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Abstract

The future of spintronic and semiconductor applications demands materials with
tailored electronic and magnetic properties. This study uses density functional theory
to investigate the electronic structure of the half-metallic compound MnyAlj; under
uniaxial strain and in its Ge-substituted derivatives. Strain analysis shows that al-
though the half-metallic band-gap collapses under strain beyond —2%, the ferrimag-
netic character remains stable. Ge substitution at six inequivalent Al-sites in MngAlj;
results in varying degrees of metallicity and magnetic properties. Substitution at
Al= (000) induces a metal-to-insulator transition with an indirect semiconducting gap
of 0.14 eV. Bonding and hybridization analysis reveals that local Mn-Al interactions
due to Ge substitution significantly modify the local electronic structure, causing both
electronic and magnetic phase transitions. This work highlights the effectiveness of
substitutional doping in tuning half-metallicity and magnetic properties in inorganic

solids, enabling the design of materials for future technological applications.



Introduction

The dawn of a new era in spintronic, semiconductor, catalysis, and battery technologies
hinges on the availability of a plethora of materials with precisely tailored electronic and mag-
netic properties. Intermetallic compounds, formed from two or more metals, are ubiquitous
in this field, offering a prolific array of magnetic and electronic behaviors.? These materi-
als possess remarkable versatility, exhibiting properties like half-metallicity, ferromagnetism,
ferrimagnetism, and tunable conductivity.** Their ability to precisely control both electronic
structure and magnetic moments positions them as key candidates for next-generation tech-
nologies such as quantum computing, energy-efficient devices, and advanced data storage.®”
With atomic-level manipulation, intermetallic compounds are poised to become indispens-
able in shaping the future of high-performance spintronic and semiconductor materials.
Among various intermetallic systems, Manganese-Aluminium (Mn-Al) based compounds
have attracted particular interest due to their unique combination of structural and func-
tional properties. The electronic structure of Mn-Al based intermetallic compounds plays a
crucial role in their mechanical and electrical properties.® The interaction between Mn and
Al atoms, particularly in alloys like MngAl and Mnj5Al, influences their strength, ductility,
and conductivity.? In such alloys, the Manganese atoms play a crucial role in controlling
the structural rigidity. Manganese’s 3d orbitals create localized electronic states that mod-
ify the density of states (DOS) near the Fermi level (Ep), contributing to the formation of
MngAl microstructures that enhance tensile strength.!'® Besides, the bonding driven by the
hybridization of Mn-3d and Al-3p orbitals, strengthens the material’s stability and hardness.
Additionally, the Mn-Al alloys exhibit tunable magnetic properties, ranging from ferromag-
netic to ferrimagnetic behavior, depending on Mn content and phase. This tunability allows
for precise control of mechanical, electrical, and magnetic properties, making Mn-Al inter-
metallics suitable for advanced applications in aerospace, automotive, and spintronics. !
A plethora of Mn-Al alloys have been studied over the past decades. McAlister and Mur-

ray’s comprehensive phase diagram of Mn-Al alloys identifies a rich variety of intermetal-
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Figure 1: (a) Crystal structure of MngAljq; (b) Spin resolved energy band dispersion and
density of state; (¢) Charge density (total and difference of up and down) of MnyAly;; (d)
Spin resolved partial density of state of MnyAly;.

lic phases,!? extending up to 22% Mn concentration.!3 These phases include orthorhombic
MnAlg, triclinic MnAl, the metastable hexagonal M3Al;g, and two hexagonal approximants,
p-MnAl, and A-MnAl,. 314 These latter MnAl, phases exhibit structural features similar
to those of quasicrystals. Notably, the MnyAly; structure displays a layered arrangement
resembling the Penrose lattice, !> suggesting its classification as an imperfect, decagonal qua-
sicrystalline alloy.'® At high temperatures (= 923° '), an additional Mn,Al;; orthorhombic
polymorph has been confirmed, expanding the complexity of Mn-Al phase behavior and its
structural diversity at varying conditions, as seen in numerous experimental studies. 3172

Manganese, a material with variable valency and a magnetic character strongly influ-
enced by its local environment, has long been a cornerstone in the development of alloys
with remarkable electronic and magnetic properties—particularly within the Mn-Al sys-
tem.?>20 By varying the concentration of Mn, the electronic and magnetic properties of
Mn-Al alloys can be significantly tuned. For instance, the ferromagnetic phase observed in
Mn-rich Mn-Al alloys (50 — 75% Mn) is primarily attributed to the formation of the 7-phase,
which crystallizes in an orthorhombic structure (space group: P4/mmm).?” % This phase,
analogous to CuAu, is characterized by strong magneto-crystalline anisotropy and exhibits
24,30,31

an orbital two-channel Kondo effect, contributing to its unique magnetic behavior.

However, the magnetic properties of Mn in other Mn-Al alloys are not straightforward and



are heavily influenced by the local coordination environment around the Mn atoms. The
magnetic moment of Mn is not only determined by its Pauling valence but also by the os-
cillatory nature of the magnetic exchange interactions, which vary with Mn-Mn distances.??
These interactions can shift between positive and negative values, further complicating the
understanding of the system’s overall magnetic behavior.?® Additionally, Mn alloys with
Aluminium or Aluminium-Carbon combinations are known to produce permanent magnets,
but the magnetic properties of Mn-Al alloys are highly process-dependent, with variations
seen in different synthesis conditions.343?

While varying the concentration of constituents is a well-established method for modifying
the electronic and magnetic properties of alloys, substitutional doping is often preferred in
intermetallic systems to achieve such tunability. Mn and Al have a small difference in
electronegativity with values of x = 1.75 and x = 1.61 on the Allen scale, respectively. To
enhance charge transfer and thereby strengthen bonding, substituting Al with elements of
higher electronegativity, such as Si (x = 1.916) or Ge (x = 1.994), presents a promising
strategy for better control over the electronic and magnetic behavior of Mn-Al systems. The
doping or substitution by Group IV elements in Mn-Al compounds specially Ge has been
recognized as an effective way of tuning phase stability, magnetic, and structural properties.
For example, several Mn-Al compounds have been synthesized with Ge doping that show
modified the lattice structure (structural stability) and magnetic anisotropy compared to
binary Mn-Al systems. 364

This study uses first-principles density functional theory (DFT) to understand the ef-
fects of uniaxial strain and site-specific Germanium (Ge) substitution on the electronic and
magnetic properties of the ferrimagnetic half-metallic compound MnyAl;;. While uniaxial
strain collapses the half-metallic band-gap beyond —2%, the ferrimagnetic order remains
robust, highlighting the stability of Mn-driven spin polarization under mechanical perturba-

tions. Ge substitution at symmetry-inequivalent Al sites results in pronounced changes to

the electronic and magnetic properties, particularly at the Al= (000) site, induces a metal-



to-insulator transition (MIT) with an indirect band-gap of 0.14 eV, driven by localized
charge redistribution and orbital hybridization. The crystal orbital Hamiltonian popula-
tions (COHP) and Bader charge analyses reveal critical changes in bonding interactions and
valence states, showcasing the strong tunability of MnyAly;’s properties. These findings of-
fer valuable insights for designing materials with tailored functionalities for spintronics and

low-power electronics.

Methods

For solids, the slowly varying estimation of charge density within generalised gradient ap-
proximation (GGA) scheme is more suitable than the atomic or molecular systems. That
is why Perdew-Burke-Ernzerhof (PBE) correction modified for solids (PBEsol) is always a
good choice for structural prediction of solids.*! Projected augmented wave (PAW) basis and
PBEsol exchange-correlation (xc) functional are used in all calculations done using Quantum
Espresso suite.?? 6 x 4 x 6 k-space mesh, Marzari-Vanderbilt cold smearing®? of width 0.02 Ry
is used throughout along with 55 Ry and 400 Ry kinetic-energy cut-off for wavefunction and
charge density, respectively. For structural optimization the convergence threshold of forces
for ionic minimization is chosen as 107% Ry. Broyden-Fletcher—Goldfarb-Shanno (BFGS) of
ionic dynamics is used. Structural optimizations are performed for MngAly;, MngyAl;; un-
der isotropic pressure, MnyAlgGes-1 to MnyAlgGes-5, and MnyAljgGe structures. Ionic
relaxations are carried out for the structures under unidirectional stress. Total energies are
calculated through separate self-consistent field (SCF) calculations. The band structure and
density of states are computed using the optimized structures. The convergence threshold
for self-consistency is set to 1075 Ry. For magneto-crystalline anisotropy, spin-orbit coupling
(SOC) is applied to the optimized structure.
Phonon dispersions are computed using the quasi-harmonic approximation via the Phonopy

code, employing a finite-displacement method with a fixed displacement of 0.02 A.** To ob-



tain the harmonic phonon frequencies and their normalized eigenvectors, the force-constant
matrix is derived using density functional perturbation theory (DFPT).*5

For pre- and post-processing, Vesta and ElATools are employed.*%4” The analysis of
chemical bonding is conducted using the Lobster package, specifically for the PAW basis. 4

The formation energy of the Mn-Al-Ge systems is found from the formula:

1 Al
Eformation = E[Et]\ggl Al=Ge _ Z n’LEZ] (1)
K3
where, E%ZZ_AI_GG is the total energy of Mn-Al-Ge system and F; are the elemental energy

of Mn, Al or Ge in their ground state and n; are the number of each type of atom.

Results

Properties of Mn Al
Structure

The structural properties of MnyAly; have been extensively studied. Kontio et al. and Bland
independently synthesized the material, revealing a triclinic structure in their findings.!%!®
Our theoretical investigation, using the PBEsol exchange-correlation (xc) functional, con-
firms that the energy-minimized structure adopts a triclinic (P1) symmetry, in agreement
with experimental findings. The unit cell of MnyAly; is presented in Figure 1(a). The
optimized lattice constants are a = 4.991 A, b = 8.672 A, ¢ = 4.986 A, and the angles
are a = 90.24°, f = 100.12°, and v = 105.15°. These values are in good agreement with
the experimental parameters: a = 5.092 A, b = 8.862 A, ¢ = 5.047 A, and a = 85.19°,
B =100.24°, v = 105.20°,13:49,50

In the triclinic MnyAly; structure, the inversion center is located at (0,0,0), resulting

in two inequivalent Mn atoms, labeled Mn; and Mny. The Al atoms occupy six distinct

sites, denoted Al; to Alg, with Al; to Als having inversion-symmetric counterparts, while



Alg resides at the inversion center. Both Mn; and Mny are coordinated in a bicapped
square antiprismatic environment, surrounded by ten Al atoms positioned at the vertices
of a gyroelongated square pyramid. These ten Mn-Al bond lengths range from 2.37 A to
2.75 A. Differences in coordination between Mn atoms are observed at the second nearest
neighbor (NN) level. Mn; has two equidistant second nearest neighbors (Mn; and Mny) at
3.17 A, while Mn, has three second NN-one Mn; and two Mny-at distances of 3.17 A and
3.26 A, respectively. A detailed summary of the coordination environments is provided in

Table 1. Table S2 of the supplement tabulates the structural parameters in detail.

Electronic and Magnetic Properties

In its ground state, the MnyAly; intermetallic compound is found to be a half-metallic
ferrimagnet. The magnetic moments of Mn; and Mny are —0.12 pup and +0.69 up, respec-
tively, while the Al atoms do not exhibit any significant magnetic behavior. As shown in
Figure 1(b), the down-spin channel (|) is metallic, while the up-spin channel (1) exhibits a
gap of approximately 0.22 eV at Er. The half-metallic nature of the material arises from a
single band crossing at Ex in the down-spin channel. This band is isolated from other bands
in the CB region by an energy of 0.08 eV (0.33 eV at Y to 0.41 eV at I with respect to Ep).
The contribution from this band appears as a peak in the DOS plot. There is an electron
pocket along I'—T5 line near Ty. Given the two-fold symmetry of the system, there are two
electron pockets in the full Brillouin Zone (BZ). From the partial DOS (pDOS) plots of the
3d orbitals of Mn; and Mns, it is observed that the isolated band near Er is primarily formed
by the 3d,2 orbital of Mny. The sharp peak in the CB near EF' in the down-spin channel is
mainly attributed to this orbital. From these pDOS plots in Figure 1(d), it is concluded that
the anisotropic behavior of the 3d.2 orbital of Mny in both the up- and down-spin channels
contributes significantly to the higher magnetic moment of Mny compared to Mn;. The
orbital-projected band structure in Figure S6 of the supplement also confirms that the band

at Ep is primarily contributed by the Mny-3d.2 orbital. Belin et al. has also reported that



the Mn-3d states cross the Ep through X-ray emission spectroscopy technique.® Interest-
ingly, a mixed contribution from different orbitals to all the bands near Ep is observed. The
Al-3p orbital-projected band structure in Figure S7 of the supplement, over a wider energy
range (—6 eV to +6 eV) around Ep, shows contribution, spread across the dense collection
of bands. It suggests hybridization between the Mn-3d and Al-3p states. Further bonding
analysis, discussed later, will provide more insight into this.

Half-metallic ferrimagnetism, which is typically observed in disordered systems and Heusler
alloys, is relatively rare in intermetallics. %73 The occurrence of half-metallic ferrimagnetism
in these alloys is often linked with the SOC, which can play a crucial role in controlling the
switching of magnetic states.?* However, other interactions like superexchange or Ruderman-
Kittel-Kasuya-Yosida (RKKY) play role in several such systems. In the case of MnyAl;q, our
DFT calculations, including SOC effects, confirm that neither the Mn nor Al atoms show
a significant SOC effect (see Figure S1 of supplement). Further verification of the system
through additional tests indicates no involvement of non-collinear magnetic characters in
this ferrimagnetic system. A comparison of the electronic and magnetic characteristics of
MnyAly; with various Mn-Al based alloys is presented in Table 2. Among these, a ferrimag-
netic half-metallic character is observed in Mny VAl and MnyCrAl, with MnyCrAl exhibiting
a similar magnetic moment and gap. 555

The electronic structure analysis reveals that the magnetic properties near the Ep are
primarily governed by the Mn atoms. The total DOS (TDOS) in the valence region shows
peaks at approximately —0.6 eV for the up-spin channel and —1.2 eV for the down-spin
channel. The pDOS of Al atoms remains almost symmetrical for both spin channels, which
indicates their non-magnetic nature. Furthermore, the absence of contributions from Al
atoms near Ep aligns with the experimental observation of an Al pseudo-gap in MnyAl;;.%!
The 3d orbitals of Mn are more localized compared to the 3p orbitals of Al, with the Mn
pDOS rapidly decreasing as we move away from the Fermi level, while the Al pDOS spreads

more evenly.



Further analysis reveals that Mn; does not contribute significantly to the half-metallic
behavior of the system. Both Mn; and Mn, exhibit distinct features in their t5g orbitals,
specifically in the 3d,,, 3d.,, and 3d., orbitals, which display different pDOS profiles for
both spin channels. This behavior is also observed in the e, orbitals, indicating a Jahn-
Teller effect, which is expected in a system with such low crystal symmetry. Notably, the
sharp peak in the DOS near Ep for the spin-up channel in Figure 1(b) is mainly attributed
to the 3d,, orbital of Mn;, while the e, orbitals contribute different pDOS patterns for both

Mn sites.
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Figure 2: (a) Magnetic configuration with lowest energy including spin—orbital coupling of
MnyAlyp; (b) Magneto-crystalline anisotropic energy variation with respect spherical polar
coordinates # and ¢ of MnyAly;.

Magneto-crystalline Anisotropy

The anisotropy is intrinsic to the crystal structure of MngyAly;, which leads to significant
magneto-crystalline anisotropy (MAE), as shown in the plot in Figure 2(b). The maximum
MAE of 125 peV is observed at an angle of # = 150° and ¢ = 0°, with the magnetic easy axis
aligned at # = 120° and ¢ = 180°. A 3-dimensional plot of MAE can be found in Figure S1(c)

of supplement. This anisotropic behavior can be attributed to the structural arrangement



of the Mn atoms, which form a slightly buckled layer, as seen in Figure 2(a). The buckling
results in a small deviation from a perfectly planar structure, and the magnetic easy axis
is found to be nearly perpendicular to this buckled layer. This strong correlation between
the structural configuration of the Mn atoms and the magnetic anisotropy direction further

underscores the critical role of crystal symmetry in determining the magnetic properties of

MI’I4A111.

Effect of Strain

The structure exhibits low symmetry; however, it appears to be layered along the b-axis.
In layered structures, it is easier to apply strain along the direction perpendicular to the
layering plane without significantly disturbing the internal coordination of atoms. This is
why the b-axis was chosen-offering a simple and straightforward way to probe the robustness
of the system’s electronic and magnetic behavior. Also, the Mn-Mn interaction within a layer
is much stronger than between the layers. This was also experimentally observed by Dunlop
et al.””

The electronic and magnetic properties of MngAl;; are examined under uniaxial strain
along the b-axis. A compression of over 2% (—2% strain) induces a transition from half-
metallic to metallic behavior. A detailed analysis of the band dispersion for the strained
structures (Figure S2) can be found in Section III of the supplement. The magnetization of
both Mn; and Mns, as well as the total magnetization, exhibits a steady parabolic variation,
as shown in Figure 3(a). Interestingly, the trends for Mn; and Mn, are opposite, with the
total magnetization following the behavior of Mn,. In contrast to the total energy variation,
magnetization reaches its lowest value at —5% strain and its highest at +5% strain. So,
with uniaxial strain, we cannot induce any magnetic transition; only a variation of magnetic
moments can be achieved for MnyAly;. In contrast, a half-metal to metal transition can
be achieved with minimal compression. This suggests that the ferrimagnetic character of

MnyAly; is more resilient than its half-metallic nature when subjected to uniaxial strain.
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The strain perpendicular to the layers forces the Mn atoms in different layers interact more
strongly, hence the half-metal to metal transition could be achieved.

An isotropic compression can also induce half-metal to metal transition but only over
10 G Pa pressure as seen in Figure 3(b). At 10 G Pa the down-spin band at Z point crosses
Er. At higher pressure, band crossing is observed at Uy, Vy, and along the Ry-I" line for
down-spin channel. The ferrimagnetic character remains intact even under 15 GPa. The
magnetisation drops with pressure, from 1.04 pp at 0 GPa to 0.71 pup at 15 GPa (see

Table S1 of supplement).
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Figure 3: (a) Variation of relative energy, half-metallic band-gap, absolute value of magne-
tization of Mn; & Mny and the total magnetization per unit cell with uniaxial percentage
strain along crystal axis b; (b) Band structure of MnyAl;; under isotropic pressure.

Effect of Ge doping in Mn4Al;

We have chosen Ge to substitute Al in MnyAl;; as Ge introduces an additional valence
electron and has a larger atomic size compared, both of which could influence the Mn-Al/Ge
bonding interactions. Notably, the site-selective substitution of Ge will allow us to assess
role of electronic-structure change on thermodynamic stability and structural properties

due to chemically altered Mn-environment in MnyAl;;. We have also checked the formation

11



Table 1: Structural parameters including lattice constants, angles, volume; bonding charac-
ter including nearest neighbor information (NNB); electronic properties including the density
of states/cell at Ep for both spin channels within bracket; and magnetization of MnyAly;,
Mn4AlyGesy, and MngAl;(Ge structures.

a,b,c (A) . . Magn.
PP Antibond Electronic
System a8,y (%) Bonds NNB below Er Character cell, Mn;, Mn,

V (4% (uB)
41991, 8.672, 4985 Mu-Al 10 1201%  HalbMetal | = =0 o
MnyAly,  90.24, 100.12, 105.15 Mng-Al 10 0.0% (0.00, 1.74) 0 s
204.76
1- . 0
My AlyGes-1 90.42, 120005.0135; 105.06 U L141% (387, 2.61) 0.22,-0.02, 0.13
' Mny,-Ge 1 2.857%
1~ . 0
My AlyGey-2  89.94, 3847%104.91 MnoAl 9 5604%  (5.72, 2.10) 0.42, 0.02, 0.21
' Mny-Ce 1 3.571%
4.950, 8.701, 5.005 %ﬂ“é{i 519 3?%? Metal
1~ . 0
MnyAlyGes-3 90.09, 1200043906 10467 U8 S L442% (3,94, 3.36) 0.08, 0.00, 0.04
' Mny-Ge 3 3.297%
1- . 0
My AlyGes-4 90.36, 1200150101, 106.90 L042% (425, 181) 0.49, 0.02, 0.24
' Mny-CGe 3 5.769%
1~ . 0
MnyAlgGey-5 89.45, 12()025.0560, 10446 0 0450% (471, 0.97) 0.70, 0.06, 0.30
' Mny-Ge 2 2.667%
4993, 8.699, 5.013 Mn;-Al 9 2182% o
MnyAlgGe  90.70, 101.24, 105.54 Mny-Ge 1 4.615% (0.00, 0.00) 0.07, -0.02, 0.05
205.30 Mnye-Al 10 2.606% hathe
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Table 2: Comparison of magnetic and electronic property of MngAl;; with different al-

loys, 5%56,58-64
Compounds Magnetic Magnetic Electronic Electronic Reference
Character Moment (pup) Character gap (eV)

MnyAly,; Ferrimagnet 1.04 half-metallic 0.22 -

Mngal  Compensated 0.00 half-metallic  0.40 o
Ferrimagnet

Mn, VAL Ferrimagnet 1.94 half-metallic 0.13 55

Mn,CrAl Ferrimagnet 1.03 half-metallic 0.21 56

Mn,FeAl Ferrimagnet 1.01 metallic - 59

MnyCoAl Ferrimagnet 2.00 Spit -gapless - 60

semiconductor

CooMnAl  Ferromagnetic 4.17 half-metallic 0.66 61,62

FesMnAl  Ferromagnetic 1.32 half-metallic 0.55 61,63

CupMnAl  Ferromagnetic 4.12 metal - 64

energy of Si-doped systems and found that Ge-substituted structures are thermodynamically
favorable (see Figure S3 of supplement). The anomalous looking formation energy trend in
Ge-doped MnyAly; is traced to arise from a combination of: (a) site-specific strain effects
(due to larger atomic radius of Ge (125 pm) compared to Si (111 pm), and (b) orbital
sensitivity to site symmetry (leading to stronger Mn-Ge hybridization), which are not as

pronounced in Si due to its smaller size and weaker hybridization.

Structure

When doping with Ge atoms at the Al sites in MnyAl;;, a total of six distinct struc-
tures are observed, labeled MnyAlgGes-1 to MnyAlgGes-5, depending on which Al site
(Al; to Als) is replaced by Ge, and the MnyAlj(Ge structure, where Alg is replaced by
Ge. For MnyAlgGey the substitutional doping concentration is 2/11 ~ 18.18% and for
MnyAljgGe the doping concentration is 1/11 ~ 9.09%. In all Ge-doped MnyAly; struc-
tures, the overall volume of the systems increases due to the larger atomic radius of Ge
compared to Al. However, the overall shape of the structures does not undergo significant
distortion, as evidenced by the lattice parameters presented in Table 1. The increased size

of the Ge atom leads to noticeable distortions in the local atomic arrangement, which are

13



reflected in the bond lengths, as discussed in Table S2 of the supplement. Specifically, the
Mn-Al bond lengths increase upon Ge doping, while the Mn-Ge bond lengths in the doped
systems are shorter than the Mn-Al bond lengths in the pristine MngAly; structure. This be-
havior is consistent with the larger atomic radius of Ge, which compresses the space between
Mn atoms when it replaces Al, influencing the bonding environment in the alloy.

When a Ge atom replaces the Alg atom at the inversion center (000), the resulting
structure is labeled as MnyAl;gGe. This doping site is particularly significant because it is
positioned centrally between the Mn; and Mn, atoms, which plays a crucial role in influencing
the magnetic and electronic properties of the alloy. The lattice constants and angles of the
MnyAl;gGe structure remain almost identical to those of the pristine MngAl;; structure,
indicating minimal distortion in the overall crystal symmetry.The variation in bond lengths
follows a trend similar to that observed in other doped systems.

The dynamical stability of the Ge-doped systems has been verified through phonon dis-
persion analysis. Except for MnyAlgGes-5, all other structures exhibit only positive phonon
modes, as shown in Figure 4, confirming their stability. The reason for the dynamical insta-

bility of MnyAlgGes-5 is discussed later using a bonding-antibonding analysis.
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Electronic and Magnetic Properties

The electronic band dispersion and DOS for the Ge-doped MngAly; alloys (MngAlgGes-1
to MnyAlgGey-5) are shown in Figure 5, revealing that all the doped structures exhibit a
finite DOS at Ep, indicating a transition to metallic behavior. This confirms that Ge doping
effectively disrupts the half-metallic character observed in the pristine MnyAly; structure.
In these doped systems, a gap is observed just below Er, signifying a band separation in the
higher valence band region. The band responsible for the half-metallic nature in MnyAl;,
which is isolated at Er in the undoped structure, is no longer present as a separate band in
the Ge-doped systems. The band dispersions in the doped alloys are also sharper, suggesting
increased electron localization.

In particular, for MnyAlgGes-1, MnyAlgGes-2, MnyAlgGes-4, and MnyAlgGes-5, the up
and down spin bands exhibit distinct characteristics, with their projected DOS showing a
clear separation near Er. However, as we move away from Eg, the distinction between the
up- and down-spin channels gradually diminishes. This behavior highlights the weakening
of the spin polarization with increasing energy. In contrast, the MnyAlgGey-3 structure
displays nearly degenerate spin-up and spin-down bands, with their respective projected
DOS almost overlapping, suggesting a more non-magnetic character for this configuration.
Thus, while Ge doping disrupts the half-metallic behavior, it introduces complex variations
in the electronic properties depending on the doping site.

The pDOS shown in Figure S5 of the supplement reveal that Mn atoms contribute signif-
icantly near Er in all the Ge-doped MnyAly; structures, while Ge itself does not contribute
to the electronic states near Ep (see Figure S4 of the supplement). In particular, the 3d.2
band of Mny remains more localized than other Mn 3d orbitals across all the MnsAlgGey sys-
tems, a feature that mirrors the behavior observed in the pristine MnsAl structure. The key
difference, however, is that in the doped systems, this localized 3d,= band shifts into the va-
lence band (VB) region, whereas in the undoped system, it is positioned closer to the Fermi

level. This shift suggests that Ge doping induces a modification in the electronic structure,
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affecting the localization of Mn’s 3d.2 orbital and altering the overall band structure in the
process.

Except for MnyAlgGes-5, none of the Ge-doped MnyAly; structures exhibit as strong a
magnetic character as the pristine MnyAly; crystal. In all cases, the magnetic nature remains
confined to the Mn atoms, with Mny carrying a higher magnetic moment than Mn;, similar
to the undoped structure. The electron density difference plots shown in Figure 5(b) provide
further evidence of the role of Mns in carrying the magnetic character. These plots highlight
a significant electron density difference for the MnyAlgGes-2, MnyAlgGes-4, and MnyAlygGes-
5 systems, which corresponds with the asymmetry in the up and down spin DOS observed
for these structures. This confirms that the magnetic behavior is primarily influenced by
Mns, and the doping with Ge affects the symmetry and strength of the magnetic properties
in a manner consistent with the observed electronic structure changes.

In pristine MnyAly; , five of six inequivalent Al sites have two-fold symmetry (i.e.,
two Al atoms), i.e., substituting Al at these sites adds two Ge atoms, except for the
MnyAljpGe structure (at Al= (000)), where only one Al atom is present. The electronic-
structure of MnyAl;pGe are depicted through band structure and DOS plots in Figure 5(a).
In contrast to the pristine MngAl;;, the substitutional doping by Ge in MnyAl;(Ge eliminates
ferrimagnetic order at the same time induces MIT. This is also reflected through overlapping
band-structure and DOS in both up/down-spin channels resulting from reduced magnetic-
exchange coupling to zero due to Ge substitution at Al= (000). The excess electron from Ge
leads to filling of partially occupied Mn—d bands near the Fermi-level, which is responsible
for the half-metallicity in MnyAl;; now resides just below Ep in MnyAl;Ge, creating an
almost distinct hump in the DOS. Similar to the pristine Mn4Al;;structure, the pDOS in
Figure S5 of supplement show that the 3d.» orbital of Mn, is still the main contributor.
However, the pDOS is symmetrical for both up and down spin channels, signaling the loss
of magnetic polarization. The difference in the up- and down-spin electron density plot in

Figure 5(b) supports this observation. Moreover, the nature of the pDOS for Mn; and Mn,

17



is drastically different, with the 3d orbitals of Mny being more localized than those of Mny,
and the former contributing predominantly near the Fermi level. The calculated band-gap
is 0.14 eV, which is indirect in nature (Y — Us). The sharpness in band dispersions in
MnyAl(Ge relative to MngAly; arises from enhanced Mn-Ge orbital hybridization, as will
also be discussed with the help of COHP results. This is primarily attributed to the higher
electronegativity of Ge and its more delocalized 4p orbitals compared to Al. The more co-
herent bonding interactions in Mn4Al;(Ge, along with reduced electronic scattering, result

in cleaner and more dispersive bands near Ep.
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Figure 6: Percentage of antibonding per bond for Mn4Al;;, MngAlgGe,, and MnyAl;(Ge be-
low Fermi level.

Discussion

The local chemical bonding plays a crucial role in understanding the nature of bonding,
anti-bonding, and non-bonding interactions within materials.%>% In the context of localized
basis sets, the calculation of atomic orbital overlap can be easily achieved using the crystal

orbital overlap population (COOP) method.%" This technique provides insights into the
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Table 3: Bader charges of the atoms for MnyAl;;, MnyAlgGey, and MnyAloGe.

System Mn1 MHQ A11 Alz A13 Al4 Al5 Al6 Ge
Mn Al -3.49 -2.33 1.14 098 1.01 098 1.09 1.22 -
Mn,AlyGeo-1 | -2.20 -1.93 — 1.03 0.99 1.14 0.99 1.22 -0.51
Mn,AlyGep-2 | -2.14 -2.27 1.17 - 1.19 1.08 0.98 1.18 -0.61

Mn,AlyGes-3 | -297 -1.34 1.08 1.13 - 1.15 1.29 1.12 -0.90
Mn,AlyGes-4 | -2.77 -1.21 121 1.03 088 - 124 1.20 -0.99
Mn,AlyGeo-5 | -2.71 -1.32 1.08 099 1.14 114 - 129 -0.96

Mn,Al,(Ge |-243 -243 1.15 099 098 1.03 1.08 - -0.74

strength and character of the interaction between atomic orbitals in a material. For DFT
calculations utilizing plane wave basis sets, the COHP method is employed to assess the
bonding interactions. Energy integral of the COHP (ICOHP) quantifies the contribution
of a specific bond to the band energy. The ICOHP values were calculated by integrating
spin-up and spin-down contributions of COHP separately. Here, ICOHP reflects the nature
of bonding or hybridization among the alloying species, where a higher value indicates a
more covalent character. In other words, the ICOHP till the Er is a powerful indicator of
bond strength.

Table 1 provides a comprehensive overview of the coordination environments and bond-
ing interactions in the Mn4Aly; . Ge, compounds. This data highlights the diverse nature of
bonding interactions, reflecting variations in antibonding interactions and coordination en-
vironments across different systems. As shown in Figure 6, the antibonding percentage per
bond below the Er for MnsAly; is quite low compared to the doped systems. Referring to
Figure S8 in the supplement, we observe that, in addition to the first NN Mn-Al bonding, the
second NN Mn-Mn bonding character is also significant. Table S2 in the supplement shows
that the [COHP values are small, ranging from —0.43 to —0.88. This suggests a less covalent
and more metallic nature of the bonding. Additionally, Figure S9 in the supplement reveals
that the Mn;-Alg bonding-antibonding interaction is the strongest, which is also supported
by the highest ICOHP value of —0.88 for Mn4Al;;. The COHP analysis shows that Mn;-Al
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interactions near the Fermi level (ranging from —0.4 eV to 0.4 eV with respect to Er) remain
nearly equivalent in both spin-up and spin-down states, resulting in an absence of significant
spin asymmetry in the electronic structure. This suggests that Mn; contribution to the DOS
near Er is largely non-polarized, confirms that it does not play a major role in the formation
of the half-metallic gap. In contrast, Mns exhibits strong spin-dependent hybridization with
Al. The COHP results demonstrate that in the spin-up channel, Mny-Al interactions show
predominantly bonding character, while in the spin-down channel, the interactions become
strongly anti-bonding. This asymmetry is a key factor in opening the half-metallic gap, as
it suppresses electronic states at the Fermi level in one spin channel while allowing metallic
behavior in the other.

In doped systems, Al-Ge interactions are notably elevated, peaking in MnyAlgGey-4.
In the structures from MnyAlgGes-3 to MnyAlgGes-5, Mn; forms a singular Mn-Ge bond,
while Mn, engages in three Mn-Ge bonds, resulting in a significantly higher antibonding
state per bond below Ep for Mn;-Ge compared to Mny-Ge. Further analysis in Figure S8
of supplement reveals distinct differences in the COHP profiles for these bonds, indicating
that Ge doping induces localized changes in the bonding characteristics, which in turn,
significantly influences the electronic and magnetic properties of the compounds. The Mn-
Mn COHP profiles for all compounds, except MnyAl;oGe, demonstrate the importance of
second NN interactions in shaping these properties. In MnyAl;(Ge, however, the direct
connection between Mn; and Mny via the Ge atom facilitates a dominant superexchange
mechanism, making the Mn;-Mn, COHP effectively negligible. Also, for MnsAl;(Ge the
Mn;-Ge bonding-antibonding strength is strongest among all MngAly;_,Ge, compounds in
discussion, as the ICOHP at Ep is highest (—1.20) (see, Table S2 of the supplement). This
strong bonding-antibonding is responsible for the semiconducting nature of this particular
structure. The higher ICOHP suggests stronger covalent bonding, which induces the band-
gap by stabilizing the valence states and destabilizing the conduction states by modifying

hybridization. This is also consistent with the DFT calculated semiconducting behavior of
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MnyAlygGe. This underscores the crucial interplay between the structural configuration and
the electronic dynamics in these doped systems, highlighting how doping influences not only
the local bonding environment but also the overall magnetic properties.

Importantly, none of the Al atoms contribute to the magnetic properties of MnyAl;;
rather, the Mn atoms are solely responsible for the ferrimagnetic behavior. This is further
confirmed by Bader charge analysis (Table 3), which reveals that Mn atoms in the system
accumulate electrons, exhibiting a negative valency. Let us first note that the ground-state
electronic configurations of Mn and Al are [Ar]4s?3d® and [Ne|3s?3p', respectively. Each
of the four Mn atoms in Mn4Al;;coordinates in a bicapped square antiprism configuration,
surrounded by ten Al atoms. The Mn-Al bond lengths are all different. The Bader analysis
reveals that Al atoms donate their 3p electrons, exhibiting a positive valency. Mn atoms
accumulate electrons, with 3.49 electrons at Mn; and 2.33 electrons at Mny. The Mn-3d°
electrons form a shell closure for the up-spin channel, which is responsible for the band-gap.
Even after electron accumulation, both Mn; and Mn, still have unfilled 3d states in the down-
spin channel. As a result, the system becomes half-metallic. The valency of Mn; is higher
than Mny, a finding supported by the charge density plots in Figure 1(c) and Figure 5(b).
This difference in valency is a key factor in the ferrimagnetic nature of MnyAl;;. In contrast,
The modifications of Mn-Al interactions due to Ge substitution in Mn4Al;; leads a negative
Ge valency, further altering the local electronic environment. This substitution not only
introduces additional electrons but also modifies the local bonding and valency, particularly
affecting the Mn atoms in the system. Interestingly, the valency of the non-substituted Al
atoms remains unchanged compared to Mn4Al;;, with the only notable alteration occurring
in the Mn atoms. Ultimately, in the MnyAl;(Ge structure, the valencies of Mn; and Mny
become equal, which leads to the complete loss of the magnetic character, highlighting the

significant impact of substitutional doping on the magnetic properties of the alloy.
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Conclusion

The MnyAly; compound is intrinsically unique, with very few compounds exhibiting 10-fold
coordination in a bicapped square antiprismatic environment. The material-specific insights
into Mn4Aly;, particularly concerning the collapse of the half-metallic gap under strain and
the MIT upon Ge substitution in this low-symmetry intermetallic compound, offer valuable
physical insights. Our study unequivocally demonstrates the robustness of the electronic
and magnetic characteristics of the ferrimagnetic half-metallic MnyAl;; compounds. One
of the key findings is the significant role played by the Jahn-Teller distortion, which has a
direct influence on the electronic properties of these structures, particularly given the notably
lower crystal symmetry. The lack of symmetry is also prominently reflected in the magneto-
crystalline anisotropy, reinforcing the idea that the crystal’s structural characteristics are
deeply intertwined with its magnetic behavior. The magnetization is observed to evolve
steadily with applied strain, highlighting its inherent stability; however, the half-metallic
band-gap is found to vanish beyond a —2% uniaxial strain. This observation suggests that
while the half-metallic character is sensitive to strain, the magnetic properties are far more
resilient, maintaining their integrity even as the electronic structure transitions. Thus, we
can conclusively assert that the magnetic character of MnyAl;; is more robust than its
half-metallic nature under external strain, underlining the resilience of its ferrimagnetic
properties. DFT and COHP analysis revealed how Ge substitution and uniaxial strain
impact bonding interactions and magnetic behavior. While the half-metallic character of
MnyAly; s sensitive to strain, the ferrimagnetic properties remain resilient. Additionally,
Ge doping induces a MIT and alters the magnetic properties, highlighting the tunability
of these materials for potential applications in spintronics and semiconductor technologies.
The observed MIT in MnyAl(Ge is a distinctive consequence of site-specific substitution,
which is closely tied to crystal symmetry. Although six MngAly;_,Ge, configurations were
studied by substituting Al with Ge at six symmetry-inequivalent sites in the MnyAly; (P1)

structure, we found that substitution at the (000) symmetry position is particularly critical
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for inducing the MIT. Therefore, we conclude that the band-gap in the Mn-Al-Ge system is
not merely composition-dependent, but is instead strongly governed by the symmetry of the
substitution site. These findings offer valuable insights into designing advanced materials

with tailored electronic and magnetic properties.
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