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Abstract
Efficient spin injection is essential for the development of ferromagnet—semiconductor
spintronic devices with high performances, including spin transistors. Although the
Co2Fe(Al0.5,Si0.5) (CFAS)/Ge hybrid structure has been identified as an outstanding platform
for such devices, there is a lack of systematic analyses on the effects of the interface atomic
structure on the spin-electronic properties. In this study, we investigate electronic and magnetic
properties of CFAS/Ge (001) interfaces by density functional theory calculations under two
possible scenarios, with atomically abrupt bulk-like interfaces and with intermixing at the
interfaces. For two possible terminations in the case of abrupt interfaces, we show considerable
reductions in spin polarization (SP), which is emphasized in the case of the —Fe—Si,Al/Ge
interface, where the SP has reversed sign. Further, we show that Fe—Ge interdiffusion is most
likely to occur at the interface, and that this intermixing does not largely affect the
spin-electronic properties. In contrast, the model of interdiffusion affecting the Co sublattice in
the CFAS film exhibits a reversed SP at the interface layers, but this is less likely to occur owing
to the higher energy for such atomic swaps. Band alignment analyses show that interfaces with a
small degree of Fe/Ge intermixing could be beneficial for the spin injection efficiency. This
study demonstrates that the spin injection efficiency is strongly dependent on the
ferromagnet—semiconductor interface atomic structure, and thus can guide further theoretical
and experimental studies for development of spintronic devices with improved properties.
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1. Introduction

Co-based full Heusler alloys are important functional mater-
ials for applications in advanced electronic and spintronic
devices owing to their desirable spin-electronic structures [1–
4]. Numerous materials of this class, including Co2MnSi,
Co2FeSi, and Co2Fe(Al0.5,Si0.5) (CFAS), have been predicted
to be 100% spin-polarized by density functional theory (DFT)
calculations, and thus have garnered considerable interest over
the past years for spintronic applications including spin valve
structures on Ge [5] and Si [6]. Among them, CFAS has been
of particular interest due to its position of the Fermi level in
the middle of the band gap of the minority spin-down elec-
trons, abundance of its constituent elements, and very high
Curie temperature (∼1000 K) [7]. The suitable Fermi level
position makes this material more robust against temperature
effects [7], which are inevitable in real application scenarios,
while the abundance of its elements could enable a lower cost
of production of devices based on CFAS.

Co-based full Heusler alloys have already been employed
in numerous heterostructured spintronic devices [8–12].
However, the measured performances of such devices have
often been considerably lower than those predicted for ideal
bulk-like structures. The weakened properties have been
attributed to disorder, deviation from the ideal stoichiometry,
strain, and extended structural defects in the Heusler alloy thin
films [13–15]. In addition to such effects from the interior of
the film, the devices can suffer from effects originating from
undesirable structures at their interfaces, between thin films
and/or between thin films and substrate [16, 17]. This can lead
to a decrease in the local spin polarization (SP), which, in turn,
reduces the magnetoresistance for spin valve devices or effi-
ciency of spin injection from the spin-polarized electrode into
a semiconductor such as Si, Ge, and GaAs.

Thus, the realization of atomic control at heterointerfaces
is crucial to engineer various electronic properties including
the SP, interfacial magnetism, Schottky barrier height, band
alignment, and interface conductivity. However, this is still
rather challenging considering the chemical intermixing by
interdiffusion and interface strain due to the lattice mismatch
between the film and substrate. In addition, the conductivity
mismatch between the ferromagnet film and semiconductor
substrate hinders an efficient spin injection, a problem that
could be addressed by using 100% spin-polarized materials at
the Fermi level as ferromagnetic electrodes [18]. CFAS could
be an ideal candidate for such applications considering its pre-
dicted 100% SP andmid-gap Fermi level, which could provide
a robust structure for novel low-electric-power high-efficiency
spin-electronic devices.

However, the interface between CFAS and mainstream
semiconductor Si suffers from a strong out-diffusion of Si, rel-
atively large lattice mismatch of ∼4.5% between CFAS and
Si, and formation of nonmagnetic thermodynamically stable
phases (Co and Fe silicides) in a relatively thick∼3 nm region
[16, 17]. These factors hinder a widespread use of the CFAS/Si
heterostructure for spintronic applications.

These issues have been largely mitigated by the use of Ge
as a substrate. It reduces the lattice mismatch to only 0.2%,
largely reduces the diffusion of substrate atoms into the film,
and prevents the formation of undesirable secondary phases
at the interface [19]. Thus, the CFAS/Ge hybrid structure
provides an efficient platform for development of devices with
excellent properties [20, 21]. Although this structure has been
experimentally realized, a systematic computational analysis
on the effects of the interface atomic structure on the spin-
electronic structures is lacking.

In this study, we analyze electronic and magnetic proper-
ties of CFAS/Ge (001) interfaces by DFT calculations under
two scenarios, with atomically abrupt bulk-like interfaces and
with intermixing at the interfaces. We demonstrate that, for the
two possible terminations in the case of abrupt interfaces, there
are large reductions in SP, particularly in the case of the—Fe–
(Si,Al)/Ge interface, where the SP sign is reversed. Further,
we show that Fe–Ge interdiffusion is most likely to occur at
the interface. However, this intermixing does not largely affect
the spin-electronic properties. In contrast, the interdiffusion
affecting the Co sublattice in the CFAS film reverses the SP
at the interface layers, but this type of disorder is less likely
to occur owing to the higher energy for such atomic swaps.
Moreover, by band alignment analyses, we show that inter-
faces with a small degree of Fe/Ge intermixing may be even
beneficial for the spin injection efficiency.

2. Methods

We carried out all DFT calculations by the CASTEP [22] code
on supercells constructed using two CFAS and two Ge inter-
faced unit cells along the [001] crystallographic direction with
approximately 10 Å thick vacuum region to enable simula-
tions of the effects at the interfaces. The supercells are periodic
in the in-plane directions. In the interior parts of both CFAS
and Ge, we recover the bulk-like electronic structures, which
justifies the choice of the supercell dimensions. All atomic
coordinates at the interface region were geometrically optim-
ized. We employed the Perdew–Burke–Ernzerhof (PBE) + U
exchange–correlation functional with a Hubbard U value of
2.1 eV for both d-block elements, Co and Fe [23], which
opens up the minority band gap, and approximately corrects
for the delocalization effect of self-interaction with the use of
the PBE functional alone [24]. Ultrasoft PBE pseudopotentials
with a plane wave cut-off energy of 400 eV were employed.
We sampled the Brillouin zone with a Monkhorst–Pack grid
with a k-point sampling spacing of 0.035 2πÅ−1. The valence
band edges were computed separately for bulk CFAS and Ge
with respect to their averaged potentials, and offset for the cal-
culated potential difference across the interface [17, 25]. The
potential is the sum of the local part of the pseudo-potential,
Hartree term, and exchange term. It was averaged in-plane
and plotted along the direction normal to the interface plane.
Partial densities of states (PDOSs) were computed with the
OPTADOS [26] code using fixed Gaussian broadening. The
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VESTA program was used for visualization of the atomic
structures [27].

3. Results and discussion

We investigated five different interface supercell models,
which are schematically illustrated in figure 1(a). The super-
cell consists of two CFAS and two Ge unit cells interfaced
along the [001] crystallographic direction on a (001) atomic
plane. The atomic structure of CFAS is illustrated in supple-
mentary figure S1 along different viewing directions. The in-
plane strain effects for this heterostructure could be neglected
considering the very small lattice mismatch between Ge and
CFAS (0.2%) and robustness of the CFAS electronic structure
(e.g., theminority band gap is not destroyed even under a strain
up to 5%, as illustrated in supplementary figure S2). A similar
trend has been observed in Fe-based Heusler alloys [28]. The
dimensions of the supercells are sufficient to recover the bulk-
like spin-electronic properties away from the interface plane,
as shown in figure 1(b), where we plot spin-polarized PDOSs
for different layers parallel to the interface in the interior parts
of both CFAS film and Ge substrate.

The five plots show the successful recovery of the bulk-like
properties away from the interface including the appearance
of the band gap in Ge, and band gap and metallic state for
the spin-down and spin-up electrons in CFAS, respectively.
The bulk-like electronic structures in the regions away from
the surfaces and interface in supplementary figure S3 further
demonstrate that the surface effects do not affect the interfa-
cial properties of the CFAS/Ge(100) heterostructure. Further
expansion of the supercell dimensions in the direction normal
to the interface would lead to considerably longer calculations
considering the large number of different atoms in our models.
Thus, to a good extent, these dimensions of the supercells are
sufficient for a suitable analysis of the interfacial properties.

Further, we investigate the electronic properties for two
different interface structures without interdiffusion of ele-
ments, characterized by —Fe–Si/Ge (denoted as i1) and —
Co/Ge (denoted as i2) termination layer structures, as shown
in figures 2(a) and (c), respectively. We investigate the elec-
tronic properties for three successive layers at these interfaces,
denoted as L1, L2, and L3, with atom structures presented in
table 1 and illustrated in figure 2. The spin-polarized PDOSs
in figure 2 show the significant changes in the electronic struc-
ture at the interfacial layers compared to that in the interior
(bulk-like) part of the film. We calculated the SPs for the three
layers for both structures i1 and i2, as shown in table 1, using
the formula SP = (PDOSu − PDOSd)/(PDOSu + PDOSd),
where PDOSu and PDOSd are the PDOSs for the spin-up and
-down electrons at the Fermi level, respectively. As shown by
the plots in figure 2 and values in table 1, the specific config-
urations at both interfaces lead to states at the Fermi level for
the minority (spin down) electrons, which are not present in
the bulk-like parts of the film. This effect is more emphasized
for the i1 structure, which becomes inversely, i.e., negatively,
spin-polarized at the interface, with values reaching −62% at
the first interface layer. The behavior for the i2 termination

Figure 1. (A) Schematic of the supercell structure and (b) PDOSs in
the bulk-like parts of the supercell. The position of the Fermi level is
denoted by the red dotted line. The five presented plots correspond
to the following layers (parallel to the interface plane): 1L of Ge
(one atomic layer of Ge in the interior of the substrate), 1L of Co
(one atomic layer of Co in the interior of CFAS), 1L of Fe + Si (one
atomic layer including both Fe and Si in the interior of CFAS),
1L of Fe + Al (one atomic layer including both Fe and Al in the
interior of CFAS), and 2L of Co + Fe,Si (two atomic layers
including one Co plane and another plane with Fe and Si atoms).
The PDOSs are presented in relative units as a function of the
energy difference from the Fermi level. The plots in the top panels
(blue line) are for the spin-up electrons, while those in the bottom
panels (orange line) are for spin-down electrons.

is notably different. This structure generally preserves the SP,
except for a slight reversal at the first interface layer with SP
of −11%. However, the next atomic layer in the CFAS part
has a relatively large positive value of+41%. The states at the
Fermi level for the minority electrons are detrimental for the
overall performance of the considered hybrid system, as they
largely affect the local SP, and thereby would reduce the spin
injection efficiency of a device based on this structure.
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Figure 2. Supercell models with abrupt terminations without intermixing, (a) —Fe–Si/Ge (denoted as i1) and (c)—Co/Ge (denoted as i2),
and (b), (d) their PDOSs for three layers in the vicinity of the interfaces defined by the dashed rectangles in (a), (c), respectively. The atom
color coding is indicated in the legend.

Table 1. Spin-electronic and magnetic properties at the different
interfaces without interdiffusion. In the first three rows, we show the
types of atoms in the layers at the vicinity of the interface. In the
next three rows, we show their SPs. mL1/2/3 denote the spin magnetic
moments for the different atoms in the interface layers.∆Vu and
∆Vd are the local potential differences across the interfaces for
spin-up and -down electrons, respectively.

i1 i2

L1 atoms Ge Ge
L2 atoms Fe, Al Co
L3 atoms Co Fe, Si

SPL1 (%) 8 13
SPL2 (%) −62 −11
SPL3 (%) −17 41

mL1 (µB/atom) Ge:
−0.05

Ge:
−0.08

mL2 (µB/atom) Fe: 3.19
Al: −0.18

Co: 1.02

mL3 (µB/atom) Co: 1.14 Fe: 3.06
Si: −0.13

∆Vu (eV) 4.97 5.27
∆Vd (eV) 4.77 5.09

Further, we calculated the local spin magnetic moments
for all atoms at the interfacial layers, as presented in table 1.
We performed such calculations also for the interior of the
CFAS film, where we obtained the following values of mag-
netic moment for the different atoms: Co: 1.22 µB, Fe: 3.19
µB, Al: −0.19 µB, and Si: −0.07 µB. According to the res-
ults in table 1, both Co and Fe have slightly reduced mag-
netic moments in i1 compared to the bulk, while more not-
able reductions are obtained for the i2 structure. However, the
changes are relatively small for both cases, and thus are not

expected to lead to significant changes in overall magnetic
properties.

To estimate the probability of intermixing at these inter-
faces, we calculated the energy differences for atomic swaps,
which can arise from the interdiffusion of the different atoms
between the film and substrate. Although the models of inter-
diffusion are simplified, the calculated results are in line
with previous observations [19]. Regarding the i1 struc-
ture, the difference in energy between the interface with
interdiffusion of Ge and Fe and that without interdiffusion
is approximately −0.54 eV/supercell, while the value for
interdiffusion of Ge and Al is 0.75 eV/supercell. On the
other hand, for the i2 structure, the difference in energy
between the interface with interdiffusion of Ge and Co and
that without interdiffusion is approximately 1.64 eV/super-
cell (table 2). This is consistent with our previous energy-
dispersive spectroscopy (EDS) measurement on the CFAS/Ge
(111) hybrid system [19], which showed very sharp sup-
pressions of Al/Si EDS signals in the Ge substrate part,
reflecting the low probability of diffusion, which is likely
attributed to their large difference in size with respect to
Ge. Even sharper suppression has been observed for the Co
EDS signal, consistent with the above calculated energy dif-
ference. On the other hand, Fe and Ge gradually interdif-
fused across a region of several nanometers according to the
EDS signals, which also is consistent with the calculated
energy differences, indicating that the interface with interdif-
fusion is energetically more stable than the atomically abrupt
interface.

Notably, these findings suggest that the interface tends
to be depleted mostly in Fe among the CFAS elements. In
a recent study, an additional thin Fe layer has been intro-
duced at the interface between CFAS and Ge to address
the conductivity mismatch issue, and an efficient spin injec-
tion has been realized. In other words, the interface has
been enriched in Fe, which addresses the likely Fe depletion
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Figure 3. Supercell models with intermixing at the interface: (a) i1 termination with intermixing of Ge and Fe (denoted as i1_GeFe), (c) i1
termination with intermixing of Ge and Al (denoted as i1_GeAl), (e) i2_termination with intermixing of Ge and Co (denoted as i2_GeCo),
and (b), (d), (f) their PDOSs for three layers in the vicinity of the interfaces defined by the dashed rectangles in (a), (c), (e), respectively.

in the heterointerface structures between CFAS and Ge. It
can be expected that the symmetry matching of the elec-
tronic bands between the top highly spin polarized CFAS
and semiconductor is preserved with Fe–Ge intermixing,
according to the spin signal for a lateral spin-valve device
enhanced by up to one order of magnitude compared to
that obtained with a conventional ferromagnet/semiconductor
structure [29]. These results further demonstrate the import-
ance of tailoring the structure at the interface at atomic scale,
where even subtle differences could provide largely improved
performances.

The atomic structures and resultant spin-polarized PDOSs
for the considered interfaces with interdiffusion of elements
are shown in figure 3. The plots as well as the calculated val-
ues in table 2 show that the i1 structure with Ge–Fe interdif-
fusion, which, according to the calculations, is most likely to
form at the interface, exhibits relatively large SP values at the
three layers, without reversal of SP. Notably, at least approx-
imately 50% of SP is retained in all layers. Thus, the likely
interdiffusion between Fe and Ge is not expected to largely
affect the spin-electronic properties. In the case with inter-
diffusion between Ge and Al, which is less likely, the SP is
largely reduced and even reversed in one atomic layer. The
behavior for the interface with interdiffusion between Ge and
Co is even worse in terms of SP, which is negative in all three
layers, with relatively large values reaching even −40%. The
disorder in the Co sublattice has also been previously identi-
fied as detrimental for the SP of the Heusler alloy electrode.
However, according to the calculated formation energies and
reported EDS profiles and maps [19], this type of disorder
is less likely at the interface. In terms of magnetism, table 2
shows that the local atomic magnetic moments at these inter-
faces are not considerably different from those in the bulk-like
parts of the CFAS film. Reduced SP or even spin reversal as
well as notable changes in magnetic moments near interfaces
have also been previously calculated for other Heusler alloy
heterostructures [30]. In contrast to the slight changes in mag-
netic moments around the interface for this heterostructure,

Table 2. Spin-electronic and magnetic properties at the different
interfaces with interdiffusion. The quantity notation is as in table 1.
Ed is the difference in energy between an interface with
interdiffusion and corresponding bulk-like-terminated interface
without interdiffusion. A negative value indicates that the interface
with interdiffusion is energetically more stable than the
corresponding without interdiffusion.

i1_GeFe i1_GeAl i2_GeCo

L1 atoms Ge, Fe Ge, Al Ge, Co
L2 atoms Fe, Ge, Al Fe, Al, Ge Co, Ge
L3 atoms Co Co Fe, Si

SPL1 (%) 49 6 −39
SPL2 (%) 52 −36 −38
SPL3 (%) 77 3 −20

mL1 (µB/atom) Ge: −0.10
Fe: 2.41

Ge: −0.08
Al: −0.09

Ge: −0.03
Co: 1.45

mL2 (µB/atom) Ge: −0.02
Fe: 3.03
Al: −0.18

Ge: −0.04
Fe: 3.20
Al: −0.18

Ge: −0.03
Co: 1.47

mL3 (µB/atom) Co: 1.06 Co: 1.17 Fe: 3.08
Si: −0.06

∆Vu (eV) 5.34 5.40 5.40
∆Vd (eV) 5.15 5.21 5.18

Ed
(eV/supercell)

−0.54 0.75 1.64

which have been also demonstrated experimentally for the
(111) type of CFAS/Ge interface [19], a magnetically inactive
region has been predicted by calculations and demonstrated
experimentally for a CFAS/Si heterostructure [17, 31], which
exhibits secondary phases at the interface, largely reducing the
magnetic moment as well as the local SP.

In general, the band alignment at the interfaces strongly
correlates with their atomic structures, and, for the case of
spin injector and semiconductor (in our case, CFAS/Ge), is
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Figure 4. In-plane-averaged local potentials across the supercells as
a function of the distance from the bottom plane (blue curve:
spin-up electrons, red curve: spin-down electrons).

rather important for an efficient spin injection [29]. To elucid-
ate the band alignment for this hybrid system, we calculated
the local potentials for all supercell models, as the sum of the
local part of the pseudo-potential, Hartree term, and exchange
term. The calculated potentials were then averaged in-plane
and analyzed along the direction normal to the interface plane
(figure 4) for both spin-up and spin-down electrons.

There are clear drops in potential for all interface mod-
els on the order of 5 eV. The calculated values are presen-
ted in tables 1 and 2. For all models, we obtained a differ-
ence in potential difference across the interface plane between
the spin-up and spin-down electrons of approximately 0.2 eV
due to the spin-polarized structure of the CFAS electrode.
The smallest potential difference is obtained for the abrupt
i1 structure, which gradually increases up to the largest value
obtained for the structure with interdiffusion of Ge and Co.We
employed these potential profiles to compute the positions of
the valence band edges for the supercell models. The valence
band edges were computed separately for bulk CFAS and Ge
with respect to their averaged potentials, and then offset for the
calculated potential difference across the interface [17, 25].

The obtained valence band edge positions were then
employed to investigate the band alignment of these inter-
faces. Figures 5 and 6 illustrate the calculated band align-
ments for the majority spin-up electrons and minority spin-
down electrons, respectively, for two interface models, i1 with
the smallest potential difference and i2_GeCo with the largest

Figure 5. Band alignment for the majority spin-up electrons: (a)
abrupt i1 structure, (b) i2_GeCo structure with interface mixing.
CB: conduction band, VB: valence band, LP: local potential.

Figure 6. Band alignment for the minority spin-down electrons: (a)
abrupt i1 structure, (b) i2_GeCo structure with interface mixing.

potential difference. The potentials of the other interface mod-
els are between these two extreme cases, and thus we focused
only on the limiting cases for simplicity of the analysis.

As shown in figure 5 for the majority electrons, in the case
of the i1 abrupt structure, the conductance band edge position,
which is identical to the valence band edge position consid-
ering the metallic-like spin-up state of CFAS, is positioned
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approximately in the middle of the band gap of the Ge sub-
strate. Therefore, there is a potential barrier of approximately
0.2 eV to overcome for an injection of the spin-up electrons
into the Ge substrate. In addition to the locally reduced SP, the
spin injection efficiency is expected to be negatively affected
by this potential difference.

On the other hand, for the i2_GeCo structure, the position
of the conduction band edge of CFAS is identical to that of the
valence band edge of the Ge substrate. This implies that the
spin-up electrons fromCFAS have to overcome a considerably
larger barrier equal to the band gapwidth ofGe to be efficiently
injected. Therefore, we expect that this type of interdiffusion
would largely reduce the spin injection current.

However, the SP of the injected current would be determ-
ined also by the injected spin-down current, which should be
suppressed for a higher performance of the CFAS—Ge-based
spin injection device. In this regard, we carried out a sim-
ilar analysis for the minority spin-down electrons, as shown
in figure 6. For the abrupt i1 structure, the conduction band
edges of CFAS and Ge match, which is not desirable as the
spin-down electrons would not experience any barrier prevent-
ing them from injection into the Ge substrate.

On the other hand, there is a relatively large potential bar-
rier of 0.4 eV in the case of the i2_GeCo structure. This barrier
would hinder the injection of spin-down electrons into the sub-
strate, which is beneficial for a higher overall performance of
this hybrid interface. These findings suggest opposing effects
for the majority and minority electrons. In other words, the
abrupt interface is more beneficial for spin-up electron injec-
tion, while the interdiffusion interface is more beneficial for
spin-down electron suppression. This suggests that a structure
with a potential difference between those of these two limit-
ing cases, such as the i1 structure with the interdiffusion of Ge
and Fe, would have a higher spin injection efficiency. These
findings and reported results suggest that the control of the Fe
element at the interface appears to be most important for the
realization of higher device performances.

4. Conclusion

In this study, the electronic and magnetic properties of
CFAS/Ge interfaces were investigated by DFT calculations.
In the case of abrupt interfaces, we observed considerable
reductions in SP, particularly in the case of the —Fe–Si,Al/Ge
interface termination, where the SP has reversed sign. By
formation energy analyses, we show that Fe–Ge interdiffu-
sion is most likely to occur at the interface, and that this inter-
mixing does not largely affect the spin-electronic properties.
On the contrary, the interdiffusion affecting the Co sublat-
tice in the CFAS film reverses the SP at the interface layers,
but it is less likely to occur owing to the higher energy for
such atomic swaps. Notably, according to the band alignment
analyses, interfaces with a small degree of Fe/Ge intermix-
ing may be even beneficial for the spin injection efficiency.
The unexpected potentially beneficial intermixing between Fe
and Ge is limited to these systems, and is not expected to
be beneficial if, instead of a Co-based Heusler electrode, a

standard ferromagnetic electrode such as Fe, Co, CoFe, or
CoFeB is used. Additional studies may include considera-
tion of a considerably larger interface region of mixed atomic
species in both film and substrate, addressing the phenom-
ena that usually occur if high-temperature annealing or growth
is performed. Furthermore, the interfacial properties of other
half-metallic Heusler alloys and oxides with technologically
important semiconducting structures including Si, GaAs, and
InAs as a function of the growth direction, strain effects, and
intermixing should be explored.
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