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Abstract

The MnsGes exhibits a wide range of fascinating properties such as high spin polarization up to 42%, large spin diffusion
lengths, near-room Curie temperature, and possible integration with Ge, GaAs, and Si substrates. The influence of
substrate orientation on magnetic behavior has been investigated. The thin films studied present an in-plane magnetic
reversal which is isotropic in samples grown on GaAs(111) and anisotropic in samples grown on GaAs(001). Another
difference observed is a linear trend to saturation on the out-of-plane hysteresis loop in samples grown on GaAs(111),
comparatively to samples grown on GaAs(001). To better understand this scenario, Density Functional Theory (DFT)
calculations were conducted. The results indicate a ferromagnetic metallic ground state with properties that are
consistent with the experimental results. The projected densities of states indicate that the main responsible for the
magnetic moment observed in the MnsGes is the Mn-Mn interaction. The magnetic field distribution isosurfaces
obtained from the DFT calculations offer a satisfactory explanation of the magnetic reversal experimentally observed,
especially the in-plane magnetic behavior in samples grown on both GaAs(111) and GaAs(001) substrates. This work
provides a theoretical-experimental approach that allows a deeper understanding of the magnetic anisotropy behavior
under the influence of the crystallographic orientation of the substrate observed in nearly-stoichiometric MnsGes thin
films, which is a good candidate for rare-earth free magnet in spintronic applications.

Introduction in determining the magnetic functionality of spintronic

The intermetallic compound MnsGes has good devices [8].

potential for spintronic applications due to some Bulk MnsGes has a hexagonal crystal structure of

attractive  structural, electronic, and magnetic the D8s type (space group P6;/mcm) with unit cell lattice
properties. These properties include but are not limited parameters a =7.184A and c¢=5053A. It is
to, high spin polarization up to 42% [1], large spin ferromagnetic with a Curie temperature of Tc = 304 K
diffusion lengths [2], near-room Curie temperature (Tc)
[3] and the possibility of integration with Ge [4,5], GaAs
[6], and Si [7] substrates. Such physical properties are

favorable to a number of applications and have drawn a

and an easy magnetization axis along the c axis [9]. There
are two crystallographically distinct sets of manganese in
this cell, named Mn-type | and Mn-type Il. The Mn-type

| atoms are in four-fold positions with 32 symmetry and

lot of attention to this alloy. the Mn-type Il are in six-fold positions with mm

Spintronic devices utilize the spin of the electron symmetry.

as a degree of freedom [8]. Nowadays, the merging of In a recent work [6] we studied some magnetic

spintronics and magnetothermodynamics in the field properties of nearly-stoichiometric MnsGe; thin films on

called spincaloritronics has growing importance. We GaAs(001) and GaAs(111). While the bulk MnsGes has an

have demonstrated that the Mn5Ge3 films are possible easy magnetization axis along the c axis, we have shown

candidates for magnetic refrigeration while being a rare that in the form of thin film this is not observable.

earth-free material, gathering a multifunctional
potential in spintronics and spincaloritronics [6]. In these The present work aims to further investigate the

scenarios, magnetic anisotropy plays an important role magnetic properties of this alloy providing a deeper



understanding of magnetic anisotropies and magnetic
reversal behavior observed in these thin films.

Methods

MnsGes thin films were grown by the co-
deposition of Mn and Ge in a molecular beam epitaxy
(MBE)
commercial epi-ready GaAs wafers for one hour with

chamber. The deposition was done on
subsequent annealing for one hour. In both procedures,
the substrate was kept at 200 °C. The Ge effusion cell
temperature was kept fixed at 1100 °C for all samples,
meanwhile, the temperature of the Mn effusion cell was
changed from one sample to another, and their values
are shown in Table 1. The resulting single-phase films are
highly textured crystals with a preferential alignment
and a thickness ranging from 71 up to 88 nm. The
following epitaxial relationships for the thin films grown
on GaAs (111) were obtained from X-ray diffraction
(XRD) analysis (not shown):

e (001) MnsGes // (111) GaAs
e [110] MnsGes // [2-1-1] GaAs

And for the samples grown on GaAs(001):

e (111) MnsGes // (001) GaAs
e [-110] MnsGes // [110] GaAs

Further condition details and structural

characterizations are explained elsewhere [6].

growth

Table 1 — Nomenclature of samples and their composition obtained
from the growth procedures using different Mn effusion cell
temperatures. All the samples were grown with the Ge effusion cell at
1100 °C. The samples named Snii; (n = 1 or 2) were grown on
GaAs(111), while the ones named Snoo; (n = 1 or 2) were grown on
GaAs(001).

Sample Mn temperature (°C) Stoichiometry
S1i11 800 Mngs6Ges.a
S2111 820 MngsoGes1
S1o01 800 Mns1Gezg
S2001 820 MnssGezs

The magnetic properties were determined using
a physical property measurement system (PPMS
Quantum Design) equipped with the vibrating sample
magnetometer (VSM) option. All the hysteresis loops
were measured at 10 K. These magnetic measurements
were done along three distinct crystallographic
directions of GaAs substrates, two along the film plane

and another perpendicular to the film plane. To better

understand the magnetic behavior of the samples, DFT
calculations were made using all-electron Full Potential
Linearized Augmented Plane Wave (FP-LAPW) method
as implemented in ELK code [10]. These calculations
were done using the experimental lattice parameters
found through x-ray diffraction measurements using a
supercell with a total of 16 atoms, shown in Figure 4, to
better represent the MnsGes stoichiometry. We used
GGA exchange-correlation functional within the PBEsol
approximation [11] for the non-collinear spin-polarized
calculations (spin-orbit coupling included). The total
and field
convergences were better than 1x10®° Ha and 1x107 Ha,

energy and the Kohn-Sham potential

respectively. The exchange-correlation magnetic vector
field isosurfaces were first visualized using VESTA [12]
and later exported to Blender [13] to combine and color
the isosurfaces from different atoms. This exchange-
correlation field [14,15] has its direction along the
direction of the local spin density and helps the
observation of the magnetic axis. Hereafter, the
exchange-correlation vector field isosurfaces is referred
as magnetic field distribution (MFD) isosurfaces.

Results and discussions

For an easier understanding, the following
notations will be used: [uvw]s when referring to the
substrate crystallographic directions; and [uvw]r when
referring to the film crystallographic directions. The
results of the magnetic measurements shown have
already had the diamagnetic contribution from the
substrate subtracted.

The samples S1i11; and S2111 have very similar
magnetic behavior, as shown in Figure 1. In both
samples, magnetic isotropy can be observed in the in-
plane crystallographic directions ([01-1]s and [2-1-1]s).
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Figure 1 — Hysteresis loops of MinsGes/GaAs(111) thin films measured
at 10 K with magnetic field applied along the substrate directions as
indicated.

In the out-of-plane direction ([111]s), it can be
observed a magnetic behavior in which the
magnetization increases linearly with the applied
magnetic field going to saturation magnetization values.
This linear magnetic behavior is also observed in the in-
plane directions, but the magnetic field range in which
this linear behavior can be observed is smaller when
compared with the out-of-plane direction. This implies
an in-plane magnetization reversal and small remanence
relative to saturation magnetization which is often
associated with a striped magnetic domain structure
[16,17], whose magnetization components point in-
plane and out-of-plane. However, only a weak stripe
domain structure is reported in MnsGes epitaxial films
grown on Ge(111) substrates [18,19].

The linear magnetic response observed in the
MnsGes/GaAs(111) samples is not present in the samples
grown on GaAs(001) substrates. Another distinctive
feature is the in-plane magnetic anisotropy with an
easier axis along the [100]s crystallographic direction,
observed in both samples S1go1 and S2¢01. The samples
grown on GaAs(001) also have a higher in-plane
remanent magnetization as well as higher coercive fields
when compared with those grown on GaAs(111).
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Figure 2 — Hysteresis loops of MnsGes/GaAs(001) thin films measured
at 10 K with magnetic field applied along the substrate directions as
indicated.

Independently of the substrate orientations, the
magnetic moment increases as a function of the Mn
content in the films, indicating their crucial role in the
alloying. Similar behavior has been observed in off-
stoichiometric Mns.xGes ingots [20]. The overall mean
value of 2.6 pg/Mn atom as well as the magnetic
moment values obtained for Mn-type | and Mn-type I
sites in the DFT calculations are in good agreement with
results found in the literature [21]. The DFT results also
show that there is a negative but small magnetic
moment related to the Ge sites. The experimental
variations in both lattice parameters and stoichiometry
lead to similar results in the calculations with no
significant differences (not shown).

Table 2 — Magnetic moment obtained from the experimental results
and DFT calculations.

Magnetic moment (ug/Mn

Sample

atom)
S1
11 1.55
S2
11 1.74
S1
001 1.19
S2
o1 1.81
DFT Magnetic moment (ug)
Mn-type | 2.18
Mn-type Il 3.07




Ge -0.12
Overall cell 2.6

The analysis of the total density of states (DOS)
in Figure 3-a) reveals a metallic ground state with
magnetic properties that are consistent with electrical
resistivity and magnetic experiments found in the
literature [3,22], as well as with the magnetic results
reported in this paper. The projected density of states
(PDOS) due to Mn sites, Figure 3-b), is dominated by Mn
d states since the contributions from s and p states (not
shown) are negligible. A quite large Mn-Mn interaction
can be observed close to the Fermi level while a small
hybridization between Ge p and Mn d states can be
observed at higher-binding energy ranges. As expected,
a difference in the PDOS of Mn-type | and Mn-type Il is
observed, especially in the majority spin-subband, as it
has already been observed [21]. The minority spin-
subband shows minor differences between Mn-type |
and Mn-type ll, and it is the dominant contribution to the
unoccupied states. The main contribution from the Ge
atom is the 4p state. It can be observed that the Ge-4p is
delocalized with a small PDOS value and the majority and
minority spin-subbands are inverted when compared
with Mn-type | and Mn-type Il d states. The hybridization
between Mn d and Ge p states gives origin to the small
Ge magnetic moment of -0.12 uB, indicating that the
fundamental magnetic order of the MnsGe; is
ferrimagnetic. However, with such a small magnetic
moment associated with the Ge atom, a ferromagnetic
order can be considered a good approximation.
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Figure 3 —a) MnsGes total density of states (DOS) and b) the projected
density of states (PDOS) of Ge, Mn-type | and Mn-type Il. The minority
(majority) spin-subband is shown in the positive (negative) y-axis. The
zero on the energy scale represents the Fermi energy (Er).

Another important result obtained from the DFT
calculations are the magnetic field distribution
isosurfaces. Figure 4 shows illustrations of the MnsGes

16 atoms structure used for the calculations and its
representative MFD isosurfaces.
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Figure 4 — a): lllustration of the MnsGes 16 atoms structure used for
the calculations and its representative MFD isosurfaces. The light blue
and yellow spheres represent the Ge and Mn atoms, respectively. This
image shows two different isosurfaces, 0.0065 and 0.0092 a.u. to
facilitate the visualization of the characteristic Mn-type | (pink) and
Mn-type Il (blue) isosurfaces, respectively. Notably, the Mn-type Il
MFD isosurfaces exhibit different alignments relative to the unit cell.
B): the Mn-type | and all the possible alignments of the Mn-type Il
isosurfaces individually shown for batter visualization. The Mn-type Il
have lobes forming a 50° angle with the out-of-plane c direction, their
direction is indicated with red arrows. A superposition of these three
possible alignments reveals a resultant vector along the c direction,
indicating the direction of the easy magnetization axis. Design
resources of Blender [13] software was used in the illustration
production.

The MFD isosurfaces shown in the panel a) of
Figure 4 have two distinct characteristic shapes
visualized respectively by pink and blue colors,
representing the magnetic field distribution of the Mn-
type | and Mn-type |l sites. These MFD isosurfaces are
individually shown in the panel b) of Figure 4 to better
show their distinct shapes. The Mn-type | MFD has two
conic nodules mirrored along the ¢ direction and,
therefore, it is isotropic along the a-b plane. According
to this observation, the magnetization process for
magnetic fields applied along these orientations are
expected to be quite similar. Due to the conic symmetry,
the easy magnetic axis for these atoms has its direction
along the c direction. Meanwhile, the MFD isosurfaces
around Mn-type |l sites has a spheroidal shape distorted
by lobes forming an X-like shape. These lobes are
inclined at a 50° angle in relation to the c crystallographic
direction. Notably, the Mn-type Il isosurfaces exhibit
three distinct alignments relative to the unit cell. When
examining each of these alignment in isolation, it
becomes evident that the local easy axis is oriented
towards the lobes at the previously mentioned 50° angle
from the c direction. However, a more comprehensive
perspective  emerges considering  the
amalgamation of all possible alignments (as depicted on
the panel b) of Figure 4). This comprehensive view

when



highlights a resultant vector, represented by the blue
arrow, arising from the summation of these individual
local easy axes denoted by red arrows. This composite
vector indicates a direction pointing towards the ¢
orientation. As a direct consequence, the inherent easy
magnetic axis of the unit cell, align in the direction of the
C axis.

To draw meaningful comparisons between these
isosurfaces and the experimental results, its necessary to
account for the epitaxial relationship between the film
and the underlying substrate. The illustration presented
in Figure 5 provides a superposition of the three
alignments inherent to the Mn-type Il MFD isosurfaces.
This depiction also encompasses the orientations of both
the thin film and the substrate for both GaAs(001) and
GaAs(111) crystallographic planes. Given the simpler
geometry of the Mn-type | shape, and the fact that the
cone generatrix within it shares the identical 50°
inclination observed in the lobes of the Mn-type Il, all the
conclusions drawn from the analysis of the Mn-type Il
MFD isosurfaces hold true for their Mn-type |
counterparts as well.

The similarity between the [110]¢//[2-1-1]s and
the [-110]¢//[01-1]s directions in the Mn-type Il sites for
samples grown on GaAs(111), shown in Figure 5,
combined with the in-plane isotropic shape of Mn-type |
sites shown in Figure 4, corroborate the experimental in-
plane isotropic data presented in Figure 1. The DFT
results for the samples grown on GaAs(001) also
satisfactorily explain the experimental magnetic
behavior observed. The MFD isosurfaces for Mn-type Il
sites shown in Figure 5 indicate that there are stable
magnetic axes along the [01-1]¢//[100]s and
[111]¢//[001]s directions, while the [-110]¢//[110]s
direction is along a medium axis, between an easy and a
hard magnetization axis. Therefore, it is expected that
the [01-1]¢//[100]s direction is easier to magnetize when
compared with the [-110]¢//[110]s crystallographic
direction. Again, this observation is in good agreement
with the experimental results shown in Figure 2.

Easy axis
[111] // [001]
[001],// [111]

Easy axis

. -im]F //101-1],

[-110],// [110 _1];// [100],

Mn_Ge,/GaAs(111) Mn_Ge,/GaAs(001)

Figure 5 —Superposition of MFD isosurfaces for MnsGes with the
crystal orientations of the GaAs substrates. The MFD isosurface
around Mn-type Il sites shown is the superposition of all possible

symmetry trends of the isosurfaces that this magnetic field
distribution has in the MnsGes alloy. The representative isosurfaces
are colored with distinct colors for easier visualization. The
isosurfaces have been obtained by DFT calculations and posteriorly
exported to Blender [13] to combine the different spatial alignment
of the MFD isosurfaces of Mn-type Il site in the supercell.

The crystallographic directions [01-1]s for
GaAs(111) and [110]s for GaAs(001) correspond to the
same [-110]¢ direction, as can be observed in Figure 5.
Comparing these two directions in Figure 1 and Figure 2,
similar magnetic processes can be observed. Essentially,
starting from the magnetization, the
magnetization tends to increase almost linearly towards
saturation when applying the magnetic field along these
crystallographic directions in both substrates.

remanent

Figure 5 also reveals that the perpendicular
direction [111]¢//[001]s for the MnsGes grown on
GaAs(111) is along the easy magnetization axis, which is
not true for the samples grown on GaAs(001). As such, it
is expected that along the perpendicular direction is
easier to magnetize samples grown on GaAs(111) than
those grown on GaAs(001). This can be observed in
Figure 1 and Figure 2. In the out-of-plane direction, the
samples grown on GaAs(111) have a lower saturation
magnetic field (HS) than that observed in GaAs(001). As
such, the DFT calculations agree with the experimental
data.

Although the c axis is qualified as the easy axis of
magnetization in this system, the measurement with a
magnetic field applied in this direction shows a hard axis
compared to those associated with the film plane (Figure
1). A possible explanation for this is the contribution of
the shape (magnetostatic) anisotropy (Ks) component
that is not computed in the DFT calculations. In a thin
film with the magnetic field applied in the normal
direction of the film plane, the K values can be
estimated using: K, = —%MSZ, where Ms is the
saturation magnetization. Meanwhile, the uniaxial
anisotropy (Ky) was estimated calculating the difference
between the areas under the magnetization curves with
the magnetic field applied in the [2-1-1]s and [111]s, for
the samples grown on GaAs(111) and [100]s and [001]s,
for the samples grown on GaAs(001). The results of these
estimates are shown in Table 3. The absolute values of
the shape anisotropy Ks and the uniaxial anisotropy Ky
indicates that the shape anisotropy is either dominant or
comparable with K, in the samples. This observation
might explain the out-of-plane hard magnetization axis
obtained in the experimental measurements. From DFT,
Ky can be calculated as the energy difference between
[001] (easy) and the other important axes as [100], [110]
and [011]. The values are very close along the different



orientations, varying only between 0.21 and 0.25 MJ/m3.
The experimentally observed values of K, are in good
agreement with those obtained from the DFT
calculations, especially the samples closest to the
MnsGes stoichiometry. The samples that present the
biggest deviation from this theoretical K, value, namely
S1111 and S2g01, also have the biggest deviation from the
MnsGes stoichiometry, meaning that this difference
probably arises from the higher chemical disorder
present in these samples.

Table 3 — Shape anisotropy constant K, uniaxial anisotropy constant
K,,. For the calculation of K, by DFT, no additional convergence tests
were carried out. The same ones declared in the methods section were
used. Although the data obtained are consistent with the qualitative
analysis based on MFDs isosurfaces as well as with the values
obtained experimentally, their absolute values may vary in a more
rigorous calculation.

K, (DFT)
5 3 5 3
Sample K, (x10°J/m3) K, (x10° J/m3) (x10° J/m?)
S1 -2.3 1.2
11 21-25
S2111 -3.3 2.1
S1 -1.7 2.6
001 21-25
S2001 -4.4 4.7
Conclusion

The PDOS analysis indicates that the magnetic moment
observed in the MnsGes based alloy films is mainly due
to the Mn-Mn interaction. An increase in the Mn-Mn
ferromagnetic interactions as Mn atoms occupies the
type-ll sites might explain the observation that the
magnetic moment increases with an increase in Mn
content in the alloy. While Mn atoms increased by 0.3
and 0.4 in the Si111 and Sgo1 sample sets respectively, the
corresponding magnetic moments have increased by
0.19 pg/Mn atom and 0.62 pg/Mn atom. The growth
texture induced by substrate orientation appears to
favor the filling of type-ll sites with increasing Mn
concentration. The experimental magnetization curves
shown in this paper, together with the DFT results,
indicate that our samples present in- and out-of-plane
magnetization components. The DFT calculations offer a
satisfactory explanation of our experimental results,
especially for the in-plane magnetization reversals and
small remanence relative to saturation magnetization,
mainly in the case of films grown on the GaAs(111)
substrates. The interrelationship between the symmetry
of the magnetic field distributions calculated by ab initio
and the macroscopic magnetic properties are important
toincrease the understanding and the ability to optimize
the integration with GaAs technology of MnsGes alloys,

with versatile potentialities for use in the design of
spintronic devices.
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