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The search for high-performance spintronic materials motivates the exploration of Heusler alloys with uncon-
ventional electronic properties. Using density functional theory with Hubbard correction (DFT+U, U = 4 eV), we
investigate X,MnGa (X = Ti, Ir) alloys, which stabilize in the ferromagnetic L2;-type structure with strong ther-
modynamic stability. Electronic structure calculations reveal contrasting behaviors: Ti,MnGa transitions from a
metallic L21-type phase to a spin gapless semiconductor (SGS) in the XA-type, while Ir,MnGa exhibits gapless
half-metallicity behavior in the L21-type but becomes half-metallic in the XA-type. The magnetic properties are
governed by spd hybridization between Mn-3d and X-d/Ga-p states, which stabilizes ferromagnetism and tai-
lors electronic states near the Fermi level. The Hubbard U correction proves essential for accurately describing
the correlated Mn-3d electrons. These alloys combine structural stability with tunable electronic and magnetic
properties, offering a promising platform for spin-polarized transport in next-generation spintronic devices.
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1. Introduction

The accelerated development of spintronic systems, which exploit both the charge degree of freedom
and quantum-mechanical spin of electrons, has necessitated the discovery and design of advanced
functional materials with precisely tunable electronic structure and magnetic order parameters. Among
the most promising candidates are Heusler alloys, a versatile class of intermetallic compounds that
exhibit remarkable functionalities such as half-metallic ferromagnetism, 100% spin polarizability and
high Curie temperatures, making them ideal for spin-based electronics [1}[2]. These materials have found
applications in magnetic random-access memory (MRAM), spin-injection devices, high-density data
storage technologies, giant, tunnel and colossal magnetoresistive (GMR, TMR, CMR) sensors [3H5]].

Heusler alloys are broadly categorized into full-Heusler (X, YZ) and half-Heusler (XYZ) structures,
where X and Y are typically transition metals and Z is a main-group element. Their electronic structure
can be precisely tuned by varying composition, leading to diverse transport behaviors [6], including
half-metallic (HM), spin gapless semiconducting (SGS) and gapless half-metallic (GHM) states [7H10].

The exceptional magnetic properties of Heusler alloys stem from the strong spd hybridization between
transition metal (Mn, Co, Fe, . . .) d-states and main-group (Ga, Al, Si, . . . ) p-states, which governs their
electronic and magnetic behavior. This hybridization leads to the formation of spin-polarized bands near
the Fermi level, stabilizing ferromagnetic (FM) or ferrimagnetic (FiM) ordering. The nature of magnetic
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coupling in these alloys is highly sensitive to atomic arrangement, composition and interatomic distances,
allowing for precise tuning of their magnetic moments and exchange interactions [11H13]].

In full-Heusler alloys (X;YZ), the magnetic moment is primarily localized on the transition metal
(X, Y) sites, with Mn-based alloys often exhibiting high spin polarization due to their half-filled 3d
orbitals [14]. Co-based Heusler alloys (CooMnSi, CoyFeAl, ...) are classic half-metallic ferromag-
nets [15H17], where one spin channel is metallic while the other is semiconducting, enabling 100%
spin-polarized currents. Ferrimagnetic Heusler alloys (Mn-based compounds) exhibit compensated mag-
netic moments [18-20], where antiparallel alignment of Mn spins results in a net zero magnetization,
making them ideal for low-energy-loss spintronic devices.

Martensitic transformations in Mn-rich Heusler alloys (Ni-Mn-Ga, Ni-Mn-In, Ni-Mn-Sn, . . . ) enable
remarkable multifunctional properties [21H23]], including temperature or stress induced shape-memory
effects (SME) and giant magnetocaloric effects (MCE), facilitating applications in magnetic shape-
memory actuators and strain-mediated spintronics where magnetic anisotropy is controlled through lattice
deformation. Beyond these conventional properties, recent discoveries have unveiled novel electronic
states in Heusler alloys. SGS like Cr,ZnSi [24]] exhibit a direct touch between the valence and conduction
bands at the Fermi level in one spin channel, enabling fully spin-polarized transport with minimal energy
excitation, ideal for low-power spintronics. Similarly, Ti;MnAl [25]] shows bandgap closure in the spin-
up channel, allowing near-zero-energy spin-polarized conduction for high-speed devices. Meanwhile,
Mn3Ga [26] exhibits characteristic gapless half-metallic behavior with 100% spin polarization, featuring
a unique electronic structure where one spin channel shows gapless semiconducting properties while the
other remains metallic. Theoretical studies suggest that this material possesses compensated ferrimagnetic
ordering and may undergo martensitic transformations, similar to the related Mn-based Heusler alloys.
These Heusler compounds, with their unique electronic structures and magnetotransport properties, are
pivotal for advanced spintronics.

In this work, we employ state-of-the-art first-principles calculations incorporating Hubbard U correc-
tions (DFT+U) to conduct a comprehensive and systematic investigation of the structural, electronic and
magnetic properties of X,MnGa (X = Ti, Ir) Heusler alloys. Our computational approach combines den-
sity functional theory with the generalized gradient approximation (GGA-PBE) for exchange-correlation
effects, augmented by a Hubbard U correction of 4.0 €V applied to the strongly correlated 3d-5d-4f states
in order to accurately capture their localized character and hybridization effects.

2. Calculation details

To account for strong electron correlations, first-principles calculations were performed using the
full-potential linearized augmented plane-wave (FPLAPW) method as implemented in the WIEN2k
code [27, 28], within the framework of density functional theory (DFT) [29]. The exchange-correlation
effects were treated using the GGA-PBE [30], with an additional Hubbard U correction (GGA+U,
U = 4.0eV) applied to the Mn-3d states to account for strong electron correlations [31]]. This approach
mitigates the self-interaction error in standard GGA for localized d-electrons. The muffin-tin radii (Ryt)
were chosen to satisfy Ryt X Kmax = 8.0, ensuring a well-converged basis set, while Brillouin zone
integration was carried out using a 10 x 10 x 10 k-mesh (1000 k-points). The self-consistent calculations
converged with an energy criterion of 107> Ry for electronic relaxation. The electronic configurations
of the constituent elements were explicitly considered to accurately describe their valence states and
hybridization effects in the system: Ti (3d%4s2), Ir (4 £1%5d76s5%), Mn (3d’4s?) and Ga (3d'%4s%4p").

3. Spin-dependent bandscapes

Figure [I] illustrates four distinct types of spin-dependent band structures, each enabling unique
functionalities in spintronics: (a) GHM exhibit Dirac-like metallic spin-T states with linear dispersion,
while spin-| remains semiconducting with zero bandgap, enabling high-speed spintronic devices [32}33]];
(b) SGS have gapless spin-T bands (zero DOS at Er) while spin-| bands are gapped, enabling ultra-
low-power spin transistors and quantum sensors [34]; (c) HM are 100% spin-polarized (T=metallic,
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l=semiconducting), ideal for MRAM and spin injection [35] 36]; (d) magnetic metals (MM) conduct
both spin-T and spin-| electrons with partial spin polarization, making them useful for spin valves and

GMR sensors [37].
\ | Ef Ef

(@ ) © @)

Figure 1. (Colour online) Spin-polarized band structures: (a) gapless half-metal, (b) spin gapless semi-
conductors, (c) half-metals, (d) magnetic metal.
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4. Results and discussion

4.1. Structural properties

The crystal structures of the full Heusler alloy X,MnGa (X = Ti, Ir) are shown in figure[2] displaying
both: (a) the conventional L2-type structure (space group Fm3m, No. 225), (b) the inverse Heusler XA-
type structure (space group F43m), where both structures consist of four interpenetrating face-centered
cubic (fcc) sublattices with distinct atomic arrangements: in the L2 -type structure, the Ti/Ir atoms occupy
the (0.25, 0.25, 0.25) and (0.75, 0.75, 0.75) Wyckoff positions, Mn occupies (0, 0, 0) and Ga is located
at (0.5, 0.5, 0.5), while for the inverse XA-type structure, one Ti/Ir atom sits at (0, 0, 0), another at
(0.25, 0.25, 0.25), Mn at (0.5, 0.5, 0.5) and Ga at (0.75, 0.75, 0.75), with muffin-tin radii (Ry) typically
chosen as Ti = 2.2, Ir = 2.5, Mn = 2.0 and Ga = 2.1 atomic units to ensure a proper overlap in the DFT
calculations while minimizing computational artifacts.

To determine the stable ground-state configurations, we performed total energy versus volume (E-V)
calculations for both the L2 -type and X A-type structures, then fitted the data using the Birch-Murnaghan
equation of state [38]].

B

E(V):E()+m

A
-

B
% + 5 (V=1). .1

Figure |3| compares the total energies of: (a) Ti,MnGa, (b) Ir,MnGa in L2;-type (Fm3m) and XA-type
(F43m) configurations. Our calculations confirm that the L2,-type structure is energetically favorable,
exhibiting a lower total energy than the XA-type structure. This stabilization primarily originates from
optimized chemical bonding and hybridization effects between the constituent elements. In the L2
structure, the Mn atoms occupy a high-symmetry position that maximizes favorable d—d orbital overlap
with neighboring transition metals (Ti/Ir) while maintaining optimum charge transfer to Ga sp-states.
This coordination geometry enhances covalent bonding and band filling efficiency compared to the
XA-type structure, resulting in greater thermodynamic stability.

Table([T|presents the computed structural parameters of X,MnGa (X = Ti, Ir). The lattice constants (a)
were optimized through energy-volume calculations and the bulk modulus (B) along with its pressure
derivative (B’) were extracted from Birch-Murnaghan equation of state fitting. The corresponding equi-
librium energy (Ey) at the minimum energy configuration is also reported.
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Figure 2. (Colour online) Crystal structures of Ti;MnGa and Ir, MnGa: (a) conventional L2 -type structure
(space group Fm3m) and (b) inverse XA-type structure (space group F43m).

The calculated structural parameters reveal several key trends. The L2;-type phase consistently
exhibits smaller lattice parameters (¢) compared to the XA-type structure for both compounds, indi-
cating denser atomic packing. Bulk modulus (B) values are considerably higher in the L2;-type phase
(148.99 GPa for Ti,MnGa compared with 236.17 GPa for Ir,MnGa), demonstrating greater structural
rigidity. The pressure derivative (B”) values between 3.77-5.64 suggest normal elastic behavior for all
configurations. The lower minimum energies (En,) of the L2,-type phase confirm its thermodynamic
stability over the XA-type structure, with energy differences of 0.0228 Ry (Ti;MnGa) and 0.1432 Ry
(Ir,MnGa), respectively. These results correlate with the stronger d—d hybridization in the L2; configu-
ration observed in our electronic structure analysis.
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Figure 3. (Colour online) Energy versus volume curves for (a) TipMnGa and (b) Ir,MnGa in both L2{-
type and XA-type structures, calculated using PBE+U (U = 4¢€V).
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Table 1. Lattice parameters and properties of Ti;MnGa and IrMnGa compounds calculated via PBE+U.

Property L2, (Fm3m) XA (F43m)
TipMnGa | Ir,MnGa TipMnGa [ Ir,MnGa

Lattice constant

a(A) 5.9138 5.8461 5.9815 5.9036

Bulk modulus

B (GPa) 148.9958 236.1689 108.9095 199.1957

Pressure derivative

B’ 5.6251 5.1368 3.7698 4.6396

Minimum energy

Enin (Ry) -9620.921074 | —77638.080872 || —9620.898279 | —77637.937667

4.2. Electronic properties
4.2.1. Band structure

The electronic band structures of X,MnGa (X = Ti, Ir) Heusler alloys reveal fundamentally distinct
spin-dependent behaviors, as shown in figures ] and [5] These differences originate from their unique
electronic configurations, which dramatically influence their spin-polarized transport properties.

Ti;MnGa in the XA-type structure exhibits a characteristic spin gapless semiconductor behavior
(confirmed by [39])). As visible in Figure[db, the spin-1 channel presents an indirect band gap of 0.528 eV
between the I" and L points, while the spin-| channel forms a zero-gap configuration, where the valence
and conduction bands touch precisely at the Fermi level (E ). This unique band alignment enables efficient
spin-polarized transport, as charge carriers in the spin-| channel can be excited without overcoming an
energy barrier, while the spin-T channel remains semiconducting. When transformed to the L2;-type
structure (figure ), this delicate SGS configuration is lost. Both spin channels cross Ef, resulting in a
conventional ferromagnetic metallic state. The disappearance of the SGS behavior in the L2 phase can
be attributed to the altered crystal field splitting and hybridization between the Ti-3d, Mn-3d, and Ga-4p
orbitals, which modifies the band structure near Eg. This transition underscores the critical role of atomic
ordering in determining the electronic properties.

Ir,MnGa demonstrates markedly different electronic behavior compared to its Ti counterpart, as
evidenced in figure [Sh. The strong spin-orbit coupling (SOC) from iridium 5d electrons plays a decisive
role in shaping its electronic structure. In the L2;-type phase, the system exhibits a rare gapless half-
metallic state, the spin-T channel shows metallic conductivity with bands crossing the Fermi level (EF),
while the spin-| channel forms a zero-gap configuration where the valence and conduction bands touch
at Ep. This unique state arises from the interplay between SOC-induced band splitting and the specific
symmetry of the L2 lattice, which preserves degeneracies at certain high-symmetry points. When
transformed to the X A-type structure (figure[5p), Ir,MnGa transitions to a standard half-metal (confirmed
by [40])). The spin-T channel opens an indirect band gap of 0.212 eV between the I" and X points, while
the spin-| channel becomes metallic with band overlap at Er. This change stems from the XA structure
lower symmetry, which breaks degeneracies and enhances exchange splitting compared to the .21 phase.
The result is a clear separation between valence and conduction bands in the minority spin channel while
maintaining metallic conductivity in the majority spins.

These results demonstrate how electronic properties are intimately connected to both crystal structure
and elemental composition. The Ti system shows particular phase sensitivity, while the Ir compound
maintains robust spin polarization across structures. The comparative analysis reveals the complex
interplay between spin-orbit coupling and crystal symmetry in these technologically important materials.

4.2.2. Density of states

Figure [0] illustrates the spin-dependent total and atomic density of states (DOS) for Ti,MnGa and
Ir,MnGa in both L2-type and XA-type structural configurations.
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Figure 4. (Colour online) Spin-polarized band structure of Ti MnGa calculated using PBE+U (U = 4¢€V)
for both (a) L2 -type and (b) XA-type structures.

33702-6



Beyond conventional half-metals

Ir,MnGa L2,-type Spin up Ir,MnGa L2,-type Spin down

S o
. Q/ Nl%(/ \
SN 27&{

2 N

4 B RO

e s N
4 e
: %><

2
-
-

e Ir,MnGa (XA-type) S Ir,MnGa (XA-type) Spin down
”_Q \/\ /|
6 /\
5]
T
3]
24 \_g
% = /\ ,__/_
? 01 - " ~—— | — —
= 1+ =
= 1 /y ——
e — ~
= S
- __& N
*5 -
%]
-7 ]
-8 ] -8 T
w L r X w K w L T X W K

Figure 5. (Colour online) Spin-polarized band structure of Ir,MnGa calculated using PBE+U (U = 4¢€V)
for both (a) L2 -type and (b) XA-type structures.
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For Ti;MnGa, while the Ti contributions are more prominent in the conduction band (0 to 5 eV),
there is a noticeable overlap with Mn in the upper valence band (-5 to 0 eV), suggesting a degree of
covalent bonding due to hybridization between Ti and Mn atoms. This hybridization is particularly strong
in the L2-type structure, where the symmetric arrangement of atoms maximizes orbital overlap. The Ga
contributions, while less dominant, play a crucial role in mediating charge transfer between transition
metal sites (Ti and Mn), particularly in the lower valence region (—8 to —7 eV).

For Ir;MnGa, the Ir contributions are mainly concentrated around the Fermi level in the L2;-type
structure, showing strong overlap with Mn states in the range (—4 to 2eV). This indicates significant
hybridization, which promotes metallic behavior through enhanced electron delocalization. In contrast,
the X A-type structure exhibits more localized Mn states near the Fermi level and weaker Ir contributions,
reflecting reduced hybridization due to the lower symmetry. These differences highlight the sensitivity
of the electronic structure to the atomic arrangement and symmetry.

The superior stability and metallic character of the L2;-type structure arise from its enhanced hy-
bridization and symmetric coordination, which promote electron delocalization, as observed in Ti,MnGa.
In contrast, the XA-type structure exhibits anisotropic hybridization, leading to more localized states and
diverse electronic behavior, such as the half-metallic properties observed in Ir,MnGa, including the
possible formation of a gap in certain spin channels. These differences highlight the significant influence
of crystal symmetry and atomic arrangement on the electronic properties of Heusler alloys, as confirmed
by our calculations.
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Figure 6. (Colour online) Spin-dependent total density of states for (a) TipMnGa and (b) Ir,MnGa
calculated using PBE+U (U = 4¢eV) in both L2 -type and XA-type structures.

4.3. Magnetic properties

The magnetic moments of X,MnGa (X =Ti, Ir) in L2 and XA structures were calculated via PBE+U
(U = 4eV). Table 2 shows the atom-resolved and total moments, revealing the impact of atomic species
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and crystal symmetry. Comparison with the Slater—Pauling rule [41} |42] highlights deviations due to
electronic localization and hybridization effects.

Table 2. Magnetic moments (in up) of TipMnGa and Ir,MnGa compounds calculated via PBE+U.

Property L2; (Fm3m) XA (F43m)
Ti,MnGa | Ir,MnGa || Ti;MnGa | Ir,MnGa

Interstitial moment

M, -0.30669 0.08026 -0.75716 0.04452

Transition metal moment

Mx (X =Ti/lr) —-0.23601 0.12941 —0.28886 | —0.24595

Manganese moment

Myin 3.34682 3.39502 3.15768 3.44853

Gallium moment

Mg, -0.02189 0.00140 -0.00306 | —-0.02329

Total magnetic moment

Mot 3.49026 3.99432 1.81973 2.97786

As shown in table[2] Mn exhibits the largest magnetic moment (3.16-3.45ug), considerably reduced
from the expected 5up for isolated Mn?*. This reduction stems from three factors: strong Mn-3d/X-d/Ga-
p hybridization, d-electron delocalization and crystal field effects.

Our calculated moments agree well with literature values: 3.99up for Ir,MnGa compared to the re-
ported 4.02ug [43] and 3.49up for Ti;MnGa relative to 3.38up [44], with minor differences attributable
to computational parameters. The magnetic configuration shows antiferromagnetic Ti-Mn coupling (re-
ducing the net moment) and structure-dependent Ir-Mn alignment.

Moment magnitudes vary with structure: the L2; phase shows higher moments (3.5-4.0up) due to
parallel alignment, while the XA phase exhibits reduced moments (1.8-3.0up) from enhanced antiferro-
magnetic coupling. These results demonstrate the combined influence of spin alignment, local symmetry
and electronic hybridization, validating our computational approach while revealing the parameter sen-
sitivity.

5. Conclusion

This study reveals the fundamental structure-property relationships in TioMnGa and Ir,MnGa Heusler
alloys through first-principles calculations. Three key findings emerge, the electronic ground state is
highly sensitive to both composition and crystal symmetry, with Ti,MnGa transitioning from spin
gapless semiconductor (SGS) behavior in the X A-type structure (zero spin-T gap and 0.5 eV spin-| gap)
to conventional ferromagnetic metallicity in the L2;-type phase, while Ir,MnGa shifts from gapless
half-metallicity (L2;) to conventional half-metallicity (XA-type). Magnetic properties are dominated by
Mn-3d states with moments reduced to 3.16-3.45up from the atomic Sup limit due to strong d—d/d—
p hybridization and crystal field effects. The Slater—Pauling rule partially governs the total moments,
with deviations revealing complex interatomic exchange mechanisms. These results demonstrate how
targeted substitutions (Ti, Ir) and structural control (L2, XA) can tune these alloys for specific spintronic
applications requiring either fully spin-polarized transport (Ir-rich compositions) or low-power excitations
(Ti-based SGS states).
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Mo3a mexxamm 3BNYANHUX HaniBMeTaniB: 6e3LiJINHHI CTaHU Ta
6e3LWiNIMHHA cniHOBa HaNiBNpoBiAHNKOBa NoBejiHKa B
cnonykax levicnepa X;MnGa (X =Ti, Ir)

H. EyTenbeam, H. XainHP], L. ya,qxaE], X. PaLueﬁF]

L JlabopaTopis TeopeTnuHoi di3nkn Ta Gisnkm matepianis, YHiBepcuTeT Xacciba beHbyani, LLned, Anxunp

N

JlabopaTtopis koHAeHcoBaHWX cuctem, OpaH 1 YHiBepcuTeT Axmega beH Bennm, OpaH, Anxup

3 JlabopaTopis MarHiTHUX MaTepianis, YHiBepcuteT Mkunnani fliabec, Cigi-benb-Abbec, Anmxnp

MoLuyk BUCOKONPOAYKTUBHUNX CMIHTPOHHMX MaTepianiB MOTUBYE AOCAiKeHHs cniaBis lelicnepa 3 HeTpaauLili-
HVIMW e1eKTPOHHNMU BAaCTUBOCTAMU. BkopumcToBytoun Teopito GyHKLioHany rycTMHM 3 nonpaskoto Xabbapaa
(DFT+U, U = 4 eV), Mu gocnigxyemo cnnasm XoMnGa (X = Ti, Ir), fiki cTabinisyrotbca y GepomarHitHiin crpykTypi
TNy L2 3 CMbHOKO TEPMOAMHAMIYHOLO CTIKICTIO. PO3paXyHKM BUABAAIOTL Pi3HY NOBEAiIHKY eNeKTPOHHOI CTpy-
kTypu: TioMnGa nepexoanTb 3 MeTaneBoi ¢pasm Tmny L21 y cniH-6e3LWwinuHHKA HaniBnpoBigHUK (SGS) Tnny XA,
Togi sk Ir,MnGa seMOoHCTpye 6e3LinnHHYy HaniBmeTaneBy NoBediHKy y Tuni L2, ane ctae HaniBMeTaneBuM y
TVNi XA. MarHiTHI BAacTUBOCTI BU3HAYakoTbCst spd ribpuamsadieto Mix ctaHamm Mn-3d Ta X-d/Ga-p, sika cTabini-
3ye epomarHeTusm Ta ajanTye eNekTPoHHI cTaHu nobausy pisHa ®epmi. Monpaska Xabbapaa U BuasnaeTbes
BaX/IMBOO A/t TOYHOTO OMMUCY CKOPebOBaHUX enekTpoHiB Mn-3d. Lii cnnaBu NOEAHYOTL CTPYKTYPHY CTabinb-
HiCTb 3 perynboBaHNMMN eNeKTPOHHNUMM Ta MarHiTHUMMW BAaCTUBOCTAMY, CTBOPIOHOUM NepCreKkTUBHY OCHOBY ANS
CMiH-NONAPW30BaHOro NepeHocy B CAIHTPOHHIYHUX NPUCTPOSX HACTYMHOrO MOKOAIHHS.

Knrouosi cnoBa: crniiasu levicnepa, cniHTpoHika, DFT+U, criHOBI 6e3LyiinHHI HaniBrnpoBigHVKY, HarniBMmeTany,
MarHitHi Mmatepiaan
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