has a decisive impact on the TMR value
[33,34]. In ferromagnetic perovskites such as SrRuO3, it
is reported that OOT could change the magnetization via
increasing localization of Ru-d orbitals [35], which could
increase the electrode spin polarization and further enhance
the TMR effect. Later, the investigation of the TMR effect
went beyond the Julliere model by taking into account the
wave function symmetry-dependent spin filtering of crys-
talline tunneling barriers [36,37], which is closely related to
the lattice symmetry of the barrier layer. OOT also has a
much more significant impact on lattice symmetry than fer-
roelectric distortions, thus spin filtering in a perovskite-based
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MTJ could also be tuned by OOT. In addition, using OOT
to control the TMR effect has a significant advantage: OOT
is coupled to the mechanical loads, and its tilt modes and
angles can be changed by lattice strain [38–40], which can
be used to achieve more sensitive mechanical controllability
of TMR effect. However, these effects might also reduce the
performance of MTJs, and conclusions can only be drawn by
making thorough investigations. Using first-principles simula-
tion, we demonstrate how OOT is coupled to the TMR effect
in perovskite MTJs and predict an enhanced TMR effect from
OOT. Our findings could provide a different perspective on
the relationship between lattice symmetry and spin-dependent
electron transports in MTJs.

II. COMPUTATIONAL METHODS

Ground-state calculations are performed using the QUAN-
TUM ESPRESSO package [41]. The plane-wave energy cutoff
is set to 708 eV. The exchange correlation is treated in the
generalized gradient approximation with the Perdew-Burke-
Ernzerhof parametrization (GGA-PBE) [42]. O-2s, O-2p,
Sr-4s, Sr-5s, Sr-4p, Sr-5p, Ca-3s, Ca-4s, Ca-3p, Ca-4p, Ru-4s,
Ru-5s, Ru-4p, and Ru-4d states are considered to be valence
states. Integrations over the first Brillouin zone are performed
on a well converged 6 × 6 × 6 Monkhorst-Pack grid [43]
for the Pm3̄m SrRuO3 unit cell and a 4 × 4 × 3 grid for the
Pnma SrRuO3 unit cell. For corresponding MTJs, a 6 × 6 × 1
grid and a 4 × 4 × 1 grid are used separately. The atomic
structures are fully relaxed until Hellmann-Feynman forces
acting on each ion are less than 0.02 eV Å–1, and cell stress
components are less than 0.05 GPa.

Transport and complex band calculations are also per-
formed using the QUANTUM ESPRESSO package. Relaxed
electrode layers and scattering layers are stacked in the z di-
rection (transport direction) to form MTJs, and the electrodes
are considered semi-infinite. For antiparallel spin configura-
tions, the scattering regions are doubled in the z direction
when performing self-consistent field calculations. The re-
sulting wave functions are cut in half to match semi-infinite
electrodes. In transmission coefficients calculations, a 100 ×
100 k mesh is used for the MTJ built by Pm3̄m blocks and a
70 × 70 k mesh is used for the MTJ built by Pnma blocks.
In complex band calculations, the point groups of real bands
are calculated by QUANTUM ESPRESSO. The symmetries of
imaginary bands are determined by analyzing the symmetries
of the real bands they connected.

III. RESULTS AND DISCUSSION

A. Ground-state properties

In the following, we use SrRuO3/CaTiO3/SrRuO3 MTJs
as model systems to investigate relationships between OOT
and TMR effects. The reasons for choosing these materials
are briefly explained below. OOT includes in-phase and out-
of-phase tilts of oxygen octahedra about the a, b, and c axes
of the perovskite pseudocubic cell, forming 15 different tilt
systems [44]. The three most common tilt systems [45] in-
clude a0a0a0 (Glazer’s notation [46]) with Pm3̄m space group,
a–a–a– with R3̄ c space group, and a–a–c+ with Pnma space
group. The octahedra in the first system are not tilted, and

the latter two have tilted octahedra about all three crystallo-
graphic axes. SrRuO3 is a metallic perovskite with a Pnma
structure under 820 K [47]; it also displays ferromagnetism
with magnetization around 1.1 μB per Ru ion under 160 K
[48]. The coexistence of conductivity, ferromagnetism, and
OOT in SrRuO3 makes it an ideal electrode for our simulation
to reveal the coupling between TMR and OOT. Still, the low
Curie temperature limits its application at room temperature.
In the following simulation, we assume that SrRuO3 is fer-
romagnetism, corresponding to the case below 160 K in the
experiment. On the other hand, the Pm3̄m substrates such as
SrTiO3 suppress lattice distortions in epitaxial SrRuO3 thin
films even at low temperatures; thus, OOT in epitaxial SrRuO3
thin films is rarely investigated. In 2011, Chang et al. reported
a restoration to a bulklike Pnma structure for epitaxial SrRuO3
thin film on SrTiO3 substrate when the film thickness is larger
than 18 unit cells [49], which gives practical significance to
the discussion of OOT in SrRuO3 thin films. On the other
hand, we chose CaTiO3 as the tunneling barrier material since
it also has a Pnma structure [50] while being a dielectric
and nonmagnetic perovskite. Both SrRuO3 and CaTiO3 have
Pnma structure and a–a–c+ tilt system at room temperature.
Therefore, in the following simulation, we set the Pnma
structure as the initial structure of the system and keep the
symmetry during the relaxation. The matching of tilt systems
between electrodes and tunneling barriers could produce an
overall Pnma structure for SrRuO3/CaTiO3/SrRuO3 MTJ and
significantly tune the electron transport.

Our simulated SrRuO3/CaTiO3/SrRuO3 MTJs are
schematically shown in Fig. 1, and their ground-state
properties are calculated using the QUANTUM ESPRESSO

package [41]. The building blocks (electrodes and scattering
regions) are stacked in the z direction to build the MTJ;
after that, the whole structure is relaxed and then divided
into the left/right electrodes and the scattering region. After
relaxation, the interface distances of MTJ no. 1 and no.
2 are 2.03 and 1.92 Å, respectively, with a difference of
only around 0.1 Å. Therefore, the difference between the
interface distances should not cause significant differences
in transport properties. We assume that the thickness of all
electrodes is greater than 18 unit cells; hence the influence
of substrates on the electrodes can be ignored. As a result,
the in-plane lattice constants of all MTJs are set to the lattice
constants of bulk SrRuO3. All ionic coordinates and the
z-axis lattice constant are fully relaxed. For the cubic Pm3̄m
SrRuO3, the calculated lattice constant is 3.9554 Å. For the
orthorhombic Pnma SrRuO3, the calculated lattice constants
are a = 5.5965 Å, b = 5.5853 Å, and c = 7.8777 Å, which
is 0.53%, 0.96%, and 0.42% higher than the experimental
values under room temperature [51], respectively. The slight
overestimation of lattice constants is a well-known issue of
the GGA-PBE approach. The tilt system of the Pnma SrRuO3

is calculated to be a–a–c+, which includes 7.34° in-phase
tilts about the [001] axis and 7.72° out-phase tilts about the
[110] and [11̄0] axes of the orthorhombic cell. Our simulated
MTJs are assumed to be grown on SrTiO3 substrates, while
the HF-treated SrTiO3 prefers the TiO2 termination [52].
Therefore, the SrRuO3/CaTiO3 interfaces are supposed to be
RuO2/CaO terminations to maintain the stoichiometric ratio
of SrRuO3. The upper part of Fig. 1(a) shows the relaxed
structure of the MTJ built by Pm3̄m blocks, and the overall
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FIG. 1. (a) Schematic illustrations of MTJs in our investigation. The top is MTJ no. 1 with a tetragonal structure and a0a0a0 tilt system
(space group P4/mmm), and the bottom is MTJ no. 2 with an orthorhombic structure and a–a–c+ tilt system (space group P21/c). (b) Calculated
layer-averaged magnetic moments of B-site ions in MTJ no. 1 and no. 2 with spin-parallel configuration and (c) spin-antiparallel configuration.

symmetry is P4/mmm. The lower part of Fig. 1(a) shows
the relaxed structure of the MTJ built by Pnma blocks, and
the overall symmetry is P21/c. The above space groups are
calculated by the FINDSYM code [53]. For simplicity, we
mark the P4/mmm MTJ as MTJ no. 1 and the P21/c MTJ as
MTJ no. 2.

Due to our interests in the TMR effect, the most important
properties of these MTJs are the ground-state magnetic mo-
ments in the SrRuO3 layers. The corresponding calculation
results are shown in Fig. 1(b). In all cases, the magnetic mo-
ments of Ru ions are about 1.1 μB, which is in good agreement
with Ref. [48]. Furthermore, the magnetic moment of Ru ions
in MTJ no. 1 is slightly higher than that in MTJ no. 2, but
it is significantly lower than MTJ no. 2 near the RuO2/CaO
interfaces. Since the SrRuO3 layers in MTJ no. 2 maintain
ferromagnetism, we expect a significant TMR effect in MTJ
no. 2, which validates our following discussions.

B. Tunneling conductances of MTJ no. 1 and no. 2

The tunneling conductances of MTJ no. 1 and no. 2 un-
der zero bias are calculated by a scattering-based approach
implemented in the QUANTUM ESPRESSO package [54]. The

transmission coefficients T (k||) are calculated, and all trans-
mission coefficients (scaled by the total number and weights
of k points) are summed to give the tunneling conductance for
the majority (indicated by ↑) and the minority spin (indicated
by ↓) channel by the Landauer formula

G = e2

h

∑

k||

T (k||), (1)

where G is the tunneling conductance. The above formula
works at 0 K, while calculating the tunneling conductance at
room temperature is beyond our discussion as the temperature
is assumed to be below the Curie temperature of SrRuO3 (160
K). Therefore, we further assume that the temperature is 0 K
so that Eq. (1) is applicable. We define the TMR ratio by the
conventional definition

TMR = G↑↑ − G↑↓
G↑↓

, (2)

where G↑↑ and G↑↓ is the tunneling conductance of the spin
parallel (indicated by ↑↑) and antiparallel (indicated by ↑↓)
configuration, respectively. The calculated tunneling conduc-
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TABLE I. Calculated tunneling conductances and TMR values
for MTJ no. 1 and no. 2.

Conductance (G) MTJ no. 1 MTJ no. 2

G↑↑ (majority channel) 3.83 × 10–2 μS 1.02 × 10–5 μS
G↑↑ (minority channel) 3.52 × 10–2 μS 2.01 × 10–2 μS
G↑↓ (total) 1.38 × 10–2 μS 2.52 × 10–5 μS
TMR value 434.65% 79 807.71%

tances and TMR values for MTJ no. 1 and no. 2 are shown in
Table I. Compared with MTJ no. 1, MTJ no. 2 has two distinct
characteristics: the tunneling conductance decreases in both

spin-parallel and spin-antiparallel configurations, whereas the
TMR value drastically increases by nearly 184 times of MTJ
no. 1 (from 434.65% in MTJ no. 1 to 79 807.71% in MTJ
no. 2). It is reported that the SrRuO3 thin films grown on
GdScO3 exhibit higher resistivity than grown on SrTiO3 due
to enhanced OOT [55]; therefore, the emergence of OOT can
lead to the decrease of tunneling conductivity. We believe a
similar situation also appears in our systems; a reduction in
tunneling conductance accompanies the OOT in MTJ no. 2.
However, the mechanism for the sizeable increase in the TMR
value of MTJ no. 2 is not clear.

To shed more light on the spin-dependent electron transport
in MTJ no. 2, we plot the transmission coefficient T (k||) at

FIG. 2. (a) Calculated k|| -resolved transmission at the Fermi level for MTJ no. 1 and (b) MTJ no. 2. White arrows show spin arrangements
in left and right SrRuO3 electrodes (i.e., spin parallel or spin antiparallel). (c) Calculated DOS in bulk SrRuO3. The left diagram shows the
DOS of Pm3̄m SrRuO3, and the right diagram shows the DOS of Pnma SrRuO3. Values of spin polarization at the Fermi level (P) are given in
each diagram.
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each k|| point to contour maps, as shown in Fig. 2. In MTJ
no. 1, it is clear that transmission near the in-plane Brillouin
zone center makes a significant contribution to the tunneling
conductance in the spin parallel configuration, while there is
no transmission near the Brillouin zone center in the spin an-
tiparallel configuration, as shown in Fig. 2(a). These behaviors
can be explained by electrode spin polarization at the Fermi
level, and symmetry mismatch between the majority and mi-
nority spin states in electrodes. In MTJ no. 2, the transmission
of the majority spin channel in the spin parallel configura-
tion is negligible, and transmissions of both majority and
minority spin channels in the spin antiparallel configuration
are negligible. The tunneling current can only pass through
the minority spin channel in the spin parallel configuration,
as shown in Fig. 2(b). These new behaviors are responsible
for the remarkable significant difference between G↑↑ and
G↑↓, hence resulting in a TMR value up to 79 807.71% in
MTJ no. 2.

To further explain these phenomena, we first consider the
Julliere model; the TMR effect only results from electrode
spin polarization. Under this assumption, we have the Julliere
formula [4]

TMR = 2PLPR

1 − PLPR
, (3)

where PL and PR are the spin polarization of the left and right
electrodes, respectively. Our simulated MTJs have symmetric
electrodes and interfaces, which gives PL = PR = P. Thus the
Julliere formula can be simplified as

TMR = 2P2

1 − P2
. (4)

Under zero bias, only the states at the Fermi level con-
tribute to the tunneling current; therefore spin polarization P
used to calculate the TMR value can be expressed as [33]

P = D↑(EF) − D↓(EF)

D↑(EF) + D↓(EF)
, (5)

where D↑(EF) and D↓(EF) are the density of states at the
Fermi level for the majority and minority spin channel, re-
spectively. The magnetism of SrRuO3 is contributed by Ru-4d
orbitals, and the total density of states (DOS) and projected
DOS of Ru-4d orbitals are plotted in Fig. 2(c). It is evident
that although the Pm3̄m and the Pnma SrRuO3 have similar
magnetic moments [see Fig. 1(b)], their spin polarizations at
the Fermi level are quite different. The Pnma SrRuO3 has
a negative spin polarization down to about −68.8%, which
is nearly −3 times larger than the spin polarization in the
Pm3̄m SrRuO3. This result is also close to a previous theoret-
ical predicted spin polarization of −85.7% in orthorhombic
SrRuO3 [56]. As a result, the TMR ratio of MTJ no. 2 is about
16.6 times larger than that of MTJ no. 1 from the Julliere
formula, thereby partly explaining the exceptional high TMR
value in MTJ no. 2. While the primary difference between the
Pm3̄m and Pnma SrRuO3 is their lattice structure, there is no
lattice distortion in the former, but complex OOT exists in the
latter. Therefore, the significant increase of spin polarization
in the Pnma SrRuO3 directly results from OOT, which further
enhances the TMR effect in MTJ no. 2.

C. Spin-filtering effect of MTJ no. 2

It should be noted that the Julliere model can’t explain
the suppression of the majority spin tunneling current in MTJ
no. 2 in the parallel-spin configuration [see Fig. 2(b)]. From
Eq. (5), the majority spin tunneling current drops to negligible
values only when D↑(EF) is close to zero (spin polarization
decreases to about −100%). However, our calculated spin po-
larization of Pnma SrRuO3 is about −69%, hence the majority
spin channel should still allow tunneling current in the spin
parallel configuration. The above suggestion is inconsistent
with Fig. 2(b). Therefore, the results in Fig. 2(b) must be
explained by other mechanisms. The ability of an MTJ that
only allows the current with a specific spin polarization to pass
is known as the spin filtering effect [57–59], which often re-
sults from the regulation of coherent tunneling by a crystalline
tunneling barrier. The spin filtering efficiency Psf is defined as
[60]

Psf = I↑ − I↓
I↑ + I↓

, (6)

where the majority and minority spin components of the tun-
neling current are I↑ and I↓. As I is linearly proportional to
the tunneling conductance G under zero bias, we rewrite the
above expression as

Psf = G↑ − G↓
G↑ + G↓

. (7)

From Table I, the Psf of MTJ no. 1 in the parallel-spin
configuration is about 4.2%, while that in MTJ no. 2 is about
−99.9%. In antiparallel-spin configurations, the Psf of MTJ
no. 1 and no. 2 are −2.2% and −15.8% respectively. There-
fore, there is no obvious spin filtering in MTJ no. 1, but
MTJ no. 2 blocks the electrons in the majority spin channel,
with the largest Psf going up to nearly −100%. To gain more
insight into this behavior of MTJ no. 2, we plot the calculated
electronic band structures along the transport direction for
SrRuO3 and CaTiO3 in Fig. 3. The left part of Fig. 3(a) shows
the real band structure near the MTJ Fermi level of Pm3̄m
SrRuO3; the Bloch states at the Fermi level include a majority
spin state with the �1 symmetry and two doubly degenerate
minority spin states with the �5 symmetry. The right part of
Fig. 3(a) shows the complex band structure of Pm3̄m CaTiO3

at k|| = (0, 0) and kz = q + iκ . The real bands form a band
gap near the Fermi level, while several imaginary bands cross
the Fermi level. Each intersection of the imaginary band and
the Fermi level represents an eigenchannel of tunneling. The
imaginary wave vector κ indicates the decay rate of a scatter-
ing state. The scattering states at EF in Pm3̄m CaTiO3 with the
lowest decay rates consist of one state with the �1 symmetry
and two doubly degenerate states with the �5 symmetry. Since
CaTiO3 is nonmagnetic, each of its bands consists of spin-up
and spin-down subbands, thus the spin and symmetry of the
scattering states are perfectly consistent with the Bloch states
at EF in Pm3̄m SrRuO3 electrode. On the other hand, the decay
rates of the different scattering states are close, indicating that
the barrier heights experienced by the majority and minority
spin tunneling electrons are similar. As a result, MTJ no. 1
has no obvious preference for the majority and minority spin
tunneling current. The left part of Fig. 3(b) shows the real
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FIG. 3. Calculated complex band structures of bulk SrRuO3 and CaTiO3 at k|| = 0. The left parts show the real bands along the transport
direction near the Fermi level of SrRuO3. The right parts show the complex bands along the transport direction near the Fermi level of CaTiO3.
The horizontal black dashed lines mark the Fermi levels. (a) Real and complex band structure of Pm3̄m SrRuO3 and CaTiO3. (b) Real and
complex band structure of Pnma SrRuO3 and CaTiO3.

band structure near the Fermi level of Pnma SrRuO3; the
Bloch states at the Fermi level include a majority spin state
with the �2 symmetry and three minority spin states with
the �1, �2, and �3 symmetry, respectively. While the three
scattering states at EF in the Pnma CaTiO3 with the lowest
decay rates have the �1, �3, and �4 symmetry, the majority
and minority spin �2 scattering states have significantly larger
decay rates, thus resulting in a negative spin filtering effect,
as shown in the right part of Fig. 3(b). The spin filtering
could effectively reduce the majority spin tunneling current
in MTJ no. 2. Since MTJ no. 1 and no. 2 are identical in
materials composition, their only difference is whether the
oxygen octahedra are tilted or not. Therefore, we suggest that
the symmetry filtering in MTJ no. 2 directly results from OOT.

Finally, we connect the symmetry of the scattering states
in MTJ no. 1 and no. 2 with the atomic orbital characteristics
of tunneling currents to get more insight into the negative spin
filtering effect in MTJ no. 2. The calculated point group of
the � bands in the cubic Pm3̄m cell of SrRuO3 and CaTiO3

is C4v , and its irreducible representations and corresponding
d-orbital wave functions are �1 (dz2 ), �′

1, �2 (dx2−y2 ), �′
2

(dxy), and �5 (dxz, dyz). From Fig. 3(a), it is clear that the

majority spin scattering state has the �1 symmetry, hence it
should include the contributions of Ru-dz2 and Ti-dz2 orbitals.
The doubly degenerated minority spin scattering states have
the �5 symmetry, hence they include the contributions of
Ru-dxz, Ru-dyz, Ti-dxz, and Ti-dxz orbitals. These relationships
between scattering states and atomic orbitals can be verified
by analyzing tunneling electrons’ real space probability den-
sity distribution. Further calculations suggest that there are
three eigenchannels at k|| = (0, 0) of MTJ no. 1: one majority
spin �1 channel with the transmission |T |2 ≈ 0.0035, and
two minority spin �5 channels with identical transmissions of
|T |2 ≈ 0.0056. The real space probability density of these
scattering states of MTJ no. 1 is shown in Fig. 4; the majority
spin �1 state is formed by Ru-dz2 and Ti-dz2 orbitals, while
the doubly degenerated minority spin �5 states are formed
by Ru-dxz, Ru-dyz, Ti-dxz, and Ti-dxz orbitals. These results
closely follow our previous complex band calculation and
symmetry analysis.

The next step is to apply the same method to MTJ no. 2.
The calculated point group of the � bands in the orthorhombic
Pnma cell of SrRuO3 and CaTiO3 is C2v , and its irreducible
representations and corresponding d-orbital wave functions
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FIG. 4. Real space scattering states at the Fermi level of MTJ no.
1. From top to bottom are the majority spin scattering state with �1

symmetry and two doubly degenerated minority spin scattering states
with �5 symmetry.

are �1 (dz2 ), �2 (dxy), �3 (dxz ), and �4 (dyz). Figure 3(b)
shows that the majority spin Bloch state at the Fermi level
in Pnma SrRuO3 has �2 symmetry; hence it is formed with
the participation of Ru-dxy orbitals. These orbitals extend per-
pendicular to the transport direction, so they cannot overlap
with other orbitals effectively in the transport direction, there-
fore they should not contribute significantly to the tunneling
current. Complex band calculations of Pnma CaTiO3 also
support this conclusion, as the three scattering states with the
lowest decay rates at the Fermi level have �1 (dz2 ), �3 (dxz ),
and �4 (dyz) symmetry, and all these orbitals have significant
extension in the transport direction, as shown in the right part
of Fig. 3(b). Eventually, the majority spin tunneling current
travels from SrRuO3 to CaTiO3 and is suppressed due to wave
function symmetry mismatch, which is further due to the ma-
jority spin Fermi surface of Pnma SrRuO3, which is formed
by in-plane extended Ru-dxy orbitals. Transport calculations
also suggest that the transmission of the �2 majority spin
tunneling channel at k|| = (0, 0) of MTJ no. 2 is negligible,
while there are two minority spin tunneling channels of MTJ
no. 2 with non-negligible transmissions: one channel with
|T |2 ≈ 0.0029, and another channel with |T |2 ≈ 0.0020.
The real space probability density of these two scattering
states in MTJ no. 2 is shown in Fig. 5, and it is evident that the
upper two are �2 states formed by Ru-dxy and Ti-dxy orbitals,
and the lower two are �1 states formed by Ru-dz2 and Ti-dz2

orbitals and �3 state formed by Ru-dxz and Ti-dxz orbitals.
These channels are also reflected in Fig. 3(b), as the minority
spin Bloch states at the Fermi level of Pnma SrRuO3 have �1

(dz2 ), �2 (dxy), and �3 (dxz ) symmetry, and the symmetry of
the �1 and �3 states are consistent with the scattering states
with the lowest decay rates in the tunneling barrier, which
eventually form two minority spin tunneling channels with
obvious transmissions. As a result, the spin filtering in MTJ
no. 2 is explained by the wave function symmetry filtering
of the majority spin channel. This spin filtering effect exists
in both spin parallel and antiparallel configurations of MTJ

FIG. 5. Real space scattering states at the Fermi level of MTJ no.
2. From top to bottom are the majority spin scattering state with �2

symmetry and three minority spin scattering states with �2, �1, and
�3 symmetry, respectively.

no. 2, and it further improves the TMR value of MTJ no. 2
because it drastically cuts down the already small minority
carrier tunneling current in the spin antiparallel case; thus the
TMR value of MTJ no. 2 eventually rises to even higher than
the expectation of the Julliere model.

D. An overall picture of spin-dependent transport of
MTJ no. 1 and no. 2

The above discussions provide an overall picture of spin-
dependent electron transport in our simulated MTJs. Both
MTJ no. 1 and no. 2 have SrRuO3/CaTiO3/SrRuO3 con-
figurations with identical electrode/barrier thicknesses and
interfaces, while OOT is allowed in MTJ no. 2. We obtained
sizeable oxygen octahedral tilts in MTJ no. 2, which changes
the MTJ from a tetragonal P4/mmm structure (without oxygen
octahedral tilts) to an orthorhombic P21/c structure (with oxy-
gen octahedral tilts). Further simulations revealed that MTJ
no. 2 has a much higher TMR value than MTJ no. 1, accom-
panied by a substantial increase in spin filtering efficiency.
We showed two mechanisms for these enhancements. First,
the spin polarization at the Fermi level of Pnma SrRuO3

electrode in P21/c MTJ is near −12.6 times higher than
that of Pm3̄m SrRuO3 in P4/mmm MTJ, as schematically
shown in Fig. 6. The magnitudes of D↑(EF) and D↓(EF) are
represented by the lengths of red and blue dashed lines. The
difference between D↑(EF) and D↓(EF) in Fig. 6(b) is much
more significant than in Fig. 6(a), enhancing the difference
between majority carrier and minority carrier currents. At
the same time, the Pnma CaTiO3 tunneling barrier in P21/c
MTJ produces symmetry filtering on the input current from
Pnma SrRuO3, which results in a negative spin filtering effect
with maximum filtering efficiency of −100%. The robust spin
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FIG. 6. Schematic illustration of spin-dependent electronic transports of (a) MTJ no. 1 and (b) MTJ no. 2.

filtering reduces the already negligible minority carrier current
in MTJ no. 2, which further enhances its TMR value, as shown
in Fig. 6(b). The above phenomena only occur in MTJ no. 2;
we suggest they are the direct results of OOT.

IV. CONCLUSIONS

In conclusion, we use SrRuO3/CaTiO3/SrRuO3 magnetic
tunneling junctions as model systems to study the influences
of oxygen octahedral tilting on the TMR effect in perovskite.
The results show that the a–a–c+ octahedral tilt system im-
proves the electrode spin polarization and the spin-dependent
symmetry filtering of the tunneling barrier simultaneously,
resulting in a very high TMR value. This result reveals
the strong coupling between oxygen octahedral tilting and
spin-dependent electron transport. Due to the high degree of
freedom of oxygen octahedra tilting and its strong controlla-
bility from strain and interface engineering, there are plenty
of possibilities to be explored in this field. Although the Curie
temperature of SrRuO3 is too low to be applied at room
temperature, we have predicted that OOT can enormously en-
hance the TMR effect. One can choose perovskite electrodes
with high Curie temperature and tilted octahedra for practical
applications of the possibly OOT-enhanced TMR effect (such

as LSMO), which will be discussed in our following works.
From the perspective of applications, a higher TMR value in
all-perovskite MTJs with the presence of OOT can be used
to fabricate MRAM devices with better performance, and the
spin filtering also lays a foundation for applications in high-
performance spin detectors. We look forward to the further
experimental verification of the above application potentials
of oxygen octahedral tilting in all-perovskite spintronics.
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