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a b s t r a c t

We present ab initio calculations of electronic and magnetic properties of the ferromagnetic metal/
normal metal (F/N) interface of the Heusler alloy Co2MnAl and gold. Two structural models are im-
plemented: one with the ferromagnet slab terminated in a pure cobalt plane (“Co2-t”), and the other with
it terminated with a plane of MnAl (“MnAl-t”). The relaxed optimum distance between the slabs is
determined for the two models before densities of states, magnetic moments, and the electric potential
are resolved and analyzed layer by layer through the interface. Complementary, calculations for the free
surfaces of gold and the Heusler alloy (for both models, Co2-t and MnAl-t) are performed for a better
interpretation of the physics of the interface. We predict important differences between the two models,
suggesting that both terminations are to be expected to display sensibly different spin injection per-
formances.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Heusler alloys have received a remarkable attention since the
prediction by de Groot et al. [1,2] in the early 1980s that some of
these compounds would have a 100% spin-polarization at the
Fermi level [3–6]. Their high spin polarization and high Curie
temperatures are advantageous for many possible applications in
the field of spintronics [7,8]: from achieving high tunnel magneto-
resistance (TMR) ratios in tunnel junctions to efficient spin injec-
tion from ferromagnetic electrodes into semiconductors. Heusler
alloys are ternary intermetallic compounds with an L21 lattice
structure (225-Fm3m space group), and an X2YZ stoichiometry,
where X can be a 3d, 4d, or 5d element (e.g., Co, Fe, Ni or Cu), Y can
be, e.g., Ti, V, Cr, Mn or Fe, and Z can be, e.g., Al, Si, Ga, As, In, or Sn.
They present layers of YZ atoms arranged in a plane square lattice
alternated with layers of X atoms [9].

An important subset of the Heusler alloys are the ones based on
cobalt (Co2YZ), which have been utilized in spintronic hetero-
junctions. For instance, Co2MnSi was recently used as a magnetic
electrode in magnetic tunnel junctions (MTJ) finding TMR ratios of
570% at 2 K, while Co2MnGe as a spin injector into a p–i–n type
emitting diode [10–12]. Regarding Co2MnAl, experimental and
theoretical studies can be found in the literature [3,13–20],
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including its application in magneto-optical devices [21] or as a
spin-injector (into p-type GaAs, with a higher performance than
other Heusler alloys [22]). However, to the best of our knowledge
the effects of its contact with a normal metal have not been re-
ported to date: this being of key relevance in better understanding
the behavior of devices that will typically involve normal-metallic
electrodes (and/or a normal-metal spacer between ferromagnetic
electrodes [23]), in this work we study the electronic and magnetic
properties of its interface with gold.
2. Computational details

For the study of the Co2MnAl/Au interface, we carried out
calculations for seven separate systems: bulk Co2MnAl, bulk Au,
two different models for the interface and the corresponding two
for the free surface, and the free surface of gold. Due to the layered
structure of the Heusler alloy (alternating layers of Co2 and MnAl
planar lattices), there are two possible configurations for an ideal
(i.e., defects free) interface parallel to the plane (0 0 1): the gold
can be in direct contact with a 2D square lattice of either Co2 (see
Fig. 1(b)), or of MnAl (Fig. 1(c)). We will address the first as Co2-t ,
and the latter as MnAl-t (as abbreviations for “Co2-terminated
interface” and “MnAl-terminated interface”, respectively). Figs. 1
(a) and (d) show the corresponding free surfaces, and Fig. 1
(e) shows the free surface of gold.

The experimental lattice parameter of Co2MnAl is of 5.749 Å
(Ref. [17]), and the lattice constant of gold equals 4.0786 Å so the
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Fig. 1. Co2-terminated free surface (a) and interface (b), MnAl-terminated interface,
(c) free surface (d), and free surface of gold (e); integers ( 7 5− … ) number the atomic
layers for later reference. (f) Optimization of the interface separation, h, for both
models. The optimum separations, h0, are h 2.31Co2 t

0 = Å− and h 2.37MnAl t
0 = Å− .
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diagonals of any of its unit cell's faces equal 5.7680 Å. To resolve
the slight lattice mismatch (only 0.33%∼ ) we used 5.7585 Å for the
Heusler and 4.0719 Å for the gold lattice parameter and we rotated
the gold lattice 45° around the [0 0 1] direction. For the Co2-t
model (total of 72 atoms) we used 6 layers of Co intercalated with
5 of MnAl, while for the MnAl-t model (total of 80 atoms), we used
7 layers of MnAl (see Fig. 1); the gold slab (total of 28 atoms) was
made of 7 layers. We tested the most central layers densities of
states (DOS) against those of the bulk materials and found an
excellent agreement, concluding that our slabs were thick enough
to actually model the interface (instead of a superlattice with in-
teracting interfaces). For the free surfaces, a vacuum slab of 12∼ Å
was included in the supercell to avoid coupling due to the periodic
conditions (e.g., Ref. [24]). For the discretization of real space we
used a cutoff energy of 150 Ry and the four atomic layers closer to
the interface plane, and the two closest to the free surface, were
left to relax (leaving all the rest with their atomic positions fixed to
a maximum force of 10 Ha/Bohr3∼ − ), using a 1�3�3 mesh in
k-space for the interfaces and of 1�9�9 for the free surfaces. All
electronic densities, densities of states (DOS) and electric potential
were calculated with a 1�9�9 mesh, which proved to produce
DOS's of the bulk-like layers (�7, �6, �5, �4, and 3, see Fig. 1) in
excellent agreement with those of the pure, bulk materials. We
considered only collinear magnetism, i.e., spin–orbit was not in-
cluded, since it has already been established to be negligible [25]
for this system.

Within the Density Functional Theory [26–28], all calculations
were performed with the software suite OpenMX [29], which self-
consistently finds the eigenvalues and eigenfunctions of the Kohn–
Sham [30] equations for the systems under study using fully re-
lativistic norm-conserving pseudopotentials, and pseudoatomic
orbitals (PAOs) for the expansion of the wave function; both
contributed by Ozaki and Kino [31,32]. The PAO basis functions
were specified by Co6.0-s2p2d1, Mn8.0-s2p2d1, Al7.0-s2p2d1, and
Au7.0-s2p2d1, where, e.g., Co is the atomic symbol, 6.0 is the cutoff
radius (Bohr) according to the confinement scheme utilized
[31,32], and s2p2d1 means the employment of two primitive or-
bitals for each s and p orbital and one for the d orbital. We used
the Perdew–Burke–Ernzerhof [33] generalized gradient approx-
imation (GGA) for the exchange and correlation. While it is usually
found that a Coulomb potential (GGAþU, e.g., Ref. [34]) is needed
for the correct description of the d-bands of cobalt and manganese
in these kind of alloys, Kandpal et al. [17] report that, for Co2MnAl,
it is actually better the prediction of its experimental total mag-
netic moment if no orbital-dependent Coulomb potentials are
added. Hence, we performed our calculations without “U” and,
indeed, found a m 4.02t Bμ= for the bulk, in excellent agreement
with the experimental values of 4.01 0.05 Bμ± (Ref. [3]) and
4.07 Bμ (Ref. [35]).
3. Discussion of results

Fig. 1(f) shows our optimization of the distance h between the
two slabs that make up our models, the optimal distances – used
for the rest of the calculations –were found to be of h 2.37Co t

0
2 = Å−

and h 2.31MnAl t
0 = Å− ; these rather large separations suggest a low

chemical interaction between the two materials. Spin-resolved
total densities of states (DOS) for the layers closest to the interface
(L0, L�1, and L�2) are shown in Fig. 2, and the corresponding ones
for the free surfaces and the bulk are also included for comparison.
We verified that the DOS for the most bulk-like layers (L3, L�5, L�6

and L�7, not shown in Fig. 2), as much for the interfaces as for the
free surfaces, are practically identical to those for the bulks; this
probes that we have chosen enough atomic layers (or vacuum, for
the free surfaces) so as to decouple adjacent supercells. In general,
layer L0 (Au) is very alike in both models, but a critical difference
appears at EF: while for Co2-t there is an increase of the spin down
(DW) DOS, which implies a spin polarization (SP) of �31.5% (see
arrow in the top left panel of Fig. 2), this feature does not appear in
MnAl-t (which presents a SP of only þ2.1% at EF, much closer to
the SP¼0% of pure gold). As to the DOS of the gold free surface and
the bulk, they present strong differences with that of the gold at
the interface (for both models): in the free surface, electrons of
both spin channels migrate symmetrically towards EF, while in the
interfaces the electron populations tend to reorganize away from
the EF and asymmetrically. These differences, however, do not
imply a significant magnetization of the gold (as can be seen in
Table 1). At L�1, a shift of the up-electrons away from EF is clearly
observed for Co and Mn atoms of both models, while down-
electrons of Co atoms for Co2-t shift towards the Fermi energy. As a
consequence, for Co2-t at L�1, there is a SP¼�70.4% at EF (see



Fig. 2. Densities of states per layer for the two models (Co2-t and MnAl-t).

Table 1
Layer-resolved, atom type averaged charge and magnetic moment (MM) analysis for the two models of the interface. All values are in atomic units.

Co2-t interface (free surface)

L�6 L�5 L�2 L�1 L0 L1 L3

Co UP – 7.98(7.98) – 8.20(8.36) – – –

DW – 7.32(7.32) – 6.88(6.79) – – –

TOTAL – 15.30(15.30) – 15.08(15.15) – – –

MM – 0.66(0.66) – 1.32(1.57) – – –

Mn UP 8.86(8.85) – 8.94(8.90) – – – –

DW 5.77(5.78) – 5.69(5.74) – – – –

TOTAL 14.63(14.63) – 14.63(14.64) – – – –

MM 3.09(3.07) – 3.25(3.16) – – – –

Al UP 1.24(1.23) – 1.26(1.22) – – – –

DW 1.54(1.55) – 1.57(1.55) – – – –

TOTAL 2.78(2.78) – 2.83(2.77) – – – –

MM �0.30(�0.32) – �0.31(�0.33) – – – –

Au UP – – – – 8.53(8.52) 8.50(8.49) 8.50(8.50)
DW – – – – 8.52(8.52) 8.51(8.49) 8.50(8.50)
TOTAL – – – – 17.05(17.04) 17.01(16.98) 17.00(17.00)
MM – – – – 0.01(0.00) �0.01(0.00) 0.00(0.00)

MnAl-t interface (free surface)

L�7 L�6 L�2 L�1 L0 L1 L3

Co UP – 7.97(7.97) 8.10(8.07) – – – –

DW – 7.32(7.33) 7.21(7.22) – – – –

TOTAL – 15.30(15.30) 15.31(15.29) – – – –

MM – 0.65(0.64) 0.89(0.85) – – – –

Mn UP 8.86(8.87) – – 9.19(9.35) – – –

DW 5.76(5.76) – – 5.42(5.20) – – –

TOTAL 14.62(14.63) – – 14.61(14.55) – – –

MM 3.10(3.11) – – 3.77(4.15) – – –

Al UP 1.24(1.23) – – 1.30(1.46) – – –

DW 1.54(1.54) – – 1.54(1.71) – – –

TOTAL 2.78(2.77) – – 2.84(3.17) – – –

MM �0.31(�0.31) – – �0.25(�0.25) – – –

Au UP – – – – 8.56(8.52) 8.50(8.49) 8.50(8.50)
DW – – – – 8.56(8.52) 8.50(8.49) 8.50(8.50)
TOTAL – – – – 17.12(17.04) 17.00(16.98) 17.00(17.00)
MM – – – – 0.00(0.00) 0.00(0.00) 0.00(0.00)
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Fig. 3. Layered and atom resolved magnetic moment for the interface and the free
surface for the two models (Co2-t and MnAl-t).

Fig. 4. Kohn–Sham potential (excluding the non-local part) along the interface for
the two models (Co2-t and MnAl-t).
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arrow in Fig. 2), while the value for the bulk is þ68.3%, i.e., there is
a full inversion of the sign of SP. This feature is distinctive of Co2-t,
since MnAl-t at L�1 shows a positive SP¼þ27.7%. Hence, the in-
terface quenches the SP for MnAl-t, while it inverts it for Co2-t.
This strongly suggests that important differences in transport
properties for the two different terminations of the interface are to
be expected. It is seen that DOS at L�2, of the interfaces and of the
free surfaces, already mimic almost exactly those of the bulk.

In Fig. 3 we present the atom and layer resolved magnetic
moments for the interface and the free surface, while Table 1 al-
lows a detailed analysis of the charges (UP, DW, and total) and
magnetic moments (MM) for selected layers: most bulk-like (L�7,
L�6, L�5, and L3) and those at the interface (L�2, L�1, L0, and L1).
For Co2-t (interface and free surface) the total charge of cobalt
atoms at L�1 is slightly lower than at L�5, while the magnetic
moment is greater by a factor of more than 2. This can be ex-
plained by a migration of DW-electrons partially to the UP channel
of the same cobalt atoms, and partially to the gold atoms at L0 and
the aluminum atoms at L�2 (for the interface). Also at L�2, it is
seen than Mn atoms increase their magnetization by a redis-
tribution of their electrons, since their total charge remains con-
stant. Both the gold of the interface and the gold free surface have
a slight gain of charge at L0 ( 0.05 au∼ ), practically without mag-
netization: this indicates that the redistribution of charge at the
gold side of the interface must mostly be due to the break of
symmetry, rather than the interaction with Co2MnAl. In the MnAl-
t interface, there is also a sensible increase of the magnetization at
the interface, with almost no change of the total charges at L�1

and L�2 (compared to the bulk-like layers). In contrast, in the
MnAl-t free surface, the Al atoms show a sensible increase of their
total charge (3.17 au, compared to 2.84 au of the interface and
2.78 au of the most bulk-like layers): this difference is due to the
absence of the gold which, when present, gets negatively charged
mostly due to migration of electrons from the Al atoms.

Fig. 4 shows the in-plane potential, which results from in-
tegrating throughout the yz planes (i.e., planes parallel to the in-
terface) and the so called “macroscopic” potential: an average
along x (i.e., a smoothed version) of the former [36,37]. The po-
tential shown is that of Kohn–Sham except for the non-local po-
tential (which due to its non-locality cannot simply be added to
the rest; and is of importance only close to the atomic cores). This
potential could account for the 0.25 eV of difference between
channels UP and DW which are otherwise practically identical. It is
to be noticed that for Co2-t, there is a peak of the in-plane po-
tential just at the interface, between the last Co plane and the first
Au plane (see arrow in Fig. 4), which is absent in the MnAl-t in-
terface. It is important to note that while this peak is “hidden” in
the macroscopic potential due to the smoothing action of aver-
aging along the x-direction, it is indeed what electrons will “see”
when traveling through the interface. We hypothesize that this
difference of the in-plane potential of Co2-t and MnAl-t interfaces
might be of relevance to the electronic transport through the in-
terface. For both models the contact potential between the Heusler
alloy and the gold is E3.05 eV, with the Co2MnAl side positive
respect to the gold: this suggests that the work function of the
Heusler (WHeusler) alloy is lower than that of gold (a rigorous de-
termination of WHeusler implies calculations [38,39] beyond the
scope of the present work).
4. Conclusions

We studied electronic and magnetic properties of the interface
Co2MnAl/Au, finding that the Heusler alloy termination (either
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Co2-t or MnAl-t) is crucial to the definition of the electronic
properties at the interface both quantitatively and qualitatively
and so, presumably, of high importance regarding applications of
this material in spintronic devices. A greater spin polarization at EF
suggests the Co2 termination should be more attractive as a spin
injector. However, a noticeable difference of the morphology of the
in-plane potential for the Co2-t and MnAl-t interfaces, just at the
transition region, might affect transport in a non-negligible way.
Thus it is clear that non-equilibrium spin-resolved electronic
transport calculations of these interfaces are necessary to resolve
which one would be more suitable for spintronic applications.
Finally, it is worth mentioning that relative positions of the slabs in
the yz plane other than the one chosen here (such as top site)
should be of high interest for further understanding the physics of
this interface.
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