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Robustness of the Half-Metallicity at the Interfaces in Co,MnSi-Based
All-Full-Heusler-Alloy Spintronic Devices
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Based on first-principles methods, we demonstrate that it would be possible to design efficient
all-full-Heusler-alloy-based spintronic devices associating Co,MnSi electrodes and nonmagnetic full-
Heusler-alloy spacers selected to preserve the half-metallicity of Co,MnSi up to the interface atomic
layers. We focus on the Co,MnSi/Fe,TiSi magnetic tunnel junction, compare the stability range of its
different interface terminations, and show that the half-metallicity of the Fe,/MnSi-terminated interface
even withstands atomic intermixing. The robustness of the half-metallicity of this interface termination is
also confirmed in Co,MnSi/Fe, VAl spin valves. With such interfaces, spintronic devices could possess

very high magnetoresistive properties.

DOI: 10.1103/PhysRevApplied.15.034009

I. INTRODUCTION

Known since the beginning of the 20th century, the full-
Heusler alloys of general formula X,YZ have regained a
lot of attention when Co,MnSi, a ferromagnetic crystal
with the high Curie temperature of 985 K, has been pre-
dicted to be a half-metal [1]. This prediction opened an
interesting route towards spintronic devices, such as spin
valves (SVs) or magnetic tunnel junctions (MTJs), with
exceptional magnetoresistive properties at high tempera-
ture. In such devices, the half-metallic Co,MnSi electrodes
are separated by a thin metallic or insulating nonmagnetic
spacer and a perfect understanding and mastering of the
Co,MnSi/spacer interfaces is required, to prevent the loss
of the half-metallic character at these interfaces. Recent
experimental studies have shown that the atomic layer ter-
mination of a high crystalline quality Heusler-alloy layer
can be measured using the reflection high-energy electron
diffraction (RHEED) pattern intensity oscillations, X-ray
photoelectron spectroscopy (XPS), and Auger spectra; to
a certain extent, the atomic layer termination can also be
selected and controlled by choosing the suitable substrate,
adjusting the epitaxial growth conditions and precisely
counting the number of atomic layers deposited during the
layer-by-layer growth process [2,3].

In 1993, Valet and Fert studied the giant magnetoresis-
tance (GMR) of a SV with the current flow perpendicular
to the layer planes (CPP configuration) [4]. The CPP-
GMR that they calculated depends on two coefficients,
which correspond to the bulk magnetic electrode and to
the nonmagnetic spacer/ferromagnetic electrode interface
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contributions to the spin-scattering asymmetry. Both terms
are important and the higher they are, the higher the GMR
is. Most of the research efforts focused on improving the
bulk parameter, searching for electrode materials with a
spin polarization at the Fermi level as high as possible
(ideally of 100%), and robust with respect to the unavoid-
able structural defects, like permutations between atoms
of different chemical species, which can damage the phys-
ical properties in the case of full-Heusler alloys [5-9].
The interface spin-scattering asymmetry coefficient must,
however, also be improved to further increase the GMR
of SVs based on half-metallic electrodes. More or less
empirical rules of thumb have been proposed for that,
such as choosing a spacer material, the atomic structure
(crystal symmetry, lattice parameter), and band structure
(orbital symmetry, dispersion) of which resemble those
of Co,MnSi for majority-spin electrons [10]. The former
of these requirements could be reached by using a full-
Heusler-alloy spacer instead of the more commonly used
Cr[11,12] or Ag [13—15] layer, to prevent the occurrence
of interface structural defects and facilitate the epitaxial
growth of the multilayers.

Similar arguments apply to the interfaces between
Co,MnSi and the nonmagnetic insulating or semiconduct-
ing spacers of Co,MnSi-based MTlJs: the tunnel magne-
toresistance (TMR) should increase with the spin polar-
ization at the Fermi level P(Er) of these interfaces. Inter-
face structural defects (intermixing, deviations from sto-
ichiometry) and possible electron states localized at the
interfaces may locally decrease the spin polarization and
lower the magnetoresistive properties of these devices.
These difficulties in keeping a high spin polarization at
the Fermi level near the interfaces between Co,MnSi and

© 2021 American Physical Society
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the insulating or semiconducting barrier could be empir-
ically controlled by choosing a suitable spacer material,
ideally a full-Heusler alloy (instead of the amorphous
AlO, [16-20], crystalline MgO [21-26], or conventional
group IV or III-V semiconductors [27—31]), and by adjust-
ing the growth conditions to select the best interface
atomic structure. Note that the interface between Co,MnSi
and a semiconductor can also be used as a spin injector
in semiconductor-based spintronic devices [32], another
example of application for which a good control of the
interface properties is mandatory.

Thanks to the continuity of the atomic structure at
their interfaces and owing to the large choice of chemical
specie combinations that they offer, Co,MnSi-based all-
full-Heusler-alloy heterostructures should now be inves-
tigated to search for the spacer materials leading to SVs
and MTJs with the best magnetotransport properties. Few
experimental studies have been published on all-full-
Heusler-alloy SVs and most of them reported poor GMR
values at room temperature [10,33,34]. Such bad per-
formances have mainly been explained in terms of the
atomic disorder, such as the Coyy, antisites that may exist
in Co,MnSi electrodes [8]. The possible existence of a
dead interface magnetic layer lowering the magnetoresis-
tive performances was moreover reported in the case of
Co,MnGe/Rh;CuSn SVs [34]. Other Heusler-alloy-based
heterostructures have mostly been studied numerically
from first principles [35—41]. Chadov et al., in particu-
lar, proposed to select the best all-Heusler-alloy MTIJs
among those which minimize the mismatch between the
atomic and the band structures of the electrode and spacer
materials: They first decided to select the half-metallic
electrode material Co,MnAl and further proposed to use
CoVMnAL as the nonmagnetic insulating spacer [37]. This
latter choice results from a modification of the chemical
formula of the electrode Heusler alloy, keeping in mind the
Slater-Pauling rule. They also suggested that the electronic
structure of the Co,MnAl/CoVMnALI interface resembles
that of the interface bulk Heusler alloy (i.e., the compound
which can be formed by associating the ultimate atomic
layers on both sides of the interface).

In this article, we show that the half-metallic char-
acter of Co,MnSi is preserved at the most stable inter-
faces with the nonmagnetic semiconductor Fe,TiSi, in
MTJ-like heterostructures. We focus our discussion on
the Fe,/MnSi-terminated interface, for which we show
that atomic intermixing is not likely to challenge the
half-metallic character of Co,MnSi, which can then be
considered as relatively robust. We finally make a rapid
comparison with the Fe,/MnSi-terminated interface of the
SV-like heterostructure that Co,MnSi can form with the
nonmagnetic metallic Heusler alloy Fe, VAL The spacer
compounds Fe,TiSi and Fe,; VAl have been selected from
their physical characteristics, as described in the database
created by Butler et al. [42,43].

II. CALCULATION DETAILS

The calculations presented in this paper are based on the
density functional theory (DFT) and have been performed
with the full-potential linearized augmented plane wave
(FPLAPW) code WIEN2K [44]. The exchange and corre-
lation energy was calculated with the generalized gradient
approximation (GGA) [45]. Defined as the product of the
smallest atomic sphere radius R by the highest reciprocal
lattice vector K,x of the plane wave expansion, the con-
vergence parameter RKp.x was set to 7.0, all the atomic
sphere radii being fixed to 2.0 atomic units. The irreducible
wedge of the first Brillouin zone of the heterostructures
was sampled with 156 k vectors.

To calculate the electronic and magnetic properties of
the Co,MnSi/Fe,TiSi(001) and Co,MnSi/Fe, VAI(001)
heterostructures, we used a supercell that contains 6 bilay-
ers of each material (24 atomic layers in total), stacked
along the (001) direction (defined as the z axis) and
2 nonequivalent interfaces. This geometry, depicted in
Fig. 1(a), allows a continuity of the Heusler atomic struc-
ture across the interfaces and a preservation of the sto-
ichiometry of the two Heusler-alloy layers forming the
heterostructures. For each structure, we fixed the in-plane
supercell lattice parameter to the equilibrium value calcu-
lated for bulk Co,MnSi, 5.63 A, whereas the out-of-plane
lattice parameter of the supercell and the atom inter-
nal coordinates have been optimized by minimizing the
ground-state energy and the forces. This choice is moti-
vated by the experimental configuration, where the thin
spacer and the top electrode of the corresponding MTJ and
SV are epitaxially grown on top of the Co,MnSi bottom
electrode, which imposes its lattice constant.

In Sec. IV B, we discuss the stability of the possible
interfaces between Co,MnSi and Fe,TiSi, as a function
of their interface terminations. Two parameters have been
calculated to quantify this stability, i.e., (i) the separation
energies E, and (ii) the interface formation energies yir;
Eep provides information on the stability of the interface
after it has been grown (in fact, on the difficulty to break
this interface), yir evaluates the ability to experimentally
grow the interface.

To compute Eg,, we used nonstoichiometric super-
cells possessing two identical interfaces (either Co,/TiSi-
terminated or Feo/MnSi-terminated). Here E,, is defined
as the energy difference resulting both from the chemical
bonding and the atomic relaxation, when the interface is
formed:

Esep = EConnSi + EFezTiSi — Eps, (1)

where Eyg is the ground-state energy of the heterostruc-
ture with symmetric Co,MnSi and Fe,TiSi layers and
the desired interface termination; Eco,mnsi and Ere,is; are
the ground-state energies of the isolated nonstoichiometric
Co,MnSi and Fe,TiSi layers with fully relaxed surfaces,
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FIG. 1. (a) Atomic structure of the Co,MnSi/Fe,TiSi and Co,MnSi/Fe; VAl supercells used for the calculations. The light gray

boxes show the ultimate atomic layers on both sides of the two nonequivalent interfaces: Co,/TiSi (IFcrs) or Co,/VAl (denoted as
IFcya) on the left-hand side, and Fe,/MnSi (IFgys) on the right-hand side of the Co,MnSi thick layer. The solid-line boxes show
the atomic bilayers on both sides of these interfaces. (b) Atomic defects which have been considered near the Fe,/MnSi-terminated

interfaces.

keeping however the in-plane lattice parameter fixed to
the value calculated for Co,MnSi. This energy is the sum
of two contributions: the energy E.pem associated to the
breaking of the chemical bonds when we separate the two
layers and the energy E.x owing to the relaxation of the
atomic positions at the two bare surfaces that are created.
With this definition, E, does not provide information on
the elastic energy stored in the Fe,TiSi layer.

The interface formation energies yir have been calcu-
lated as a function of the chemical potential of the different
chemical species constituting the Heusler alloys (these
chemical potentials can be changed experimentally by
adjusting the growth conditions). A comparison between
the different interface energies provides information on
the chemical potential ranges for which a particular inter-
face termination is more likely to be formed. The detailed
procedure that is used to calculate yir is described in
the Appendix. For these calculations only, we used the
Vienna ab initio simulation package (VASP) [46,47] with
the projector augmented wave (PAW) method [48].

The values of the spin polarization at the Fermi level
P(EF) can be computed from the equation

' (Er) — n*(Ep)

PER = En T nv Er)’

)

where n' (Er) and n'(Er) respectively correspond to the
majority- and minority-spin densities of states (DOS) at

the Fermi level. This description of P(Efp) is, in gen-
eral, suitable to analyze electronic structure data measured
from spin-polarized photoemission experiments. Another
definition has been proposed to calculate the degree of
spin polarization at the Fermi level, from majority and
minority spin current densities instead of DOS [49]. This
alternative definition is certainly more relevant to discuss
the magnetotransport properties of spintronic devices with
conventional ferromagnetic electrodes. However, in the
particular case of Co,MnSi-based devices, the spin polar-
ization of the Co,MnSi electrodes is of 100% regardless
of the definition of the spin-polarization degree, as long as
this material keeps its half-metallic character. This is why
we have chosen, in the following sections, to discuss the
half-metallicity of the Co,MnSi/nonmagnetic spacer inter-
faces from the values of P(Er) computed with n' (Er) and
n¥ (Er).

An important goal of this paper is to check the
robustness of the half-metallicity of the Fe,/MnSi-
terminated interfaces of Co,MnSi/Fe,TiSi(001) and
Co,MnSi/Fe, VAI(001) heterostructures. To do so, we
built different atomic structures by swapping some of
the atoms the closest from the interface, as described in
Fig. 1(b); as all the supercells have the same stoichiometry,
the creation energy E. of an intermixing defect is simply
given by the ground-state energy difference between the
perfect and the defective heterostructures. We mostly con-
sidered the atomic exchanges which are the most expected
to affect the half-metallicity of the Co,MnSi interface,
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keeping in mind the consequences of such defects in bulk
full-Heusler alloys [9]: five of the six disorder scenarios
that we consider involve atomic exchanges, either between
first- or second-neighbor transition-metal atoms across the
interface, or between first-neighbor transition-metal atoms
in one or the other side of the interface. The last scenario
concerns the possible exchange between first-neighbor Fe
and Si atoms across the interface.

III. PHYSICAL PROPERTIES OF THE
ELECTRODE, SPACER, AND INTERFACE BULK
HEUSLER ALLOYS

A. Physical properties of the electrode (Co,MnSi) and
spacer (Fe, VAl and Fe,TiSi) bulk compounds

The calculated physical properties of the electrode
(Co,MnSi) and spacer (Fe, VAI and Fe, TiSi) bulk Heusler
alloys are summarized in Table 1. As expected, Co,MnSi
is ferromagnetic, with a total spin magnetic moment of
5.0 wp per formula unit (f.u.), whereas Fe, VAl and Fe, TiSi
are nonmagnetic, in agreement with the Slater-Pauling
equation mgpin = |24 — N|, where mygpi, is the spin mag-
netic moment and N, = 29 for Co,MnSi and 24 for Fe, VAl
and Fe,TiSi is the number of valence electrons per f.u.
[1,50].

The DOS curves displayed in Fig. 2 confirm that
Co,MnSi is half-metallic, with a minority-spin electron
band gap of 0.83 eV, whereas majority spin dispersive
bands cross the Fermi level Er. Fe, VAL is metallic and
Fe, TiSi is semiconducting with a band gap width of 0.37
eV and both compounds are nonmagnetic. The equilibrium
lattice parameters calculated for Fe, VAl and Fe,TiSi are
5.69 A and 5.68 A, respectively: these materials display a
lattice mismatch of only 1% with Co,MnSi (5.63 A). All
these values are in agreement with the data provided in the
previously mentioned database [42].

B. Physical properties of the bulk interface compounds
(Co,TiSi, Fe;MnSi and Co, VAl)

For further comparisons, we consider now the two bulk
Heusler alloys Co,TiSi and Fe,MnSi, which correspond to

the chemical formula of the two possible interface termi-
nations of the Co,MnSi/Fe,TiSi MTJ; similarly, we also
define the interface Heusler alloys Fe;MnSi and Co, VAl
for the Co,MnSi/Fe, VAl SV.

Table I indicates that the lattice parameter of Fe,MnSi
is only 0.9% lower than that of Co,MnSi, whereas those
of Co,TiSi and Co, VAL are 2% higher. These differences
suggest that structural distortions can be expected to be
smaller at the Fe,/MnSi-terminated interface than at the
Co,/TiSi- and Co,/VAl-terminated interfaces.

The DOS of the bulk interface compounds are rep-
resented in the bottom panels of Fig. 2: Fe,MnSi and
Co,TiSi are both half-metallic. Moreover, Fe,MnSi dis-
plays a strong majority-spin DOS peak at the Fermi level,
which corresponds to electron states mixing different Co-
d and Fe-d orbitals, the largest contribution coming from
the Fe-d,> orbitals. This compound possesses also a total
spin magnetic moment of 3.0 uz/f.u. and a measured Curie
temperature of 219 K [51].

Our calculations predict that Co, VAl is a nearly half-
metallic ferromagnetic metal with a vanishing minority-
spin gap, a high P(EFr) of approximately 95.6% and the
bottom of the minority-spin conduction band only 0.04 eV
below the Fermi level.

The DOS curves that we calculated for the three bulk
interface compounds are still in very good agreement with
those described in the database of Ref. [42].

If we make the hypothesis that the perfect interfaces
should preserve some characteristics of the bulk com-
pounds with the same chemical composition, the DOS
curves given in Fig. 2 suggest that the half-metallic char-
acter of Co,MnSi should be preserved at the two possible
interfaces of the Co,MnSi/Fe,TiSi MTJ, whereas the spin
polarization could be lowered at the Co,/VAl-terminated
interface of the Co,MnSi/Fe,; VAl SV. Following the same
hypothesis and by comparing the three possible interface
terminations, the Fe,/MnSi interface appears already as
very promising, owing to the mentioned high value of the
DOS at the Fermi level for the majority-spin electrons and
because of the location of the Fermi level, close to the
middle of the band gap for the minority-spin states.

TABLE I. Calculated properties of the relevant bulk full-Heusler alloys: equilibrium lattice parameter ay, band gap energy at the
Fermi level E, (HM indicates that the material is half-metallic), spin magnetic moment mgp, per X, YZ formula unit (f.u.), and per X,
Y, or Z atom.

ag (A) Eg (V) Mapin (145) Role

fou. X Y VA

Co,MnSi 5.63 0.83 (HM) 5.00 1.07 2.85 —0.04 Electrode
Fe, VAl 5.69 0.00 0.00 0.00 0.00 0.00 Spacer
Fe, TiSi 5.68 0.37 0.00 0.00 0.00 0.00 Spacer
Fe,MnSi 5.58 0.51 (HM) 3.00 0.25 2.45 —0.02 Interface
Co, VAL 5.74 0.00 2.00 0.93 0.23 —0.02 Interface
Co,TiSi 5.74 0.80 (HM) 2.00 1.02 0.00 0.02 Interface
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FIG. 2. Top: DOS of the bulk Heusler alloys Co,MnSi (electrode material), Fe, VAl and Fe, TiSi (spacer materials). Bottom: DOS
of the bulk interface Heusler alloys: Co,VAl, Fe;MnSi and Co,TiSi. DOS with positive (negative) values correspond to majority

(minority) spin projections.

IV. PHYSICAL PROPERTIES OF THE
INTERFACES OF THE Co;MnSi/Fe, TiSi
MAGNETIC TUNNEL JUNCTION

A. Atomic and electronic structures of the perfect
interfaces

The relaxation of the atomic positions in the Co,MnSi/
Fe,TiSi supercell leads to a small [001] tetragonal dis-
tortion of the Fe,TiSi layer: at the center of the Fe,TiSi
layer (i.e., as far as possible from the interfaces), the
distance between adjacent atomic layers shows small oscil-
lations around an average value. This latter is slightly
(0.5%) larger than the distance between atomic planes
in bulk Fe,TiSi, because of the small compressive stress
that the Fe,TiSi layer undergoes. The distance between
nearest-neighbor atomic layers shows larger oscillations
when approaching the interfaces, in particular on the
Co,MnSi side of the Co,/TiSi-terminated interface, where
it becomes 2—3% higher than in bulk Co,MnSi. These
stronger oscillations have an extension of two or three
monolayers on both sides of the interface.

A description of the modifications of the electronic
structure of the Heusler alloys induced by the interfaces
is provided by Fig. 3. This figure shows the layer-resolved
density of states (LDOS) corresponding to the contribution
of the two atomic layers on both sides of each of the two
nonequivalent interfaces. At the Co,/TiSi-terminated inter-
face [left panels of Fig. 3], the LDOS of the bilayers are
very similar to those calculated for bulk Co,MnSi and bulk
Fe,TiSi and the half-metallicity is preserved at the inter-
face; the main noticeable difference is that the majority-
spin LDOS does not exactly vanish on the Fe,TiSi side

of the interface, which also becomes half-metallic. At the
Fe,/MnSi-terminated interface [right panels of Fig. 3], the
LDOS of'the Fe, layer is clearly different from that of bulk
Fe,TiSi: a strong LDOS peak is observed above the Femi
level for majority spin electrons, which even strengthens
the half-metallicity of the heterostructure at this interface.
This LDOS peak is a recollection of the majority-spin DOS
peak observed at the Fermi level for the bulk interface
compound Fe,MnSi [see Fig. 2].

The calculated spin magnetic moments take almost
the same values (within 0.01 wp) at the center of
the Co,MnSi layer than in bulk Co,MnSi. At the
Fe,/MnSi-terminated interface, the spin magnetic moment

Fe,TiSi/Co,MnSi
4 'Fez T T 1 4F Coz‘i‘ T T T ]
0 == o — AV
4L 44 Y L1
> 4 FTisSi 7 4FMngsi— ]
© L o A
§ 0 0
‘g ‘4 C L L L L L | ‘4 C 1 1 1 L 1 |
;; ) M | ]¢ 7F62‘ | | ‘ | |
—
-4 L ‘ 4y LA
4’Mn+‘—si‘7 T T .| 47Ti+S‘i T T T T ]
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5 4 3 2 -1 0 1 2-5-4-3-2-1 0 1 2
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FIG. 3. LDOS for the TiSi/Co,-terminated interface (left pan-

els) and MnSi/Fe,-terminated interface (right panels) of the
Co,MnSi/Fe, TiSi heterostructure.
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of Mn atoms is on average lowered by —0.22 up, to
the advantage of their first-neighbor Fe atoms, of which
the spin magnetic moment increases by approximately
0.15 wpp. At the Co,/TiSi-terminated interface, the spin
magnetic moment of Co atoms and that of their first-
neighbor Ti atoms are lowered by —0.12 g and —0.05 g,
respectively, whereas the spin magnetic moment of the
nearest Fe atoms becomes slightly positive. These modi-
fications of the spin magnetic moments are linked to the
charge transfers induced by chemical bonding between
atoms on both sides of the interfaces. The sign of
these modifications could have been predicted from the
variations of the spin magnetic moments between bulk
Co,MnSi and Fe,TiSi on one side, and the relevant bulk
interface compounds Fe;MnSi and Co,TiSi, on the other
side. The magnetic moment of Fe atoms is for instance
0.25 pp higher in bulk Fe;MnSi than in bulk Fe,TiSi (for
which it vanishes): this difference is close to the increase of
0.15 wp calculated at the Fe,/MnSi interface, confirming
that the physical properties of the bulk interface Heusler
alloys allow to guess those of the atomic layers the closest
from the interfaces.

B. Stability domains of the perfect interfaces

At this stage, we must carefully compare the formation
energies yip of the Co,/TiSi-terminated and Fe,/MnSi-
terminated interfaces, to predict which is the most likely
to be formed with a high crystal quality during the epitax-
ial growth of a Co,MnSi/Fe,TiSi MTJ. As described in
the Appendix, the study of the interfaces necessitates first
to define the ranges of chemical potentials for which the
individual bulk compound are stable and also the stability
of their possible surface terminations.

1. Stability of the bulk crystals

Figure 4 displays the stability phase diagrams of bulk
Co,MnSi and Fe, TiSi. The ranges of chemical potentials
for which these Heusler alloys are stable (the white areas
in the figure) are determined by comparing their formation
enthalpy with those of other possible competing com-
pounds [according to Eq. (A3) in the Appendix], the list of
which is established with the help of the Materials Project
[52] and Crystallography open databases [53].

2. Relative stability of the Co,MnSi and Fe, TiSi surface
terminations on top of which the interfaces will be grown

The borders between the stability domains of the Co,-
and MnSi-terminated (001) surfaces of Co,MnSi and
between the stability domains of the Fe,- and TiSi-
terminated (001) surfaces of Fe,TiSi are represented by
blue lines in Figs. 4(a) and 4(b), respectively. These two
lines have been calculated from Eq. (A6) in the Appendix.
The MnSi and TiSi terminations are more stable (and
will be preferentially formed) than the Co, and Fe, ones

(a) Ay, (€V)
=2 \ ‘ —xl S 00'0
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SrsisosteseoncnscisesspssoirscosefisocosoIMecios ‘E
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FIG. 4. Stability phase diagrams of (a) Co,MnSi and
(b)Fe,TiSi. The black dashed lines correspond to the limit for
the formation of competitive phases and the white areas corre-
spond to the chemical potential ranges where the Heusler alloys
Co,MnSi and Fe, TiSi are stable. The blue and red lines delimit
the chemical potential ranges of stability of the two possible ter-
minations of the perfect surfaces (S) and of the two possible
terminations of the perfect interfaces (IF), respectively.

below these two lines. For Co,MnSi, we conclude that
the Co,-terminated surface can only be stabilized in Co-
rich growth conditions (Apc, > —0.084 eV), whereas the
MnSi-terminated surface will be formed otherwise. This
large stability domain of the MnSi-terminated surface has
previously been demonstrated in an earlier study [54]. In
this latter study, it is interesting to note that it was also
suggested that a surface with Mn vacancies could also be
formed under Si-rich growth conditions; the study of off-
stoichiometric structures is however beyond the scope of
our present paper. Figure 4(b) finally shows that only the
TiSi-terminated (001) surface of Fe,TiSi can be grown.

3. Relative stability of the interfaces terminations

We now focus on the determination of the (001) inter-
faces that can be grown on top of the MnSi-terminated
Co,MnSi surface or on top of the TiSi-terminated Fe,TiSi
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surface. Equation (A7) from the Appendix enables the red
line in Fig. 4(a) to be plotted, which delimitates the sta-
bility domains of the TiSi/Co,- and TiSi/MnSi-terminated
interfaces grown on Fe,TiSi. Similarly, the red line in
Fig. 4(b) shows the stability domains of the MnSi/Fe,- and
MnSi/TiSi-terminated interfaces. We can conclude from
these figures that the MnSi/Fe, termination is stable for
Apge > —0.485 eV, when Fe,TiSi is grown on top of
the MnSi-terminated Co,MnSi surface, whereas only the
TiSi/Co,-terminated interface is stable, when Co,MnSi
is grown on top of the TiSi-terminated Fe,TiSi surface.
Co,MnSi/Fe,TiSi MT1Js can, thus, be grown with the same
atomic structure and interface terminations as those used
in Sec. IV A to calculate the electronic structure of these
devices, if suitable growth conditions are selected.

4. Additional conditions for avoiding the formation of
undesired compounds during the growth of the
interfaces

If we consider the interface atomic layers as a Fe,MnSi
or Co,TiSi Heusler alloy formed locally (as described in
Sec. III B), we can specify additional constrains which
have to be imposed to the chemical potentials so that these
interface terminations can be grown instead of any other
compound mixing chemical species from both sides of the
interfaces (see the Appendix). To guarantee a continuity
of the Heusler structure through the entire heterostructure,
we can then conclude that the optimal growth conditions
would correspond to the intersection between the ranges
of chemical potentials defined in this paragraph with those
calculated in the previous paragraph.

The range of Fe- and Ti-chemical potentials that must
be used to grow a stable Fe,-terminated Fe,TiSi spacer on
top the MnSi-terminated Co,MnSi(001) electrode is rep-
resented by the white area located above the red line in
Fig. 4(b). These arguments do not take into account the
possibility that other compounds mixing Fe atoms from
Fe,MnSi and Mn or Si atoms from the Co,MnSi surface
could also form. To check under which conditions this
could be avoided, we have calculated the stability diagram
of the ordered interface full-Heusler alloy Fe;MnSi [see
Fig. 5(a)]. It follows that the targeted MnSi/Fe, interface
bilayer can be grown instead of other competitive phases
if Apge > —0.175 eV, which means under Fe-rich growth
conditions.

Similarly, we have calculated the stability diagram of
the interface Heusler alloy Co,TiSi: the white area in
Fig. 5(b) shows that the TiSi/Co, interface bilayer should
be stable and that competitive phases containing Ti, Si and
Co atoms should not be found at the interface when the
Co,MnSi second electrode is grown on top of the TiSi-
terminated Fe, TiSi spacer, if Auc, > —0.232 eV (Co-rich
growth conditions).

(@) Ay, (V)
-14 =12 -10 -08 —-06 -04 =02 0.000
>
“““ s =
o
=
<2 FesMn3Siy
-0.7
(b) Apig; (V)
=28 =24 -20 -16 -12 -08 -04 0.000
604 SO N, R
TOoTiSE N
A N .
,"' t
#Y 2
=
-14

FIG. 5. Stability phase diagrams of the bulk Heusler alloys (a)
Fe,MnSi and (b) Co,TiSi. The black dashed lines correspond to
the limit for the formation of competitive phases and the white
areas correspond to the chemical potential ranges where Fe; MnSi
and Co,TiSi are stable.

5. Robustness of the chemical bonding at the grown
interfaces

We can now investigate which of the Fe,/MnSi- and
Co,/TiSi-terminated interfaces is the most strongly bound.
A first response to this question has already been given
in Sec. IV A, where we mentioned that the distortions of
the atomic structure are larger at the Co,/TiSi-terminated
than at the Fe,/MnSi-terminated interface, suggesting that
the latter could be more stable than the former. Moreover,
Table II lists the separation energies for the different inter-
face terminations and we can see that Ep is 0.95 eV (per
X, YZ fau.) higher for the MnSi/Fe,-terminated than for the
Co,/TiSi-terminated interface. Such result, however, has to
be taken with care, because the definition of E., considers
the separation of the heterostructures into two isolated lay-
ers with specific surfaces, which can themselves be more
or less stable: interfaces with a termination that involves a
Fe, atomic layer tend to have a higher E, energy, because
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TABLE 1II. Separation energies E, (in eV per X;YZ fu.)
calculated for different perfect interface terminations of the
Co,MnSi/Fe,TiSi(001) heterostructure. The meaning of the con-
tributions Echem and Erepax are explained in Sec. I1.

Termination Echem Eclax Egep
(eV) eV) (eV)
MnSi/Fe, +11.31 —0.69 +10.72
MnSi/TiSi +6.30 —0.14 +6.16
Co,/Fe; +13.64 —0.93 +12.71
Co,/TiSi +10.32 —0.65 +9.77

the Fe,-terminated surfaces are far less stable than the
Co,-terminated surfaces.

C. Exponential decay in the Fe,TiSi insulating barrier
of the electron states at the Fermi level

The contribution of the successive Fe,/TiSi bilayers of
the barrier to the majority spin DOS at the Fermi level
n'(Er) decreases exponentially far from the two nonequiv-
alent interfaces, which is due to the fact that a Bloch state
with an energy in the band gap of Fe, TiSi has an imaginary
wave number k& = ix and cannot propagate in this insulat-
ing crystal. As already shown for Fe/MgO/Fe MTJs in the
seminal article of Butler et al. [55], the distance d o< 1/«
that characterizes this exponential decay only depends on
the complex band structure of the insulating spacer and on
the symmetry of the metallic electrode Bloch states at the
Fermi level: Butler, ef al., have for instance shown that Fe
Bloch states with the As symmetry have a stronger expo-
nential decay than those with A; symmetry in the MgO
barrier of Fe/MgO/Fe MTJs [55].

The z-dependence of the contribution of the successive
Fe,/TiSi bilayers to n' (Er) can be described by the general
formula:

nT(EF)(Z) =a X exp <_Z;_lzl> +bx exp (Z ;222>
3)

where z, z;, and z, are the coordinates of the mid-
points between two successive Fe, and TiSi atomic layers,
between the MnSi and Fe, atomic planes of the MnSi/Fe,
interface, and between the TiSi and Co, atomic planes of
the TiSi/Co, interface, respectively. Here d; = 0.3a¢ and
d, = 0.7ay are the distances which characterize the expo-
nential decay of n'(Er) far from the two interfaces. The
fact that d; # d, means that the electron states that are
responsible for the exponential decays of the Bloch wave
functions in the barrier do not have the same symmetry
at the two interfaces and that localized interface states are
probably involved, at least for one of these interfaces.

A more detailed analysis of the electron states decay,
based on the method used by Butler ef al. for Fe/MgO

MTIJs [55] or on the calculation of the complex band
structure of Fe, TiSi, is beyond the scope of this paper.

D. Robustness of the half-metallicity of the
Fe,/MnSi-terminated interface with respect to atomic
disorder

As it preserves the half-metallic character of Co,MnSi
and presents a DOS peak near the Fermi Ilevel,
the Fe,/MnSi-terminated interface should be prefer-
entially selected during the growth process, to get
Co,MnSi/Fe,TiSi MTJs with improved magnetoresistive
properties. Unfortunately, chemical-species disorder and
intermixing can hardly be avoided during the growth, in
particular when approaching the growth conditions for
which other interface terminations could be stabilized.

In the following, we focus on the Fe,/MnSi-terminated
interface and consider the six atomic exchange scenar-
ios displayed in Fig. 1(b), to check whether they may (or
not) suppress the half-metallicity, which is predicted up
to the ultimate atomic layers for the perfect interface. As
mentioned previously, apart from the Fe < Si exchange
across the interface, we only considered atomic disorders
between transition-metal atoms located near the interface,
as other kinds of disorders (resulting for example from
Mn < Si swaps), already studied for bulk compounds, are
not expected to deteriorate the half-metallicity of Co,MnSi
or are not energetically stable [9].

Table III lists the physical properties of the Heusler-
alloy atomic bilayers on each side of the six defective
Co,MnSi/Fe,TiSi interfaces. Fe <& Mn, Co < Fe and
Mn < Ti intermixing all preserve the half-metallicity of
the interface, whereas Fe < Si exchanges only slightly
reduce the spin polarization to 99.8%. Conversely, Ti <
Fe exchanges on the Fe,TiSi side of the interface and,
to a lesser extent, Co < Mn exchanges on the Co,MnSi
side suppress this half-metallicity. Fortunately, these two
defects are not likely to appear, their creation energies
being rather high. The half-metallicity of the Fe,/MnSi-
terminated interface can thus be considered as rather
robust.

The Co < Mn exchanges on the Co,MnSi side of the
interface are rather well-known defects in the bulk com-
pound: they correspond to the D03 disorder, which has
already been identified as one of the main causes of the
spin depolarization of bulk Co,MnSi [8,9]. The creation
energy of this D0s-like defect located near the interface is
nearly the same as that of a D053 defect in bulk Co,MnSi
(= 1.1 eV /defect when calculated witha 1 x 1 x 1 super-
cell of 16 atoms); we can thus conclude that the interface
does not enhance significantly the probability of obtaining
such a defect. In addition to the loss of the half-metallicity,
this kind of defect also strongly lowers the spin mag-
netic moments on the Co,MnSi side of the interface by
57%. This lowering is local and mainly corresponds to
a decrease of the spin magnetic moment of the swapped
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TABLE III.  Spin polarization P(Er) and spin magnetic moment M calculated per formula unit, for atomic bilayers on the Co, MnSi
and Fe,TiSi sides of the Co,MnSi/Fe,TiSi interface with a Fe,/MnSi termination. The first and following lines correspond to the
perfect and to the defective interfaces, respectively, as proposed in Fig. 1(b). The creation energy E. of the different defects is given
(per defect) in the last column.

CoyMnSi/Fe,TiSi
P(EFr) (%) Mg (ug/fu.) E. (eV/defect)
Co,MnSi Fe,TiSi Co,MnSi Fe,TiSi

Perfect 100 100 4.73 0.26 .

Fe & Mn 100 100 4.69 0.37 0.303
Fe & Si 99.8 99.0 6.40 1.55 2.963
Co & Fe 100 100 4.54 0.65 0.186
Mn & Ti 100 100 3.28 1.68 0.203
Co < Mn 91.7 97.3 2.02 0.36 1.015
Ti < Fe 36.8 18.9 4.53 1.88 2.258

Mn atom from 2.85 up to —0.78 up, i.e., to a defect
antiferromagnetically coupled with the rest of the lattice,
which may be very detrimental for the functional proper-
ties of Co,MnSi.

Finally, the Fe <& Si exchange, which involves first-
neighbor atoms across the interface, is the less stable of
the defects that we considered. It is responsible for a local
increase of the magnetic moments on both sides of the
interface. The low stability (high creation energy) of this
disorder is similar to that of the Co < Si exchange in bulk
CoyMnSi (see Ref. [9]); this is probably why such disor-
ders have never been reported in experiments. The global
increase of the magnetic moment induced by Fe < Si
exchanges is mostly due to a large increase of the Fe mag-
netic moment, up to 1.11 up on the Fe,TiSi side of the
interface (a value close to the magnetic moment of the Co
atoms), and up to 2.64 upg on the Co,MnSi side (a value
close to the magnetic moment of the Mn atoms).

V. PHYSICAL PROPERTIES OF THE
INTERFACES OF THE Co;MnSi/Fe; VAl SPIN
VALVE

We have performed a similar analysis on the inter-
faces of the Co,MnSi/Fe,VAlI SV and the results we
obtained are briefly summarized in the following. The
Fe,/MnSi-terminated interface shows smaller structural
distortions than the Co,/VAl-terminated interface, but in
contrast to the case of the Co,MnSi/Fe,TiSi MT]J, the
Co,MnSi layer loses its half-metallic character in its ulti-
mate atomic bilayer at the Fe,/MnSi-terminated interface.
The spin polarization is however still very high in this
bilayer, around 98.4%. SVs based on this nearly half-
metallic interface thus remain very interesting and should
present very high magnetoresistive properties. As the bulk
interface Heusler alloy Co, VAl is nearly half-metallic, the
Co,/VAl-terminated interface also shows a very strong
spin polarization at the Fermi level, as we can see in Fig. 6,
where the LDOS is represented for the bilayers on both

sides of the two interfaces. The LDOS at the atomic lay-
ers of the Co,/VAl-terminated interface are very similar to
those calculated respectively for bulk Co,MnSi and bulk
Fe, VAL The LDOS of the Fe, layer the closest from the
Fe,/MnSi-terminated interface is rather different from that
of the Fe, layer in bulk Fe,TiSi and presents a rather
intense DOS peak just above the Fermi level.

As for the previous heterostructure, we have consid-
ered the effects of different kinds of atomic disorders
(Fe & Mn, Fe & Si, Co & Fe, Mn < V, Co < Mn, or
V & Fe exchanges) at the Fe,/MnSi-terminated interface
of the Co,MnSi/Fe, VAl SV. As indicated in Table IV, the
atomic intermixing responsible for the strongest decrease
of P(EF) in the Co,MnSi bilayer the closest from the inter-
face are Co < Mn exchanges on the Co,MnSi side of the
interface and to a lower extent, V < Fe exchanges on the
Fe, VAl side. However, these two kinds of defects are those
with the highest creation energy and are thus less likely to
exist at this interface.

Fe,VAl/Co,MnSi
4 VFCZV — T 4[Co —
LS VAW
0 Wi Ry
_4 L 1 1 1 1 1 ] —4 L 1 1 1 1 1 ]
5 AVIA . . 7 4lvnis . . —
20 O
8 4 7CO,)‘ T T T T ] 4 7Fe7 T T T T T ]
) 0 0 _ /\"\_
—
4 L L L L L L 1 4 L L L L L L 1
40 Mntsi — ] afvih— T "]
0 0
—4r L L L L 1-4r L L L L L ]
5 4 -3 2 -1 0 1 2-5-+4-3-=2-1 01 2

E-Eg (eV)

FIG. 6. LDOS for the two atomic layers on both sides of
the Co,/VAl-terminated interface (left panels) and Fe,/MnSi-
terminated interface (right panels) of the Co,MnSi/Fe, VAl
heterostructure.

034009-9



PRADINES, CALMELS, and ARRAS PHYS. REV. APPLIED 15, 034009 (2021)

TABLE IV. Spin polarization P(Er) and spin magnetic moment Mg calculated per formula unit, for atomic bilayers on the Co,MnSi
and Fe, VAL sides of the Co,MnSi/Fe, VAl interface with a Fe,/MnSi termination. The first and following lines correspond to the
perfect and to the defective interfaces, respectively. The creation energy E, of the different defects is given (per defect) in the last

column.

Co,MnSi/Fe, VAl
P(EF) (%) Ms (ug/fu.) E. (eV/defect)
Co,MnSi Fe, VAL Co,MnSi Fe, VAl
Perfect 98.4 89.4 4.68 0.27 ..
Fe & Mn 91.7 88.4 4.64 0.43 0.237
Fe < Si 95.2 96.4 6.29 1.61 2.456
Co < Fe 99.1 94.3 4.48 0.67 0.162
Mn & V 97.1 97.3 3.33 1.62 0.317
Co < Mn -0.3 58.1 3.01 0.60 0.981
V & Fe 86.5 58.0 432 0.98 1.361
VI. CONCLUSIONS ACKNOWLEDGMENTS

In this study, we have performed the numerical inves-
tigation of the interface properties of two all-full-Heusler-
alloy spintronic devices, the Co,MnSi/Fe, TiSi(001) MTJ
and the Co,MnSi/Fe,VAI(001) SV. These two systems
have in common to possess a robust half-metallic elec-
trode and a Fe,/MnSi termination of their interfaces, which
should guarantee the preservation of this half-metallicity
up to the insulating layer. We have, moreover, shown that
this interface termination can be stabilized when growing
the Co,MnSi/Fe,TiSi(001) heterojunction, if the proper
experimental conditions are chosen.

It is demonstrated that this Fe,/MnSi-terminated inter-
face displays properties similar to those of its stoichio-
metrically equivalent bulk compound Fe;MnSi, which
can help preserving the half-metallicity of the Co,MnSi
electrode and a significant magnetization up to the
interface. A second aspect of this interface is that its
half-metallicity remains robust upon the thermodynam-
ically most probable atomic swaps, whereas the atom
exchanges that could be detrimental for the interface half-
metallicity are less likely to occur. We are thus confident
that the Fe,/MnSi-terminated Co,MnSi/Fe,TiSi(001) and
Co,MnSi/Fe, VAI(001) heterostructures could be used in
spintronic devices if a good control of the stoichiometry
and of the continuity of the full-Heusler crystal struc-
ture can be achieved. They should guarantee a strong
interface spin polarization at the Fermi level, which is a
highly sought property to obtain the highest TMR or GMR
values.

The calculated DOS curves also confirm that the other
possible interface terminations (Co,/TiSi or Co,/VAl) are
not expected to destroy the half-metallicity. Such inter-
faces, or those of other all-full-Heusler-alloy heterostruc-
tures, are thus worth being studied. Co,/TiSi-terminated
interfaces could for instance present locally a combination
of Weyl semi-metallicity and half-metallicity, as predicted
for the corresponding bulk compound Co,TiSi [56].

This work was granted access to the HPC resources of
CALMIP (allocation P1252).

APPENDIX: INTERFACE FORMATION ENERGY

In this appendix, we describe the method used to calcu-
late the formation energy of the possible interfaces of the
Co,MnSi/Fe,TiSi heterostructure. These calculations are
made in four steps:

1. First, we calculate the chemical potential range for
which each of the two constitutive Heusler alloys X,YZ is
stable.

2. We then consider each of the two compounds
independently and calculate which surface termination,
X2(001) or YZ(001), is the most stable.

3. We determine the interface that is preferentially
formed when growing the second Heusler alloy on the
most stable surface of the first one.

4. We finally propose additional conditions to guar-
antee that the interface preserves the full-Heusler-alloy
structure and the selected stoichiometry.

1. Formation enthalpy of a X;YZ bulk Heusler alloy

The formation enthalpy AH}’““‘ of the bulk Heusler alloy
X>YZ can be expressed as

AHP"™ (X,YZ) = ERY, —

Z N, Ebulk

i=X,Y.Z

(A1)

where E}}‘zﬂ}fz is the ground state energy per formula unit

calculated for the X, YZ compound, E> (i = X, Y, Z) are
the chemical potentials of the X, Y, or Z atoms in their pure
solid phases, Ny =2 and Ny = Nz = 1.

Considering that the chemical potentials of the atoms
of the X,YZ compound differ from the energies EM' of
the pure element bulk crystals by an energy Apu;, which
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depends on the growth conditions, i.e., u; = El'?ulk + A,
the stability condition of the bulk Heusler alloy X;YZ is
given by

2Apy + Apy + Apz = AHPM (XYZ) (A2)
This equation enables Auy to be expressed in terms of
A/LX and A[,Ly.

To grow a X,YZ compound, it is also necessary to
respect the following set of conditions, to avoid that any
competitive phase XY, Z. is formed, instead of X, YZ:

XAy +yApy +zApz < AHP™ (X, Y,Z.)  (A3)

When all the possible competitive phases have been

considered, we can calculate a phase diagram by iden-

tifying the ranges of (Auy, Apy) where X,YZ can be
formed.

2. Surface energy and surface termination

As in Ref. [54], we consider a symmetric slab of the
full-Heusler alloy X, YZ, with two identical surfaces. The
energy ys of a surface S is given by

1
Vs = ﬂ |:Eslab - Xl:Nlﬂti|
|:AHslab Z N, Al/«z:|

where Ejga, 1s the total energy of the X,YZ slab with
two identical surfaces of area 4 and AHfSIab is the for-
mation enthalpy of the slab, defined as AHfSIab = Egap —
3. NEMK withi = X, Y, Z.

If we consider two films of the same X, YZ Heusler alloy,
with the same thickness but different surface terminations,
either X, or YZ, we can use the relation

(A4)

Ys=Xy) > V(S=Y2)

SbS=X _ gau s A H;lab,S:YZ _

< AH A/J,Y_ A[LZ

(A5)

to get the chemical potential ranges where the YZ-
terminated surface is more stable than the X,-terminated
surface. Using Eq. (A1), this condition can also be written:

Y(iS=Xxp) = Y(S=YZ)
if
1 _
Ay < Z [ A Hslab S=X2 _ I_[fslab,S_YZ LA H})u]k X, YZ)]
(A6)

3. Interface-termination relative stability

It is now possible to calculate the formation energy
of the interface resulting from the growth of the Heusler
alloys X;Y'Z" on the stable surface of the Heusler alloy
X>YZ; because we have already checked the stability of
the surface of the Heusler alloy X>YZ, we only need to
consider the growth of XJY'Z'. Following the same argu-
ments as in the previous section, the relationship between
the interface energies yr that corresponds to a X;- and to a
Y'Z -interface termination on the already grown X; YZ layer
is given by

Yar=x;) = Y(F=Y'2)
if

1 slab,/F=X (A7)

Apyr < Z[AHf
— AHTEY L AR (XY Z)])

This equation can be used to determine the chemical poten-
tial ranges where the Y'Z'/YZ-terminated interface is more
stable than the X / YZ-terminated interface. The previously
mentioned method is consistent with those proposed in
Ref. [57].

4. Preservation of the full-Heusler-alloy structure at
the interfaces

As described in the main text, we considered that
the association of the YZ and X, atomic monolayers of
the YZ/X,-terminated interface corresponds to the local
growth of the X] YZ Heusler alloy. Following the same pro-
cedure as described in Appendix A 1, we can then define
the ranges of chemical potentials where this Heusler alloy
can be formed instead of competitive phases. These ranges
of chemical potentials add extra constraints to select the
appropriate experimental growth conditions.

The ranges of chemical potentials which should be
reached when growing the interface thus correspond to the
intersection between the domains defined in this section
and those calculated from Appendix A 3.
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