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Abstract
Employing density functional theory combined with the non-equilibrium
Greenʼs function formalism, we systematically investigate the structural, mag-
netic and magnetoelectric properties of the Co2FeAl(CFA)/MgO interface, as
well as the spin-dependent transport characteristics of the CFA/MgO/CFA
perpendicular magnetic tunnel junctions (p-MTJs). We find that the structure of
the CFA/MgO interface with the oxygen-top FeAl termination has high thermal
stability, which is protected by the thermodynamic equilibrium limit. Further-
more, this structure is found to have perpendicular magnetocrystalline aniso-
tropy (MCA). Giant electric-field-assisted modifications of this interfacial MCA
through magnetoelectric coupling are demonstrated with an MCA coefficient of
up to 10−7 ergV−1 cm. In addition, our non-collinear spin transport calculations
of the CFA/MgO/CFA p-MTJ predict a good magnetoresistance performance of
the device.
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1. Introduction

Electric-field control of magnetic properties [1] is significant not only in the sense of energy
efficiency, but also because of compatibility with the current ubiquitous voltage-controlled
semiconductor devices. A typical example of controlling magnetization through electric means,
i.e., the magnetoelectric (ME) effect (see [1] and references therein) can solve the fundamental
and long-standing dilemma in magnetic storage applications: high magnetic anisotropy is
required to stabilize the recorded data against thermal fluctuation when reading information,
whereas low magnetic anisotropy is desired for power-saving magnetization reversal when
writing information. Applying an external electric field during the writing process has been
demonstrated as an efficient approach to momentarily reduce magnetic anisotropy, thus
facilitating magnetic writing (US Patent P72906US0, filed) [2].

Actually, this proposed electric-field-assisted scheme is not only suitable for hard magnetic
media, but also for novel memory applications. For example, electric-field-assisted
magnetization switching has been realized in CoFeB/MgO/CoFeB [3] and all-oxide composite
[4–6] magnetic tunnel junctions (MTJs). The magnetoelectric effect has been widely studied in
various systems, both experimentally and theoretically [7–23]. The efficiency of the electric-
field manipulation is quantitatively characterized by the magnetocrystalline anisotropy (MCA)
coefficient, β, defined as Δ β= EMAE , where ΔMAE is the change in the MCA energy and E
the applied electric field. Currently, FM/oxide interfaces show the best performance, with the
MCA coefficient reaching ≈ −10 8 erg V −1 cm. Nevertheless, this value is still below the
requirement of practical low-power applications. Therefore, to predict and identify novel FM/
oxide interfaces with larger MCA coefficients is still a big challenge for achieving low-power
memory devices.

In this article, we present a systematic study on a half-metallic Heusler compound/MgO
interface that could be promising in addressing the above challenge. The well-studied Co2FeAl
(CFA) is chosen as an example of the Heusler compound family [24] in view of its small
intrinsic damping constant (α ≈ 0.001CFA ), small lattice mismatch with MgO (3.7%), and half-
metallicity [25]. We first map out the thermodynamic phase diagram of the CFA/MgO interface
to examine its thermal stability in terms of chemical potential in the ambient condition. Ab initio
atomistic thermodynamics analysis shows that the oxygen-top FeAl termination is the only
allowed interfacial geometry with its stability protected by the thermodynamic equilibrium
limit. Next, a rather strong perpendicular magnetic anisotropy (PMA), with an MCA energy
(K t·u ) of 0.428 erg cm−2, is found at the interface, which is sufficient to overcome thermal
fluctuation and enhance the robustness of the recorded magnetic configuration. Furthermore, the
CFA/MgO interface is found to manifest a giant magnetoelectric effect due to its high interfacial
spin imbalance. The calculated MCA energy coefficient is around 10−7 erg V −1cm, at least one
order of magnitude higher than previously reported values of the Fe/MgO interface [18]. The
efficient electric-field control of magnetization is desirable in view of reducing the switching
current of the perpendicular magnetic tunnel junction (p-MTJ) elements. Finally, non-collinear
spin transport calculations demonstrate enhanced magnetoresistance performance (much larger
MR ratio) of the CFA/MgO/CFA p-MTJ compared with conventional CoFe- or FePt-based
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counterparts, which implies that the CFA/MgO/CFA p-MTJ can be an appealing building block
towards spin-based non-volatile memory applications, leading to fast, non-volatile, energeti-
cally efficient, and ultra-long term data storage.

2. Methodology

The electronic structure calculations were carried out within the framework of density
functional theory (DFT) as implemented in the Vienna Ab-initio Simulation Package (VASP)
[26, 27]. The projector augmented-wave (PAW) pseudopotential [28, 29] and the generalized
gradient approximation PBE (GGA-PBE) formalism of exchange and correlation functional
[30, 31] were employed consistently throughout this work. A standard plane-wave basis set
with a kinetic energy cutoff of 500 eV and a Monkhorst–Pack k–mesh [32] of × ×25 25 1
sampling in the full Brillouin zone yielded a good balance between computational time and
accuracy. Geometry optimization was done until the Hellman–Feynman force on each atom was
less than 1meV Å−1.

The non-equilibrium Greenʼs function (NEGF) formalism, implemented in the Atomistix
ToolKit package (ATK v13.8) [33, 34], was used for the non-collinear transport calculation of
CFA/MgO/CFA p-MTJs. The electron wave functions was expanded in a double-ζ polarized
basis set. A kinetic energy cutoff of 150 Ry was used for representing the density and potential,
and a 100 × 100 Monkhorst–Pack k-mesh was used to sample the transverse Brillouin zone.
The sampling size was found large enough to achieve satisfactory convergence of conductance.
Other parameters in the transport calculation were set to be the same values as those in previous
calculations [35].

3. Results and discussion

3.1. Thermal stability of the Co2FeAl (CFA)/MgO interface

Conventional perpendicular ferromagnets (FMs) containing noble-metal (4/5d) or rare-earth
elements (f ), such as L10-FePt, are not ideal electrode materials for p-MTJs because of their
large Gilbert damping constants (e.g., α = 0.3FePt ), which inevitably lead to high switching
current density, and in turn, huge power consumption [36–39]. Recently, interfacial
perpendicular magnetic anisotropy (PMA) was demonstrated by combining ultra-thin CoFeB
electrodes, a soft 3d-ferromagnet (α = 0.01CoFe ), with the MgO barrier, opening a novel avenue
for realizing low-power p-MTJs [37]. However, the damping constant of the CoFe(B) film
increases rapidly with decreasing film thickness [37]. Therefore, to identify soft 3d-FMs with
intrinsic small α as well as large interfacial PMA on oxides remains a challenge. Recent
experiments have demonstrated that Heusler compounds show small intrinsic damping
constants (in the order of 0.001), and some Heusler compounds such as half-metallic Co2FeAl,
have a small lattice mismatch with MgO (see [25] and references therein). Thus, the Heusler
compound, Co2FeAl, was chosen in our work.

Before investigating their electric and magnetic properties, we first examine the thermal
stability of the interface and identify possible stable CFA/MgO interface structure. Theoretical
study on interface structure is important because the exact atomic configuration of the interface
cannot be resolved experimentally (see figure 1(a)) although high-resolution transmission
electron microscopy can reveal a clear atomic-layer structure of the CFA/MgO interface [40].
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As shown in figures 1(b) and (c), the CFA surface has four possible terminations (by CoCo,
FeAl, FeFe, and AlAl). Furthermore, each of these terminations has four possible registries
relative to MgO(001), with a metal atom located on top of the O atoms (O-top), on top of the
Mg atoms (Mg-top), at the hollow and bridge sites, respectively. In our calculations, the CFA/
MgO interfaces were modeled in a supercell geometry, using 9 monolayers (MLs) of MgO and
15 MLs of CFA for FeAl-, FeFe-, and AlAl-termination, and 17 MLs for the CoCo-case, with
one additional CoCo layer at both CFA/MgO interfaces. The DFT total energy is minimized by
optimizing the atomic positions, as well as the longitudinal size of the supercells. The calculated
total energy of the system indicates that for the CoCo-, FeAl-, and FeFe-terminated CFA, the
configuration with the O-top site is much more stable than others, whereas for the AlAl
termination, the Mg top site is energetically favored.

To further compare the thermal stability of these four possible stable interfaces (CoCo∣O,
FeFe∣O, FeAl∣O, AlAl∣Mg), we use the ab intio atomistic thermodynamics technique [41–43],
in correspondence to the experimental annealing/quenching process in the ambient condition.
The interface formation energy Ef is calculated for the four interfacial structures:

⎡
⎣
⎢⎢

⎤
⎦
⎥⎥∑ μ= − −E

A
G G n

1
2

, (1)
i

i if hetero bulk

where A is the cross-section area of a given CFA/MgO interface, Ghetero and Gbulk represent the
Gibbs free energies of the heterostructure and appropriate amounts of bulk CFA and MgO,
respectively, ni is the number of atoms in which the interface deviates from the bulk
composition, and μi is the chemical potential of the element. In our models, the size of the bulk
MgO supercell was chosen to be exactly the same as that included in the interface. Thus, i only
varies among Co, Fe and Al. Moreover, the interface is assumed to be in thermodynamic
equilibrium with the bulk Heusler compounds, i.e., μ μ μ μ= + +2CFA Co Fe Al, which means
that only two of the chemical potentials are independent, for example, μCo and μFe.

Figure 1. (a) Schematic structure and HRTEM image of the Co2FeAl/MgO(001)
interface [40], which can accurately reveal atomic position, but cannot identify the
element of atoms at the interface. (b) and (c) Atomic configuration of the frontier layers
of CFA and MgO, respectively, residing at the interface. The unit cells are bounded by
the white-dashed squares. The four different CFA termination registries relative to MgO
are labeled by numbers 1–4. The in-plane lattice parameter of MgO is reduced by 3.7%
to match 1/ 2 of the experimental lattice parameter of bulk CFA (5.73 Å).
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Since the interfacial formation energy is a free-energy difference, it is often a good
approximation to calculate the formation energy Ef from the differences of total energies
obtained by DFT calculations. This is the general idea behind ab initio atomistic
thermodynamics. In this way, we calculate the formation energy and compare the relative
stability of the four terminations. The calculated phase diagram of the epitaxial interfaces is
shown in figure 2 as a function of chemical potentials of Co and Fe. The four colored regions in
the lower plane of figure 2 correspond to the chemical-potential ranges, in which each
termination has the lowest formation energy, thus being stable. Moreover, the accessible
chemical potential of CFA must be confined within the thermodynamic equilibrium boundaries
with the bulk-phase hcp-Co, bcc-Fe, CoAl, Co3Al, FeAl and Fe3Al, i.e., the white hexagon
bounded by the six lines in the upper plane of figure 2. When projected onto the four-color
phase diagram, the entire accessible region falls in the FeAl∣O area, which indicates that FeAl∣O
is the only configuration with its stability protected by the thermodynamic equilibrium limit. In
experiments, CFA films are annealed under high temperature after deposition on a buffer layer
in order to obtain the L21- or B2-ordered phase. In other words, interface formation is governed
by the aforementioned atomistic thermodynamics mechanism. In the following section, we
focus on this stable interface and discuss its magnetocrystalline anisotropy, magnetoelectric
effect and magnetoresistance properties.

3.2. Perpendicular magnetocrystalline anisotropy at interface

In addition to structural stability, the stability of magnetic configuration plays another key role
in MTJ device performance. For practical application, a high magnetic thermal stability factor
K V k T·u B , where K V·u is the anisotropy energy and k TB the thermal energy at temperature

Figure 2. Phase diagram of Co2FeAl (upper plane) and phase diagram of four possible
stable interfacial structures (lower plane) as a function of chemical potentials of Co and
Fe. The white hexagon indicates the region accessible in thermodynamic equilibrium,
and shaded area marks the most thermal stable interfacial structure (FeAl∣O) under
ambient conditions.
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T, over 40 is required for data retention over ten years on a bit level [44]. Under the
perpendicular magnetization condition, the stability can be enhanced against thermal fluctuation
due to the PMA barrier. Therefore, we calculated the magnetocrystalline anisotropy of the CFA/
MgO interface and discuss the results here. The MCA energy (K t·u ) is obtained by taking the
difference between the total energies of the system when the magnetization is in the (001) plane
and normal to the (001) plane, respectively, as shown in figure 1, i.e., −E E(100) (001). Non-
collinear DFT with spin–orbit coupling (SOC) was employed. Our calculation shows that PMA
is energetically favored, with a rather strong interfacial MCA energy of 0.428 erg cm−2, which
is in good agreement with the available experimental report [45]. The origin of the PMA can be
understood from the electronic structure in the vicinity of the Fermi level via the second order
perturbation theory [13, 46–48],

∑∑ξ
ε ε

∝
−

−
E

L Lk k k k
, (2)

o u

o z u o x u

k k k
MCA

2

,

2 2

u o

where EMCA is the MCA energy, ξ an average of the SOC coefficient, ko and ku the occupied
and unoccupied states with the wave vector k, and Lz and Lx the angular momentum operators
along the (001) and (100) directions, respectively. According to equation (2), the SOC between
the occupied and unoccupied states with the same magnetic quantum number (m) through the Lz
operator enhances EMCA, while that with different m through the Lx operator weakens it.
Figure 3 shows the local density of states (LDOSs) projected on the interfacial Fe and O atoms.
Unlike those in [10] and [18], where the MCA is attributed to minority d states of Fe atoms
[10, 18], it is the majority states that contribute to MCA in the present CFA system. This is
because the band diagram of CFA, as well as many other cobalt-based full Heusler compounds,
is different from those of Fe. In CFA, its minority states (accommodating 12 electrons in total)
are fully occupied [49], whereas the majority bands are partially filled. Metal-induced gap
states, due to hybridization between O-pz and Fe-eg orbitals (dz

2 and −dx y2 2), are captured near
the Fermi level in the majority bands. On the basis of the perturbation theory, the hybridization
between the partially filled O-pz and Fe-dz

2 leads to PMA since the matrix element 〈 〉p L d| |z z z2

(positive contribution to PMA) is non-vanishing, while 〈 〉−p L d| |z z x y2 2 and 〈 〉−p L d| |z x x y2 2

are zero.
To further verify the origin of the PMA as an interfacial effect, the CFA thickness

dependence of the MCA is investigated. As illustrated in figure 4, the MCA decreases

Figure 3. The local density of states projected onto the interfacial iron atom (red solid
line) and the oxygen atom (blue dash line). The black circle indicates the hybridization
states in the vicinity of the Fermi level, which contributes to the perpendicular
magnetocrystalline anisotropy.
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monotonically as the thickness of the CFA layers increases from 6 MLs (7.16Å) to 14 MLs
(18.6Å), while the system completely loses its PMA when the CFA layer exceeds 12Å. The
general trend shown by the results of our calculations is similar to the experimental observation
[45]. The weaker MCA in the thicker sample is essentially due to the intrinsic in-plane nature of
MCA of the soft CFA film, which overwhelms the PMA induced by the hybridization at the
interface. Thus, the possibility of the CFA bulk contribution is ruled out and the PMA merely
originates from the interfacial effect as previously mentioned.

3.3. Magnetoelectric effect: electric-field-assisted magnetization switching

We next investigate the magnetoelectric (ME) property of the CFA (1 nm)/MgO interface.
Another supercell consisting of 8 MLs of CFA on top of 4 MLs of MgO followed by 4 MLs of
silver (Ag) and a 25Å vacuum along the (001) direction are constructed, as shown in figure 5,
with the same in-plane lattice parameter as the previous interface model. The Ag layer, which is
often used experimentally as a buffer layer for epitaxial growth of cobalt-based Heusler
compounds [50, 51], is used here to eliminate the screening charges at the the other CFA
surface. Previous theoretical work [11] revealed strong ME effects at the surfaces of FM (Fe,
Co, Ni) films: both the magnetization and the MCA can be notably changed by a longitudinal
electric field, and it is the spin imbalance of excessive surface charges induced by spin-
dependent screening that gives rise to this ME effect. The effect could be more significant at a
CFA surface due to the half-metallicity of CFA. However, such surface ME effects have to be
excluded in our model not only because the primary interest of the present study lies in the ME
effect at the CFA/MgO interface instead of the CFA surface, but also because in practical
applications, neither the top nor the bottom surface of CFA are directly exposed to vacuum (or
air). The electric field, which points away from the CFA layer at the MgO/CFA interface
(figure 5), is introduced by the dipole layer method [52] with the dipole placed in the vacuum
region of the supercell. The calculated layer-averaged electrostatic potential across the supercell

Figure 4. Co2FeAl-layer thickness dependency of the interfacial MCA. The unit erg
cm−1 is used for direct comparison with experimental data in figures 4 and 6.
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is shown in figure 5 under an electric field of 2V nm−1. The potential profile confirms the role
of the Ag layer: the electrostatic potential remains unchanged at the CFA/Ag interface,
indicating complete screening of electric field by the Ag layer. Hence, only the CFA/MgO
interface contributes to the electric-field-induced change of MCA. It is worth mentioning that
we used Ag instead of Cr, another widely-used buffer for the epitaxial growth of CFA [45, 53],
to avoid complication by direct exchange coupling between the antiferromagnetic metal (Cr)
and FM (CFA). Actually, high effective damping constant of CFA, owing to the interdiffusion
and/or surface moment of the Cr buffer, was observed in a recent experiment [54], whereas Ag
and Ru buffers are proposed as good candidates for high-performance MTJs with low
effective [55].

As shown in figure 6, in absence of the electric field, the MCA energy is consistent with
the aforementioned experimental results of CFA/MgO [45] and CoFe/MgO [37]. It is also close
to the calculated values of CoFe/MgO [20] and Fe/MgO [18]. In the presence of the electric
field, the MCA energy exhibits an almost linear decrease with increasing field intensity. The
interfacial MCA coefficient β is as large as 10−7 erg V −1 cm, which is one order of magnitude
larger than those of CoFe/MgO [20, 37] and Fe/MgO [17, 18] and almost two orders of
magnitudes larger than those of the Fe thin film and the Fe/metal (Pt or Ag) interface
[12, 13, 56]. As discussed earlier, β is a key quantity characterizing the efficiency of electric-
field manipulation of MCA. Such a giant ME effect suggests more efficient electric-field-

Figure 5. Model of the CFA/MgO supercell and the calculated layer-averaged on-site
electrostatic potential under an electric field of 2 V nm−1.
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assisted magnetization switching in the CFA/MgO/CFA p-MTJs than that in the well-studied
CoFe(B)/MgO-based p-MTJs [3].

A simple way to understand the giant ME effect is to compare the MCA and the orbital
moment anisotropy (OMA), Δ = −M M Ml l l(001) (100) , since both anisotropies originate from the
spin-orbit coupling. As shown in figure 7, similar to MCA, OMA also responds linearly to the
electric fields, which in principle only occurs when the minority d-bands are fully occupied.
This indicates that the magnetic dipole operator is not included in the SOC matrix [57].
Therefore, the spin–flip contribution to the MCA energy can be neglected and we can focus on
the electric-field-induced redistribution of majority electrons between different d orbitals, which
is the dominant factor for the change of MCA energy in the present case.

The ME effect can be further elucidated by the electric-field-induced electron
redistribution between different d orbitals. As shown in figures 8(a) and (b), the longitudinal
electric field breaks the inversion symmetry along the z-axis of the doubly degenerate Fe-eg
orbitals, which are consequently split into Fe- −dx y2 2 and -dz

2, straddling the Fermi level and
separated by 0.53 eV. Electron transfer hence takes place from the high-lying Fe-dz

2 orbital to
the lower Fe- −dx y2 2 one. Figures 8(c) and (d) illustrate the charge transfer due to the depletion
and accumulation of electrons in these two orbitals. Furthermore, both characteristic peaks of
Fe-O hybridization, i.e., −dx y2 2-pz and dz

2-pz, are pushed away from the Fermi energy, with the k
states involved in the former peak completely filled and the latter empty. Thus, almost no
available occupied/unoccupied k-state pairs can contribute to the matrix element 〈 〉p L d| |z z z2

which leads to the PMA mentioned above. This explains why the PMA is destroyed under
applied electric field and the MCA of the soft CFA film [40] remains in-plane.

In addition, it is known that the ME effect of the FM surfaces or FM/dielectric interfaces
originates from the spin-dependent screening of the electric field by the local spin-imbalanced

Figure 6. The magnetocrystalline anisotropy energy of the CFA/MgO interface
( =t 1 nmCFA ) as a function of the external electric field. Some experimental and
calculated K t·u , at E = 0, of CFA/MgO, CoFe/MgO and Fe/MgO are shown for
comparison. The table shows the MCA coefficient (β) of various FM/MgO structures.
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Figure 7. The MCA energy (red triangles) and the orbital moment anisotropy ΔMl (blue
squares) of the CFA/MgO(001) interface as a function of the external electric field.

Figure 8. Orbital-resolved LDOSs projected on the interfacial iron and oxygen atoms in
(a) absence and (b) presence (E = 2V nm−1) of an electric field. Field-induced
differential electron density, in units of e Å−3, at the interfacial Fe atom for
E = 2V nm−1 in (c) −y z(100) and (d) −x y(001) planes, respectively.
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charges [56]. Specifically, the electric-field manipulation efficiency is determined by the extent
of the spin imbalance at the surface/interface, i.e., the spin-polarization [56]. We will further
present, in the following section, that the spin-polarization of CFA/MgO is much larger than
those of the conventional FM-based interfaces due to the intrinsic half-metallicity of bulk-phase
CFA. We hereby argue that the comparatively large β value arises due to an enhanced spin
imbalance.

3.4. Magnetoresistance properties

The L10-FePt/MgO interface was demonstrated experimentally to possess good interfacial
properties, such as the large PMA ( ∼K 10 – 10u

6 7 erg cm−3) and giant MCA coefficient
(β ∼ −10 7ergV−1cm) [15]. However, FePt/MgO/FePt p-MTJs show poor magnetoresistance
performance in terms of both TMR ratio and ΔRA [58]. This raises the question of whether the
CFA/MgO/CFA junction possesses desired spin transport properties. In this section, we
investigate the MR performance of CFA/MgO/CFA p-MTJs, including interfacial spin
polarization and non-collinear spin transport performance.

3.4.1. Interfacial spin polarization. The spin-dependent tunneling conductance of the MgO-
based MTJs is determined by two factors: the symmetry matching between the transmission
Bloch states in FM electrodes and evanescent states in the MgO barrier, and the spin
polarization (SP) within the electrodes and at the electrode/barrier interfaces [35, 59–62]. As for
the former factor, the spin-filter effect can be tremendously boosted if the FM electrode
materials possess half-metallic Δ1 bands, of which the Bloch states suffer from the smallest
decay within the C4v-symmetry MgO barrier. It has already been reported that both bulk CoFe
and CFA are Δ1-band half-metallic [35, 40], whereas L10-FePt is not [58]. Hereby only the
latter factor, i.e., the SP, is examined. We calculated and present in figure 9(a) the spin-resolved
local density of states of the CFA/MgO interface. As shown, although the SP is low at the
frontier atomic layer due to the existence of interfacial states in the minority gap, it increases
sharply away from the interface, jumping to 75% in the second atomic layer and recovering to
100% at 0.8 nm from the interface because of the intrinsic half-metallic nature of bulk CFA. In
contrast, there is no pronounced spin polarization shown at either CoFe or FePt interface (see

Figure 9. The spin-resolved LDOSs at the Fermi energy projected on each atomic
sphere as a function of the distance from the (a) CFA/MgO(001), (b) CoFe/MgO(001)
and (c) FePt/MgO(001) interfaces. The upper (lower) panels denote majority (minority)
spin. The LDOSs of Co are doubled in (a).
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figures 9(b) and (c)). In particular, the SP value is ∼ 20% around 1.5 nm, which is the critical
thickness of PMA [37], away from the CoFe/MgO interface. The simultaneous existence of
PMA and high SP is another advantage of CFA over CoFe/FePt. The SP in Co-based Heusler is
temperature insensitive [63], indicating room temperature applications. It should be noted that,
for the SP calculation, we employed the Hubbard U correction based on the simplified
Dudarevʼs approach [64] to take into account the strong electron–electron correlation effect
within the d bands of CFA. In such an approach, only the difference between the screened
Coulomb (U) and exchange (J) parameters, i.e., = −U U Jeff , is meaningful. It has been
justified that Ueff values of 1.92 eV for Co and 1.80 eV for Fe [65] give reasonable results for
CFA in terms of the equilibrium volume, magnetic moments, and minority band gap, and thus
were used herein. In addition, weused the Hubbard U correction on top of GGA rather than
LSDA parameterization of the exchange and correlation functional. No significant differences
were observed using one or the other parameterization.

3.4.2. Non-collinear spin transport. The collinear spin transport calculation can provide a
good description of the MR properties of conventional MTJs [4, 35, 60, 66]. However, the non-
collinear spin transport method must be employed when evaluating the performance of MTJs
with perpendicular magnetic easy axes. In the present study, a state-of-the-art non-collinear spin
transport method was used to study the coherent transport of CFA/MgO/CFA (001) p-MTJs.
The polar angles θ were set to be either 0 or π, corresponding to the two magnetization
orientations of the p-MTJ electrodes. The azimuthal angles φ at all atomic sites were uniformly
set to zero since no spin-orbit coupling is considered (see the appendix for the theoretical
background and other details about the non-collinear spin transport method). For comparison,
we carried out the same calculations on the well-studied CoFe/MgO/CoFe (001) and FePt/
MgO/FePt (001) junctions. The calculated conductance of these systems is listed in table 1. The
almost-perfect block of conductance in the antiparallel magnetization configuration obtained in
the collinear calculation is suppressed by two orders of magnitude in the non-collinear method
due to the introduction of the spin-mixing terms in the density matrix (see appendix). In contrast
to the previous study on the interfacial spin fluctuation effect [67], such spin-mixing does not
change the nature of the conduction channel under antiparallel magnetization configuration. As
shown in figure 10, the transverse wave vector k //-resolved transmission spectrum shows a
dominant hot-spot resonance tunneling feature with no Δ1 conductance observed. The
calculated TMR ratio of the CFA/MgO/CFA junction is one or two orders of magnitude larger
than those of the CoFe- and FePt-based junctions. Based on our calculations, we present a

Table 1. The calculated conductance (Siemens) of the parallel (GP) and antiparallel
(GAP) channels of the CFA/MgO/CFA, CoFe/MgO/CoFe, and FePt/MgO/FePt per-
pendicular magnetic tunnel junctions. The thickness of the MgO spacer is 17.1 Å for all
three structures.

Structure GP GAP

CFA/MgO/CFA(collinear) 1.38 × 10−9 3.37 × 10−14

CFA/MgO/CFA(non-collinear) 4.42 × 10−9 5.17 × 10−12

CoFe/MgO/CoFe(non-collinear) 2.72 × 10−10 6.45 × 10−12

FePt/MgO/FePt(non-collinear) 3.23 × 10−11 5.54 × 10−12
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schematic sketch of the CFA/MgO/CFA p-MTJ (figure 11). The polarized current adds a spin
torque on the magnetization of the free layer and switches its orientation. Due to the large
interfacial MCA coefficient, the switching current density can be significantly reduced via an
external electric field generated by the same applied voltage that drives the current.

4. Conclusions

In conclusion, we study the stable interfacial structure of soft ferromagnetic Co2FeAl on MgO,
which shows magnetic anisotropy because of the interfacial effect. Giant electric-field-assisted
modifications of this interfacial magnetic anisotropy through magnetoelectric coupling are
demonstrated. Such a giant magnetoelectric effect, together with the high thermal stability and
desired MR properties, as shown in this work, makes the CFA/MgO/CFA p-MTJ an appealing
building block of the next-generation spin-based non-volatile memories (e.g., magnetic random
access memories) with long data retention and low power consumption.

In addition, the comprehensive first-principles approach as presented herein, which
combines ab initio atomistic thermodynamics, DFT electronic structure calculations and NEGF
non-collinear transport technique, can be regarded as a standard scheme to identify promising
FM/oxide interfaces for p-MTJ applications.

Figure 10. Transverse wave vector = k kk ( , )x y// dependent transmission spectra of the
CFA/MgO/CFA p-MTJ in (a) parallel and (b) antiparallel magnetization configurations.

Figure 11. A sketch of a CFA/MgO/CFA p-MTJ and the electric-field-assisted
manipulation of the magnetization configuration (AP to P).

13

New J. Phys. 16 (2014) 103033 Z Bai et al



Acknowledgements

The authors thank Kurt Stokbro and Anders Blom for providing, through private arrangement,
the state-of-the-art non-collinear transport code (ATK v13.8). ZB thanks Zhenchao Wen and
Zhen Liu for their helpful discussions on the growth and characterization of CFA/MgO (001).
YPF acknowledges A*STAR (Singapore) Research Funding (grant no. 092-156-0121) and
support from the Singapore National Research Foundation, Prime Minister’s Office, Singapore,
under its Competitive Research Programme (CRP Award No. NRF-CRP10-2012-02).

Appendix

The non-collinear spin transport method: in the collinear-spin system, all spins are restricted
along a global spin-quantization axis (either parallel or antiparallel), with the spin-up and spin-
down electrons completely decoupled from each other, i.e., no spin flip occurs. In transport
theory, this spin-resolved manner is known as the ‘two-spin fluid’ approximation, of which the
Hamiltonian, overlap matrix and all other operators have the form of a 2 × 2 matrix in spin
space,

⎛
⎝⎜

⎞
⎠⎟=

↑

↓
A A

A

0

0
(A.1)

where σA denotes the spin σ sub-band. In this case, the two spins can be separated and treated
independently, each as that in the non-spin-polarized system.

On the contrary, the non-collinear spin scheme allows a spatial variation of the spin
directions. In such circumstance, the operators have the following general form,

⎛
⎝⎜

⎞
⎠⎟=

↑↑ ↑↓

↓↑ ↓↓
A A A

A A
(A.2)

The off-diagonal terms couple the up and down spins and are related to the angles between the
local magnetization and the global spin-quantization axis. For transport calculations, the NEGF
entries have to be extracted from the non-collinear spin DFT [68–70], which take cares of the
general spin orientations.

We start from the density matrix ρ r( ), which can be treated as an equivalent 2 × 2
Hermitian matrix of the charge density n r( ) and the vector magnetization quantity m r( ) [71],

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟σρ = + =

+ −
+ −

n r
n m m im

m im n m
r I m r

r r r r

r r r r
( )

1
2

( ( ) ( ) · )
1
2

( ) ( ) ( ) ( )

( ) ( ) ( ) ( )
(A.3)

z x y

x y z

where I is a 2 × 2 unit matrix in spin space and σ the standard Pauli matrix, respectively. n r( )
and m r( ) are defined in the global coordinate reference. The off-diagonal elements of
equation (A.1), introduced by the non-collinear scheme, are essentially the magnetization
perpendicular to the global spin-quantization axis. At a given r, the density matrix ρ r( ) can be
diagonalized to the collinear form through a unitary transformation from the global coordinate
reference to the local one that parallels the z-axis magnetization orientation [72],
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⎛
⎝
⎜⎜

⎞
⎠
⎟⎟ρ θ φ

ρ
ρ

θ φ=
↑

↓
r r r

r

r
r r( ) U ( ( ), ( ))

( ) 0

0 ( )
U( ( ), ( )) (A.4)†

where U is the well-known spin-1/2 rotation matrix,

⎜ ⎟ ⎜ ⎟

⎜ ⎟ ⎜ ⎟

⎛

⎝

⎜
⎜
⎜⎜

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎞

⎠

⎟
⎟
⎟⎟

θ θ

θ θ
=

−

φ φ

φ φ

−

−

e e

e e
U

cos
1
2

sin
1
2

sin
1
2

cos
1
2

(A.5)

i i

i i

1
2

1
2

1
2

1
2

where φ and θ are azimuthal and polar angles of the magnetization m r( ) with respect to the
global coordinate reference.

Following the standard variational procedure for the Hohenberg–Kohn functional
ρE r( ( ))HK , we get the non-collinear Kohn–Sham mean-field Hamiltonian,

⎛
⎝⎜

⎞
⎠⎟ σ= − + +− 

H
m

V r I V r
2

( ) ( ) · (A.6)noncol DFT

2
2

0

where V r( )0 and V r( ) are the non-magnetic and magnetic parts of the DFT effective potential
V r( )eff consisting of the external, Hartree, and exchange and correlation potentials.V r( )eff can be
diagonalized in the same manner as the density matrix ρ r( ),

⎛

⎝
⎜
⎜⎜

⎞

⎠
⎟
⎟⎟θ φ

ρ

ρ
θ φ=

↑

↓

( )
( )

V
V

V
r r r

r

r
r r( ) U ( ( ), ( ))

( ) 0

0 ( )
U( ( ), ( )), (A.7)eff

†
eff

eff

where ρ↑ ↓V r( ( ))eff is completely analogous to the effective potential in the collinear
ferromagnetic gas theory and, hence, can be approximated by L(S)DA. Then the Hamiltonian,
in combination with the overlap and density matrices of the non-collinear magnetized leads, can
be solved self-consistently by DFT bulk calculation in the normal way and used to set up the
electron density, chemical potential, and self-energies for the non-collinear transport
calculation.

Using the non-collinear spin transport method, we investigated the magnetoresistance
performance of the CFA/MgO/CFA p-MTJs and compared it with the conventional CoFe- and
FePt-based perpendicular junctions. The polar angles θ are set to be either 0 or π, corresponding
to the two magnetization orientations of the p-MTJ electrodes. The azimuthal angles φ at all
atomic sites are uniformly set to be zero since no spin-orbit coupling is considered.

It should be noted that the non-collinear transport scheme in the present work only takes
into consideration the inhomogeneous magnetization induced spin-channel mixing, by which
one can evaluate how the non-collinear magnetism of the leads affect the tunneling
magnetoresistance. No fully relativistic spin-orbit coupling effect is included, and therefore
the direct spin–flip process is ignored.

The ignorance of the spin–flip process may cause deviation of our model system from the
realistic situation here and there. However, the omission may be largely justified by the
following facts. First, the MTJ ferromagnetic electrodes have a single-domain structure, in
which no SOC-induced intrinsic domain-wall resistance exists [73, 74]. Second, although the
inclusion of SOC inside the tunneling barrier causes significant changes in the spin-dependent
transport of MTJs [75], its influence on the system in the present work may be minimal in view
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of the MgO barrier, which is made of both light elements with no d shells, and possesses a
geometric symmetry center. In addition, the ideal case of specular interfaces without
imperfections (defects, impurities, etc.; another source of spin–flip scattering), is assumed in the
present work, since the primary purpose of the present work is, instead of obtaining exact
quantitative conductance, to quantitatively demonstrate the superior performance of CFA as p-
MTJ electrodes over other commonly used ferromagnetic materials. Thus, the omission of the
spin–flip scattering may cause systematic deviation from the experimentally measured values,
but it is not a serious concern here.

As mentioned above, we believe that, for the model used in our work, the inhomogeneity
of magnetization plays a more important role in determining the magnetoresistance than the
spin–flip process does. However, their relative importance for a device in an experimental setup
depends on the exact geometry (fabrication quality), and theoretical evaluation should rely on a
more realistic model.
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