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Magnetic tunnel junction
with a large tunneling magnetoresistance has attracted
great attention due to its
importance in the spintronics
applications. By performing
extensive density functional
theory calculations combined
with the nonequilibrium
Green’s function method, we
explore the spin-dependent
transport properties of a
magnetic tunnel junction, in
which a non-polar SrTiO3 barrier layer is sandwiched between two Heusler alloy Co2 MnSi
electrodes. Theoretical results clearly reveal that the near perfect spin-filtering effect
appears in the parallel magnetization configuration. The transmission coefficient in the
parallel magnetization configuration at the Fermi level is several orders of magnitude larger
than that in the antiparallel magnetization configuration, resulting in a huge tunneling
magnetoresistance (i.e. >106 ), which originates from the coherent spin-polarized tunneling,
due to the half-metallic nature of Co2 MnSi electrodes and the significant spin-polarization
of the interfacial Ti-3d orbital.
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I. INTRODUCTION

Magnetic tunnel junction (MTJ), in which a nonpolar band insulator is sandwiched between two ferromagnetic electrodes, has attracted great attention for
years since it plays an important role for applications
in spintronics. Generally, the tunneling resistance varies
as a function of the relative magnetic configuration of
the electrodes, resulting in an effect called tunneling
magnetoresistance (TMR) [1]. The TMR effect is of
great importance in spintronics, such as magnetic sensor and magnetic random access memory [2, 3]. Previous experimental and theoretical investigations mainly
focused on magnetic metals (i.e. Fe, Co, Ni) and magnetic alloys like CoFeB as electrodes in various magnetic
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tunnel junctions [4–10]. Note that one central issue in
MTJs is how to efficiently inject spin polarized electrons from the ferromagnetic electrodes into the sandwiched insulating layer. The low spin polarizability of
ferromagnetic metal will lead to low spin injection efficiency. Therefore, one effective way to improve the
performance of TMJs is using the half-metallic ferromagnets (HMFs), i.e. Fe3 O4 [11] and La0.7 Sr0.3 MnO3
[12], as electrodes [13–15], since the HMFs carry current in only one spin channel, leading to complete spin
polarization at the Fermi level [16], greatly enhancing
the spin injection efficiency. For example, in experiments, the MTJ with manganite La0.7 Sr0.3 MnO3 electrodes and SrTiO3 barrier layer has achieved a large
TMR ratio of 1800% at low temperature [17].
As one kind of half-metallic materials, Heusler compounds (especially, Co-based full-Heusler alloys) have
been widely used as electrodes in MTJs, which display
attractive performance, i.e. the high TMR effect of sevc
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eral hundred percent [18–20]. Due to the high Curie
temperature (∼985 K) above room temperature and
the nearly perfect spin polarized around the Fermi level
[21], half-metallic Co-based full-Heusler alloys hold the
most potential for applications in spintronics devices,
and they have been widely conducted on TMR measurements for various MTJs with AlOx or MgO barrier layer
and Co-based Heusler alloys, such as, Co2 Fe(Al0.5 Si0.5 ),
Co2 MnSi, Co2 MnAl, and so on [22–26].
Recently, Rout et al. have successfully grown L21 type Co2 MSi (M=Mn and Fe) on a variety of semiconductors and oxide dielectrics (i.e. SrTiO3 ) and measured two-dimensional electron-gas-like charge transport at the interface between a Huseler alloy Co2 MSi
(M=Mn or Fe) and SrTiO3 in their experiments [27].
Nazir et al. recently performed spin-polarized density functional theory calculations on the structural
and charge transfer at the TiO2 terminated interfaces
between the magnetic Heusler alloys Co2 MSi (M=Ti,
V, Cr, Mn, and Fe) and the non-polar band insulator
SrTiO3 (barrier layer) [28]. However, theoretical spindependent transport investigation of these corresponding MTJs is lacking so far.
In this work, we explore the spin-dependent transport properties of Co2 MnSi/SrTiO3 /Co2 MnSi MTJs
with different interfaces by performing extensive density functional theory (DFT) calculations combined
with the nonequilibrium Green’s function (NEGF) technique. According to the calculated zero-bias transmission spectra of the MTJ with the MnSi-TiO2 interface,
we find that the transmission coefficient at the Fermi
level in the parallel magnetization configuration (PC)
is several orders of magnitude larger than in the antiparallel magnetization configuration (APC), resulting
in a huge TMR (i.e. >106 ), which is significantly larger
than previous reports for MTJs with Co2 MnSi electrode or SrTiO3 barrier layer [14, 26, 29, 30]. Moreover, the nearly perfect spin-filtering effect is observed
in the examined MTJ in the PC. Through analysing
the projected density of states (DOS) of MTJ, the partial DOS of the atoms in the interface, and the in-plane
wave vector dependence of transmission spectra, we find
that the huge TMR originates from the coherent spinpolarized tunneling, due to the half-metallic nature of
Heusler alloy Co2 MnSi electrodes and the significant
spin-polarization of the interfacial Ti-3d orbital.

II. COMPUTATIONAL METHODS

The geometric optimizations and electronic structure calculations in this work are carried out by using
DFT within Perdew-Burke-Ernzerh (PBE) of the generalized gradient approximation (GGA) exchange correlation functional implemented in the Vienna ab initio
simulation package (VASP) [31–33]. We adopt a planewave basis adjusted by expanding the Kohn-Sham orbitals with a 520 eV kinetic energy cutoff. A k-mesh
DOI:10.1063/1674-0068/cjcp2009170

of 10×10×1 is used, and the Hellmann-Feynman forces
acting on each atom are less than 0.02 eV/Å for geometric optimization.
The spin-dependent transport properties of these examined MTJs are explored by performing DFT calculations combined with the NEGF technique, implemented
in the ATK package [34, 35]. In our calculations, the
GGA in the PBE form is used to describe the exchange
and correlation energy, the double-zeta polarized basis sets are adopted for all atoms, a Monkhorst-Pack
k-mesh of 10×10×100 is used to converge the density
matrix, a 100×100 k∥ meshes is adopted to calculate
transmission coefficient, and a cutoff energy is set to be
160 Ry for the real-space grid. The spin-dependent conductance per unit cell is given by the Landauer-Büttiker
formula,
Gσ =

e2 ∑ +
T (k∥ , j)
h

(1)

k∥ ,j

here, σ stands for the spin-up (↑) and spin-down (↓)
channels, j represents the Bloch state for a given value
of k∥ =kx +ky , and T + (k∥ , j) represents the transmission
probability of an electron at the Fermi level with spin
(σ) and the Bloch wave vector (k∥ ). Then, the TMR
ratio at zero bias voltage is defined as
TMR =

GPC − GAPC
× 100%
GAPC

(2)

where, GPC and G APC stand for the conductance of
magnetic tunnel junction in the parallel magnetization
configuration, and antiparallel magnetization configuration, respectively.
III. RESULTS AND DISCUSSION

Before exploring spin-dependent transport properties of Co2 MnSi/SrTiO3 /Co2 MnSi MTJs, we firstly examine the geometric and electronic properties of bulk
Co2 MnSi and SrTiO3 . FIG. 1(a) shows the optimized geometric structure of bulk Co2 MnSi. The optimized lattice
√ constant is about 3.974 Å, corresponding to a0 / 2 of cubic L21 -type Co2 MnSi. The spinpolarized parital DOS of Co-3d and Mn-3d orbitals of
bulk Co2 MnSi are plotted in FIG. 1(c) with the red
and black lines, respectively. Clearly, one can observe
half-metallicity for bulk Co2 MnSi. That is to say, the
spin-up channel, contributed by the Co-3d and Mn-3d
orbitals, is metallic, while the spin-down channel is insulating with a band gap of 0.5 eV. The atomic magnetic moments of Co and Mn atom are predicted to be
1.0 and 3.0 µB . While for bulk SrTiO3 , as shown in
FIG. 1(b), the lattice constant is 3.914 Å. The calculated partial DOS of Ti-3d and O-2p orbitals plotted
in FIG. 1(d) show that SrTiO3 is a nonmagnetic semiconductor with a band gap of 1.7 eV, since the spin-up
DOS coincides exactly with the spin-down DOS. These
c
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FIG. 1 (a) Atomic lattice of bulk Co2 MnSi, and the top view of Co2 -terminated and MnSi-terminated surfaces. (b) Atomic
lattice of bulk SrTiO3 , and the top view of SrO-terminated and TiO2 -terminated surfaces. (c) The partial DOS of Co-3d
and Mn-3d orbitals in bulk Co2 MnSi, labeled with the red and black lines, respectively. (d) The partial DOS of Ti-3d (red
line) and O-2p (black line) orbitals in bulk SrTiO3 .

structural parameters and electronic structures of bulk
Co2 MnSi and SrTiO3 agree well with previous experimental and theoretical reports [36–38].
There are two different terminations for Co2 MnSi and
SrTiO3 along c direction (transport direction). Namely,
Co2 -terminated and MnSi-terminated for Heusler alloy Co2 MnSi electrode, SrO-terminated and TiO2 terminated for SrTiO3 barrier layer, are illustrated in
FIG. 1 (a) and (b), respectively. Therefore, we construct four possible Co2 MnSi/SrTiO3 /Co2 MnSi MTJs
with the MnSi-TiO2 , MnSi-SrO, Co2 -SrO, and Co2 TiO2 interfaces, which are named with MTJ1, MTJ2,
MTJ3 and MTJ4 for short, respectively. Due to the
slight different lattice constants, there is a small inplane lattice mismatch of 1.5% between Co2 MnSi electrodes and SrTiO3 barrier layer. To find the most energetically stable junction, we calculate the interfacial
energy (Eint ), which is defined as
∑
Eint = Etot −
Ni µ i
(3)
here, Etot stands for the total energy, Ni is the atomic
number of each element, and µi is the atomic chemical
potential. The optimized interfacial distances and the
calculated interfacial energies are summarized in Table I. It is clear that MTJ1 is the most stable junction
with the MnSi-TiO2 interface, in which Mn atoms sit
on the hollow site of TiO2 layer with the relaxed vertical distance of 1.8 Å, as shown in FIG. 2(a). This
kind of MSi-TiO2 (M=Fe or Mn) interface has been examined by scanning transmission electron microscopy
imaging [27]. In our calculations, the proposed MTJ
can be divided into three parts: the central scattering
region, left and right Co2 MnSi electrodes. The scattering region consists of 9 atomic layers of SrTiO3 and 13
DOI:10.1063/1674-0068/cjcp2009170

TABLE I Calculated interfacial energies (Eint ) and the interfacial distance (dint ) for four examined MTJs.
Structure
MTJ1
MTJ2
MTJ3
MTJ4

Interface
MnSi-TiO2
MnSi-SrO
Co2 -SrO
Co2 -TiO2

Eint /(eV/nm2 )
−78.94
−76.90
−70.00
−77.20

dint /Å
1.8
2.0
2.6
1.9

atomic layers of two electrodes. Then, we take MTJ1
as an example to explore the spin-dependent transport
properties of Co2 MnSi/SrTiO3 /Co2 MnSi MTJs.
To investigate the spin-dependent transport properties of MTJ1, we calculate their zero-bias transmission
spectra and plot them in FIG. 2(b), here, the red and
black lines stand for the transmission spectra for the
PC and APC, respectively. It is clear that the zerobias transmission spectra of two magnetization configurations show remarkable different feature. The transmission curve of the PC (red line) is smooth around the
Fermi level, and the transmission coefficients are several orders of magnitude larger than that of the APC
(black line) in the relative wide energy range, i.e. from
−0.4 eV to 0.4 eV. At the Fermi level, the transmission
coefficients of the PC and APC are predicted to be 0.04
and 1.18×10−7 , respectively. This remarkable transmission coefficient difference between the PC and APC
results in a huge TMR ratio of 3.08×107 %, according
to Eq.(2). It should be pointed out that this TMR ratio
is generally larger than the experimental results for the
similar junctions [17, 26]. One most possible reason is
that in experiments the existence of defects (i.e. oxygen
c
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FIG. 2 (a) The optimized atomic structure of MTJ1, in which a SrTiO3 barrier layer (4.5 unitcells) is sandwiched between
two Heusler alloy Co2 MnSi electrodes with the MnSi-TiO2 interface. (b) The zero-bias transmission spectra of MTJ1 in the
PC and APC, labeled with the red and black lines, respectively. The spin-resolved transmission spectra of MTJ1 in (c) PC
and (d) APC, here, the blue and black lines stand for the spin-up and spin-down electrons, respectively.

vacancy, substituting, and doping) cannot be avoided,
which affects the performance of the MTJ. For example, the introduction of oxygen vacancies destroys the
half-metallicity of HMFs, then reduces spin injection
efficiency [27, 39].
FIG. 2 (c) and (d) show the zero-bias transmission
spectra of MTJ1 in the PC and APC, respectively, here,
the red and black lines stand for the spin-up and spindown electrons. Clearly, we observe a nearly perfect
spin-filtering effect in MTJ1 with the PC. In the energy
range from −0.3 eV to 0.5 eV, the spin-up transmission coefficients are significantly larger than that of the
spin-down electrons. At the Fermi level, the transmission coefficient for the spin-down electrons is close to
zero, i.e. less than 10−8 , while for the spin-up channel,
the transmission coefficient is about 0.04. That is to say,
the spin transport properties of MTJ1 is dominated by
the spin-up electrons. This low-bias transport properties governed by the spin-up electrons have been observed in various MTJs, i.e. MgO barrier-based MTJs
and half-metal electrodes-based MTJs [7, 11]. As for
MTJ1 in the APC, the shapes of the spin-up transmission spectra almost coincides with that of the spin-down
electrons. The transmission coefficient of the spin-down
electrons is about 5.89×10−8 at the Fermi level, which
is significantly less than that of the spin-up electrons in
the PC (0.04).
To explore the nature of the above dramatically different spin-dependent transport process in MTJ1 with
two different magnetization configurations, we calculate the spin-resolved projected DOS along the transport direction, as shown in FIG. 3 (a) and (b) for the
DOI:10.1063/1674-0068/cjcp2009170

FIG. 3 Spin-resolved projected DOS of MTJ1 in (a) PC
and (b) APC along the transport direction, here, left and
right panels stand for the spin-up and spin-down electrons,
respectively, and the white dashed line labels for the Fermi
level for clarity.

PC and APC, respectively. As for the PC case, the
right and left electrodes have spin-up electronic states
at the Fermi level, but for the spin-down electrons, no
electronic states of two electrodes appear, due to the
half-metallic nature of Heusler alloy Co2 MnSi electrode.
Moreover, one can see that the Fermi level crosses spinup electronic states of SrTiO3 barrier layer. These obc
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servations show that the transport process is dominated
by the spin-up electrons, meaning that the spin injection efficiency is close to 100%. In FIG. 3(b), for the
APC, there are several spin-up and spin-down electronic
states at the Fermi level, note that, the spin-down electronic states appear in the left electrode, which provides
the spin-down electrons, but there are not spin-down
electronic states in the right electrode, which can receive the spin-down electrons from the left electrode.
At the same time, the left electrode cannot provide the
spin-up electrons for the right electrode to receive. So,
the asymmetry distribution of the PDOS of the left and
right electrodes, as shown in FIG. 3(b), hinders the electron transport, which results in the transmission coefficient in the APC being significant less than that in the
PC, as shown in FIG. 2(b), then a huge TMR appears.
Previous experimental and theoretical investigations
have shown that the spin transport properties of MTJ
strongly depend on the local geometric distortion and
electronic structures of the interface between electrode
and barrier layer [40, 41], one needs to see the local
geometries and electronic structures at the MnSi-TiO2
interface in MTJ1 in more detail. Here, taking MTJ1 in
the PC as an example, we calculate the partial DOS of
Co-3d (red line) and Mn-3d (black line) orbitals in the
MnSi-TiO2 interface, labeled with a circle in FIG. 2(a),
and the partial DOS of Ti-3d (red line) and O-2p (black
line) orbitals, and plot them in FIG. 4(a) and (b), respectively. At the interface region, the Co−Si bonds are
compressed by 0.13 Å, and the lengths of Ti−O, Ti−Sr,
Mn−Si and Mn−Co bonds are elongated by 0.13, 0.04,
0.17, and 0.25 Å, respectively, compared to the corresponding bond lengths in bulk Co2 MnSi and SrTiO3 .
It is clear that the interfacial electronic states are obviously modified due to the interface local structural
relax. We observe a relative small decrease of the partial DOS of Co-3d orbital. The spin-up occupied electronic states and the spin-down conduction bands of
Mn-3d orbital shift to lower energy. Due to the charge
transfer (about 0.75 e) from two Co2 MnSi electrodes
to SrTiO3 barrier layer through the interface, the magnetic moment of Mn atoms increases by 1.1 µB and the
nonmagnetic Ti atoms in SrTiO3 bulk become magnetic
in the interface (the Ti atomic moment magnetic moment is about 0.1 µB ), and then the partial DOS of
Ti-3d orbital are obviously spin-polarized, which plays
an important role in spintronics applications. Most of
these theoretical results for describing the MnSi-TiO2
interface agree well with previous reports [28, 30].
FIG. 5 (a) and (b) illustrate the in-plane wave vector
k|| dependence transmission of MTJ1 in the PC at the
Fermi level for the spin-up and spin-down electrons, respectively. Clearly, a broad peak is observed locating
around k || =(0, 0), as shown in FIG. 5(a), indicating
that the k|| dependence of MTJ1 conductance of the
spin-up channel originates from the coherent tunneling.
In contrast, for the spin-down electrons, there is no peak
at k || =(0, 0), while some spiky peaks appear, as shown
DOI:10.1063/1674-0068/cjcp2009170

FIG. 4 (a) For MTJ1 in the PC, partial DOS of Co-3d and
Mn-3d orbitals at the MnSi-TiO2 interface, labeled with the
red and black lines, respectively. (b) Partial DOS of Ti-3d
(red line) and O-2p (black line) oribtals.

in FIG. 5(b), and the corresponding transmission coefficients are very small. The average transmission coefficients over the Brillouin zone of the spin-up and spindown electrons are about 0.04 and 5.37×10−12 , respectively. This observation again verifies that the transport
behavior of MTJ1 in the PC is governed by the spinup electrons, consisting with the results shown in FIG.
2(c).
Previous investigations have reported that the TMR
of MTJ depends on the barrier thickness [7, 42]. Here,
we tune the thickness of SrTiO3 barrier layer in MTJ1,
and the obtain results are similar to those plotted in
FIG. 2(b)−(d). Note that, the value of the TMR ratio
is changed to be (2.82×107 )% and (2.66×106 )% for the
7 and 15 atomic barrier layers, respectively. That is
to say, the huge TMR oscillates as a function of tuned
barrier thickness. Similar oscillated TMR behavior has
been experimentally observed in Fe/MgO/Fe TMJ [6],
which implies that the huge TMR is coherent spinpolarized tunneling in MTJ1, and the SrTiO3 barrier
layer plays a selective filtration role in transport.
Finally, the calculated zero-bias transmission spectra
of MTJ2, MTJ3 and MTJ4 are presented in FIG. 6,
here, the red and black lines stand for the transmission spectra for the PC and APC, respectively. It
is clear that the spin-dependent transport properties
of Co2 MnSi/SrTiO3 /Co2 MnSi MTJs are sensitive to
the interface between electrode and barrier layer. At
the Fermi level, the transmission coefficients for MTJ2,
c
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FIG. 5 In-plane wave vector k || =(kx ,ky ) dependence of the
spin-up (a) and spin-down (b) transmission of MTJ1 in the
PC at the Fermi level.

MTJ3, and MTJ4 in the PC are about 1.77×10−2 ,
4.70×10−5 , 1.42×10−3 , while they are 1.02×10−8 ,
3.90×10−8 , 8.14×10−11 for the APC case, respectively.
It is clear that the values of these transmission coefficients depend mainly on the vertical distance at the
MnSi-SrO, Co2 -SrO, and Co2 -TiO2 interfaces of 2.0,
2.6, and 1.9 Å (summarized in Table I), respectively.
Namely, a larger vertical distance results in a less transmission coefficient. Then, the corresponding TMR ratio
is easily calculated to be (3.43×107 )%, (9.57×104 )%,
and (1.31×107 )% for MTJ2, MTJ3, and MTJ4. It
should be pointed out that these huge TMR ratios are
theoretically predicted for Co2 MnSi/SrTiO3 /Co2 MnSi
MTJs with ideal single crystal structures, meaning that,
to obtain high magnetoresistance, one has to improve
the single crystal quality of Heusler alloy Co2 MnSi and
SrTiO3 barrier layer in experiments.
IV. CONCLUSION

In summary, we explore the spin-dependent transport
properties of Co2 MnSi/SrTiO3 /Co2 MnSi MTJs with
four different interfaces via performing extensive DFT
DOI:10.1063/1674-0068/cjcp2009170

FIG. 6 Zero-bias transmission spectra of (a) MTJ2, (b)
MTJ3, and (c) MTJ4 in the PC and APC, which are labeled with the red and black lines, respectively. Here, the
top panel illustrates the corresponding scattering region of
three MTJs.

calculations within the NEGF technique. We find that
the transport properties of Co2 MnSi/SrTiO3 /Co2 MnSi
MTJ strongly depend on the interface between Heusler
alloy Co2 MnSi electrode and SrTiO3 barrier layer. The
transmission coefficient of MTJs with the MnSi-TiO2
interface in the PC at the Fermi level is several orders
of magnitude larger than that of in the APC, which results in a huge TMR. According to the calculated projected DOS of the MTJ1, the partial atomic DOS at the
interface, and the in-plane wave vector dependence of
transmission, we conclude that the predicted huge TMR
originates from the coherent spin-polarized tunneling,
c
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due to the half-metallic nature of Co2 MnSi electrode
and the significant spin-polarization of the interfacial
metal atomic orbitals. These theoretical findings suggest that Co2 MnSi/SrTiO3 /Co2 MnSi MTJs hold great
potential in spintronics if one can improve the single
crystal quality of Heusler alloy Co2 MnSi and SrTiO3
barrier layer in experiments.
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