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SUMMARY

Half-metallic materials are widely used as spintronic devices such as electrodes, magnetic tunneling junc-
tion, and giant magnetoresistance. In this work, we have systematically investigated the structural stability,
Gilbert damping, electronic structure, and magnetism together with exchange interactions and Curie temper-
atures for Mn,TaAl and Mn,WAI alloys. Initially, we estimate their structural stability and offer possible phase
synthesis. Subsequently, the Gilbert damping parameters calculated by the linear response theory are used
to assess their response speed as spintronic materials. Furthermore, the Mn,TaAl and Mn,WAI are predicted
to be half-metallic and nearly half-metallic ferrimagnets and their total magnetic moments obey the Mt = Z-18
rule. Accordingly, their Curie temperatures for Mn,TaAl and Mn,WAI are also evaluated by the mean-field
approximation. Finally, their thermodynamic parameters within 0~600 K and thermoelectric properties within
200~900 K are discussed. Overall, our research for Mn,TaAl and Mn,WAI alloys might provide some valuable

clues for their application in spintronic devices.

INTRODUCTION

Half-metal is defined as one of the spin configurations displaying
the metallic behavior, and the other is the behavior of a semicon-
ductor or insulator which leads to the conduction electrons fully
polarized at the Fermi level. The unique character was first
discovered when studying the band structure of NiMnSb.'
Half-metallic (HM) spintronic devices such as magnetic tunnel
junctions, electrodes, spin filters, and giant magnetoresistance
exhibit many merits compared with conventional electronic de-
vices, such as the stronger non-volatility, higher integration,
faster data processing speed, and lower energy consumption.?
Consequently, the HM materials represent a prospective avenue
for the development of next-generation electronic devices.

In recent years, the half-metallicity is found among many ma-
terials, such as the metal oxides CrO,, Fe30,, Lag 7SrgsMnOs,
Sr,FeMoOg and SrzRu,0,,° binary alloys,”'? and Heusler al-
loys."®° Among the aforementioned materials, it is particularly
interesting for Heusler alloys because of their structural compat-
ibility with conventional semiconductor, as well as their poten-
tially low Gilbert damping and high Curie temperature.”'~>°

Heusler alloys are divided into the full-Heusler and half-Heus-
ler alloys,?” their chemical formula are X,YZ and XYZ, where X
and Y are different transition metals (TMs), and Z is sp element.
Full-Heusler alloys X,YZ usually crystallize into the structures of
L2, and Hg,CuTi types; they have four positions of A (0, 0, 0), B

(1/4,1/4,1/4), C (1/2,1/2,1/2) and D (3/4, 3/4, 3/4), respectively.
The atomic occupations in Wyckoff positions are generally
decided by the number of their outermost valence electrons;
when the valence electron of X atom is greater than that of Y
atom, the X atoms occupy the positions of A and C, forming
the L2, structure.”® Instead, the Hg,CuTi structure is formed.
Half-Heusler alloys with C1, structure is formed when one of X
atoms in the full-Heusler X,YZ is absent.

Until now, many Heusler alloys are predicted to be HM mate-
rials. Among these half-metallic materials, the Co,-, Mn,-, Feo-
and Ni,-based HM Heusler alloys attract widely attention.?*2933
Among them, the Mn,-based Heusler alloys are concerned
particularly due to their relatively low cost and plasticity. It is re-
ported that the Mn,VAI and Mn,CrAl are half-metals with high
Curie temperature,®*° and the Ta and V elements as well as
Cr and W elements have the same outer valence electrons
because of their same cycle, therefore, we want to know whether
they are still half-metals when the V atom in Mn,VAI or the Cr
atom in MnyVAI is replaced by Ta or W atom. Another reason
for the quest is to find the half-metal with high Curie tempera-
tures, which is likely to be realized by changing the components
of Heusler alloys and expanding the database of spintronic
materials.

Inthe current work, we take the Mn,TaAl and Mn,WAI alloys as
an object, and study their structural stability, Gilbert damping
parameter, electronic structure and magnetic properties as
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well as exchange interaction and Curie temperature since the
Mn,VAI alloy has been prepared in experiment.®” The purpose
is to provide theoretical guidance for the experimental synthesis
of the two alloys and their application in spintronic devices. The
manuscript is organized as follows: Section 2 provides calcula-
tion details, Section 3 displays the results and discussion, and
Section 4 gives the summary and conclusions.

Calculation details

The full potential local orbital minimum basis code>® was applied
to calculate the electronic structure and magnetism of Mn,TaAl
and Mn,WAI. The Perdew-Burke-Ernzerhof (PBE) parameteriza-
tion in the framework of the generalized gradient approximation
(GGA) is applied for scalar and fully relativistic calculations,® the
Brillouin zone with a 30 X 30%x30 k-points is used. The density
functional theory with the spin in the VASP software package®
and the projector-enhanced wave (PAW) potential*' were used
to calculate the stability, elastic constants, electron localization
function and charge density, the PBE function is utilized to ac-
count for exchange correlation effects. The plane-wave cut-off
energy was set to 600 eV and the Brillouin zone was sampled
with Monkhorst-Pack grid.*> The 20° k-points in the Brillouin
zone are generated for lattice optimization.

In addition, the exchange interactions of Mn,TaAl and Mn,WAI
alloys are obtained by Munich SPRKKR-program,*® where the
Fermi energy was determined by the Lloyd’s formula.***° The
Vosko-Wilk-Nusair (VWN) correlation potential, /,,.x = 3 angular
momentum cutoff and 222 mesh are employed when calculating
the exchange coupling parameter*® since the calculations of
Fei00Zx (Z = Ga, Ge, Al) indicate that the Curie temperature
obtained by the LDA-VWN approximation is in good agreement
with the that of experiment.*’

The Hamiltonian (H) of system with spin is represented as
follows:

H= - eed; (Equation 1)
i

where J;; denotes the exchange interaction of the spins of sites /
and j, e; and g; are the unit vectors of the magnetic moments
at atomic sites /i and j, J; is calculated by the LKAG
formalism:*8~>°

1 [ ,
Jj = ;[ ImTr<Ai~riJTAjﬂrj?>de (Equation 2)

©

where 7; and e are the scattering path operator and the Fermi
energy, respectively, and A; =t; ,1T -t ,1l means the spin-
resolved difference of single-site scattering matrix t; of site i.
For the Mn,TaAl and Mn,WAI, we solve the following coupled
equations:

3 v v
58 TYFA(eH) = XV:JS (e

g =

r+0

(Equation 3)

(Equation 4)
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where e is denoted as the average z component of the unit
vector ef from the direction of the magnetic moment of site
(v, ). Equ. 3 is be rewritten as:

(@-THhE =0 (Equation 5)
3 ) .
Ekg@w, = Jg (Equation 6)

The maximum eigenvalues of the ® matrix are the Curie
temperatures of two alloys. Calculation details can also be
found in ref. 51-53 BoltzTraP is a modern implementation of
the electronic energy band smoothing Fourier interpolation al-
gorithm, which is the basis for the widely used original
BoltzTraP code.®* We make BoltzTraP compute the hotspot
parameter, which enables Fourier expansion of the energy
bands and special functions to preserve the symmetry of the
space group.

RESULTS AND DISCUSSION

Crystal and stability
First, we model the structures of full-Heusler alloys Mn,TaAl and
Mn,WAI as displayed in Figure 1, where the Mn atoms take up
the Wyckoff positions of Aand C, and the Ta or W atom is located
in the B position, forming the L2, structure. Furthermore, we
calculate the ferromagnetic total energies of both alloys, and fit
their data of total energy and volume to determine their magnetic
ground states, the fitted lattice parameters of ground state are
listed in Table 1. On the basis of the magnetic ground states,
we evaluate their structural stability and offer their possible
phase synthesis.

The energy of formation E;, which is used for the measurement
of the thermodynamic stability, is defined as®®

(Equation 7)

where E;; is the total energy, u; and x; denote the atomic
chemical potential and the amount of the ith element, Naiom
is the atomic number per formula unit, respectively. From
the Table 1, we can see a negative E; for Mn,TaAl and
Mn,TaAl alloys, indicating that they are easier synthesized in
experiment. To find most probably decomposition reaction,
we also discuss the convex hull and phase separation for
both alloys. Based on the database OQMD,°® Mn,TaAl is likely
to decompose into binary TaAlz, TaMn, Mn,Al phases, and the
Mn,WAI is decomposed into Mn,Al and W components, and
their convex hulls are —1.393 and —1.364 eV/atom, respec-
tively, as listed in Table 2. It is reported that Heusler alloys
can be synthesized when their convex hulls are less than 0.1
eV/atom.”” Therefore, Mn,TaAl and Mn,WAI alloys meet the
thermodynamic stability, they are extremely possible synthe-
sized in experiment because their convex hulls are very small.
In addition, we also provide possible phase diagram for the
synthesis of Mn,TaAl and Mn,WAI alloys in Figure 2 according
to the database OQMD."®
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Figure 1. Unit cell and primitive cell of Mn2TaAl alloy
Crystal structure of Mn,TaAl and Mn,WAI alloys (A) unit cell and (B) primitive cell.

Subsequently, we assess the dynamical stability for
Mn,TaAl and Mn,WAI. From the Figure 3, we see that the
imaginary frequencies of phonon spectra for both alloys are
absent, which means that they are dynamically stability.
In addition, the fluctuations in total energy over time to esti-
mate thermal stability. For the Mn,TaAl and Mn,WAI alloys,
Figure 4 shows the curves of total energy versus time at
300 K and 100 K, implying that the two alloys satisfy the ther-
mal stability by comparing the structures before and after the
evolution.

Moreover, the elastic constants C; is calculated to measure
the mechanical stability of both alloys by using the following

formula:
1 (0%E
=y, (a_)

where E and V, denote the internal energy and the volume at
equilibrium, respectively, ¢ and g denote the applied strains.
The Born-Huang criteria in Equ. 9 can be used to evaluate the
mechanical stability of Mn,TaAl and Mn,WAI:

(Equation 8)

_ Ci +ZC12>

5 3

0 (Equation 9)
Cy1 — C12>0

C44>0
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based on the elastic constants in Table 1, we conclude that
Mn,TaAl and Mn,WAI satisfy the mechanical stability. Besides,
we also derive the elastic properties from the elastic constants,
such as the bulk modulus B and the shear modulus G using
the Equations 10, 11, and 12:°°

_ Cy1+2Cy;

B
3

(Equation 10)

5C44(C11 — C12)

Gp =+~
A 4C4 +(Cy1 — Cy2)

(Equation 11)

_ Ci1 — C12+3Cus

Gv 5

(Equation 12)

where Gg and Gy denote the Reuss and the Voigt shear moduli,
respectively, the value of Voigt-Reuss-Hill is approximation
obtained by their arithmetic mean:®°

_ Gy +Ggr

@ 2

(Equation 13)

the Young’s modulus E, Poisson’s ratio v, anisotropy factor A,
and average sound velocity v,, are obtained:®’

9BG .

= 382G (Equation 14)
3B - 2G .

= 2@B+Q) (Equation 15)

Table 1. Calculated lattice parameters a.,, (A), formation energy E; (eV/atom), elastic constants C;; (GPa), bulk modulus B (GPa), shear
modulus G (GPa), Pugh’s criteria B/G, Young’s modulus E (GPa), Poisson’s ratio v, anisotropy factor A, average sound velocity v,,,
melting temperature T,,o;: (K) of Mn;TaAl and Mn,WAI alloys are shown

A”Oys Acal Ef C1 1 C1 2 C44 B G B/G E v A Vm Tmelt
Mn,TaAl 6.011 —-0.423 359.170 132.830 98.200 208.270 141.840 1.470 346.800 0.223 0.868 132.488 2543.983
Mn,WAI 5989 -0.394 411.630 157.350 114.180 242.110 161.770 1.500 396.910 0.227 0.898 137.628 2858.616
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Table 2. Most likely decomposition reaction, and the
decomposition energy AH along with convex hull in Mn,TaAl and
Mn,WAI alloys

Decomposition reaction

AH (eV/atom)®  Convex hull (eV/atom)

7MnyTaAl— 4MnoAl+ —0.299 —1.393
TaAl; +6TaMn
MnoWAI— MnAl+W -0.213 —1.364
ref. 47.
2C44 .
A= —— (Equation 16)
Ci1 — Cq2

(Equation 17)

Loz
N RN RS

3B +4G\?
vV, = 3p

o)

We have tabulated the calculated E, v, A and v,,, in Table 1.
The compressive strength of a material is quantified by B, the
stiffness is provided by E. It can be observed that the higher
the value of E, the stiffer the material. Poisson’s ratio, repre-
sented by the symbol v, is applied to measure the ratio of
lateral contraction to longitudinal elongation in elastic direc-
tion. The majority of metals exhibit v values of approximately
0.25, the v values of two alloys are smaller than those of
metals. In particular, the A values for Mn,TaAl and Mn,WAI
deviate from one, indicating the anisotropy of C;. Accordingly,
we also offer the two- and three-dimensional B, E, G and v of
Mn,TaAl and Mn,WAI in Figure 5, it is obvious that these pa-

(Equation 18)

(Equation 19)

A
Mn,TaAl

TaMn, Mn,Al

TaMn MnAl
TaMn,Al

n,Aly,

MnAl,

MnAl,

iScience

rameters show significant anisotropic behavior except for the
bulk modulus. Based on the Pugh’s criteria,®* the material ex-
hibits the ductility when B/G > 1.75, vice versa, indicating the
brittleness, we find that both alloys have a brittle behavior ac-
cording to the B/G value. Furthermore, the melting tempera-
ture T Of MNoTaAl and Mn,WAI is obtained by the following
equation:®®

Toer = 607 + 9.3 X B+555 (Equation 20)

We can see that the T, of MNno,WAI is higher than that of
Mn,TaAl because of its larger B.

The bonding properties can be characterized by the v. For the
ionic behavior, this ratio is equal to 0.25, while for metallic or co-
valent behavior, it is greater than or less than 0.25,°* respec-
tively. For Mn,TaAl and Mn,WAI alloys, the ratio is less than
0.25, indicating their covalent behavior (see Table 1). The Klein-
men parameter { is used to describe the stretching and bending
of bond. A value of { equal to zero indicates the minimization of
bond bending, whereas a value of { equal to one represents the
minimization of bond stretching.®® It can be seen from Table 3
that the ¢ about 0.5 implies a bond bending of the alloys. Addi-
tionally, the Vickers hardness H, is employed to characterize
the ductility and brittleness of material, the H, of a material rep-
resents its intrinsic resistance to deformation.®® In general, the
higher the hardness of the material is, the higher the brittleness
is. The calculated hardness proves the reliability of the results
of ductility or brittleness, indicating that the Mn,WAI alloy is
more brittle than that of Mn,WAIL. In addition, the compressibility
and the shear stiffness of material are measured through the first
and second Lames constants (x, p).°”

_ C11 + 8012 .
= m (Equat|0n 21)
pe B (Equation 22)

1+v)(1 — 2v)

Ta Ta,Al TaAl, Al

Figure 2. The phase diagram of a ternary Ta/W-Mn-Al system
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Figure 3. Calculated phonon spectrums for Mn,TaAl and Mn,WAI alloys

(Equation 23)

(Equation 24)

Gilbert damping parameters

In order to improve the data access time of magnetic memories,
replacing level caches and temporary memories of current
CMOS-based computing, faster magnetization reversal must
be realized, which requires ferromagnets with lower Gilbert
damping constants,®® and the value of Gilbert damping constant

-860
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-880

-900

-920

Total Energy (eV)

-940

-960 1 1 1 1
0 200 400 600 800

Time (fs)

1000

becomes an important indicator for the reduction of the switch-
ing current.

Subsequently, the Gilbert damping constant, which is derived
from the electronic structure of the Green’s function G+(E), is
calculated through using linear response theory, and can be ob-
tained in an efficient method through the utilization of the spin-
polarized relativistic of multiple scattering theory.®® The diagonal
elements u = x, y, z of the Gilbert damping tensor can be ex-
pressed as:

aﬂ-# =

9 Ty :
erotEI.:Tr<T° 7o T/0> (Equation 25)

c

where the factor g is 2(1+Mor/Mspin), Mior is the sum of the Mg,
and Mg, Where mgpin and my,, are spin and orbital magnetic

-920

Mn,WAI

-930
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Total Energy (eV)

-960

-970 1 1 1 1
0 200 400 600 800

Time (fs)

1000

Figure 4. Evolution curve of total energy with time for Mn,TaAl and Mn,WAI alloys at 300 K and 100 K

Note that the inserted pictures are before and after evolutionary structures
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Figure 5. Elastic properties of Mn2TaAl and Mn2WAI alloys
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Young Modulus (GPa) Poissons Ratio
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2D and 3D bulk modulus, shear modulus, Young’s modulus and Poisson’s ratio of (A) Mn,TaAl and (B) Mn,WAI alloys.

moments per formula unit. Equation 25 gives an o** at site 0, and
total contribution from all positions that have been indexed by j,
containing those with the value of j = 0. 7j; is provided by the
imaginary part of the multiple scattering operator. T is repre-
sented as T* = B(xM;),Bxe(T)."" The symbol(- - - )denotes
the configurational averages with the vertex corrections.”’ Usu-
ally, the o** with the vertex correction is more accurate than the
one without the vertex correction as it takes into account the
“scattering” in the Boltzmann equation, and corrects for damp-
ing errors. In Figure 6, we give the «** with vertex corrections.
Normally, the o** is determined by a combination of the spin-
orbit coupling (SOC) strength and the density of states (DOS)

6 iScience 27, 111257, December 20, 2024

at the Fermi energy level (Eg). However, the SOC in cubic crystals
can be omitted due to orbital quenching (see Table 4). Therefore,
o is only proportional to the value of DOS at the Ef. As illus-
trated in Figure 6, the Gilbert damping exhibit a comparable
pattern temperature, namely, there is an evident decrease for
o within 0~20 K, implying a sudden decrease for DOS at the
Er, and then increases in 20-50 K, and finally decreases and
plateau with increasing the temperature above 50 K, the peak
at 50 K shows a strong scattering. The o* values in Mn,TaAl
and MnoWAI alloys are 0.047 and 0.026 at 300 K and 100 K,
respectively. Therefore, we expect that Mn,TaAl and Mn,WAI
have a less response time in magnetic memories.
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Table 3. Magnetic moments (ug), Kleinmen parameter {, Lames constants (4, u), Vickers hardness H,, Gilbert damping parameters «
(300 K), and Curie temperatures T¢ (K) of Mn,TaAl and Mn,WAI alloys are shown

Alloys M, Ta/W Mn Al ¢ A m H, a TYFA
Mn,TaAl 1.999 —0.489 1.298 -0.107 0.511 113.730 31.560 8.577 0.047 345.6
Mn,WAI 0.999 —0.381 0.719 —0.058 0.523 134.290 36.690 9.228 0.026 113.4

Electronic structure and magnetic moment
In this section, we talk over the electronic and magnetism of
Mn,TaAl and Mn,WAI. Firstly, we show the total and resolved
DOS in Figure 7, it is clear the Mn,TaAl exhibits the HM property
because there is a metallic nature in minority-spin configuration,
and semiconducting nature in majority-spin direction. However,
for the Mn WA it is a nearly half-metal, it is because the bands
pass through the Er of spin configurations, and the DOS of ma-
jority-spin states at the Ef close to zero. Subsequently, we illus-
trate in detail the electronic distribution for both alloys. In terms
of the DOS of Mn,TaAl, the pseudo energy gap exists at 1 eV
and —0.4 eV of minority-spin states, the Mn-3d states give a
main contribution to total DOS within —3.0~2.0 eV in spin direc-
tions, it is the Ta-5d states between 2 eV-3 eV, the Al-3p states
provide a small contribution. In particular, the Mn-3d states show
the strong localization because of their sharp and large peaks
around the Eg, and display the hybridization with Ta-5d states
due to their peaks in the same energy. While for the Mn,WAI,
the contribution from the Mn-3d states is relatively large, espe-
cially around the Eg, and the W-5d states play a leading role
below —2 eV. In addition, we also find that the shape and hybrid-
ization of the total and orbital DOS are similar to those of
Mn,TaAl, suggesting that the band gap is led to the hybridization
between d-d orbitals. The contribution from the Al-3p states is
very small, but it offers the p-d occupation stabilizing the system.
The Mn,yTaAl and Mn,WAI alloys include the strongly corre-
lated 3days electrons, so it is necessary to account for the
Coulomb repulsion of these electrons. In addition, DFT calcula-

—— Mn,TaAl
0.20

o

-

(=2}
T

0.08 |

Gilbert damping parameter a (T)
o
)

0.04

0 100 200 300 400

Temperature (K)

tions usually underestimate the gap of the alloys. Hence, we re-
calculate the electronic states of Mn,TaAl and Mn,WAI in the
framework of PBE+U, PBE+SOC and PBE+U+SOC for com-
parison. For the PBE+U calculation, we add the U term at
U = 0.46 eV for the W-5d electron and U = 0.78 eV for the
Mn-3d electron, and U = 0.43 eV for the Ta-5d electron, where
we need to emphasize that the choice of U values is based on
the Slater-Condon parameters.”” The gap of Mn,TaAl alloy is
0.68 eV in the scheme of PBE+U, which is larger than 0.3852
eV in the framework of PBE, implying that Mn,TaAl retains its
HM nature. For the Mn,WAI alloy, its spin polarizations are
91.83% and 97.76% in the scheme of PBE and PBE+U, thus
the HM behavior is not observed. In addition, we note that
the localization of TDOS for both alloys is effectively reduced
due to the SOC effect.

Under the PBE+SOC approach, the spin of the electron is no
longer a good quantum number, thus preventing the electron ei-
genfunctions from maintaining the spin degrees of freedom. This
leads to the majority-spin wavefunction in the HM gap having a
partially minority-spin character, thereby destroying HM
behavior. In general, the Heusler alloys with heavier element
will cause a much higher spin-orbit induced DOS within the
gap.”® Another consequence of the SOC induces the emergence
of orbital moment, which are very small due to orbital quenching.
Based on the aforementioned analysis, we show the impact of
SOC on the DOS of Mn,TaAl and Mn,WAI alloys. As illustrated
in Figure 8, the DOS with SOC considered is almost identical
to the DOS without SOC. In this case, the half-metallicity of

0.07

—e— Mn,WAI

0.06 |-

0.05

0.04

0.03 |

Gilbert damping parameter a (T)

0-02 1 1 1 1
0 20 40 60 80

Temperature (K)

100 120 140

Figure 6. Gilbert damping parameters of Mn,TaAl and Mn,WAI alloys as a function of temperature are exhibited
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Table 4. Comparison of magnetic moments (ug) of Mn;TaAl and Mn,WAI alloys calculated by PBE, PBE+U and PBE+SOC methods

Methods Mn Ta Al Total Mn w Al Total

PBE 1.30 —0.49 —0.11 2.00 0.72 —0.38 —0.06 1.00
PBE+U 1.30 —0.49 -0.11 2.00 0.73 —0.39 —0.06 1.01
PBE+SOC 1.30 (0.03) —0.49 (0.03) —0.11 (—0.001) 2.00 (0.09) 0.71 (0.02) —0.37 (0.02) —0.06 (0.001) 1.00 (0.07)

Note: the orbital magnetic moments of each atom are indicated in parentheses

Mn,TaAl and Mn,WAI is wrecked, and their spin polarizations are
97.50% and 89.90%, respectively. Furthermore, the magnetic
moments with SOC considered are essentially unchanged, and
the orbital moments of both alloys close to zero, as listed in Ta-
ble 4. Finally, we discuss the effect of PBE+U+SOC on the elec-
tronic structure of Mn2TaAl and Mn2WA alloys as shown in Fig-
ure 8, and found that their spin polarizations are 97.82% and
95.26%, respectively. The atomic magnetic moments under
the PBE+U+SOC effect are almost unchanged in comparison
with those of the PBE+SOC effect, while the orbital magnetic
moments of transition metal atoms are slightly increased as
listed in Table 4.

To study the bonding characterization of Mn,TaAl and
Mn,WAI, the electron localization function (ELF) is displayed in
Figure 9; it is a helpful tool for the description of the distribution
of electrons in solids or molecules. A high ELF values indicate the

A ;3

presence of covalent bonds, nuclear or lone pairs of electrons,
and the defective electrons or ions or metal bonds are typical
of low values. The value of ELF ranges from 0 to 1, with an upper
limit of 1, implying that the electrons are fully localized. ELF = 1/2
means that the electrons form an electron pair alike to that of an
electron gas at that location.”* Here, the ELF maps and line pro-
files of atoms are reduced by 2.5 times as presented in Figure 9.
For the Mn,TaAl, the mean value of ELF between Mn and Al
atoms is 0.35, implying the occurrence of strong covalent
bonding. The value of ELF between Mn and Mn atoms as well
as Tiand Al atoms is only 0.15, suggesting the presence of metal
or ionic bonds. The value of ELF between Ta and Mn atoms is
0.1, indicating the presence of metal or ionic bonds. For the
Mn,WAI, the ELF value between Mn and Al atoms is 0.3, meaning
the appearance of strong covalent bonding, and the value be-
tween Mn atoms as well as W and Al atoms is 0.2, suggesting
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Figure 7. Total and orbital densities of states and energy bands of Mn,TaAl and Mn,WAI alloys
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a covalent bond. However, the ELF between W and Mn atoms is
only 0.13, indicating a metallic or ionic bond.

In the following, we discuss the bonding and anti-bonding
through the Crystal Orbital Hamilton Population (COHP),”® which
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decomposes the band into the pairwise interaction of the orbits
and are chemically bond-weighted DOS between neighboring
atomic pairs. The COHP is used to describe as the negative
value of DOS multiplied by the corresponding Hamiltonian
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Figure 9. Electron localization function and the profile lines of Mn,TaAl and Mn,WAI alloys
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matrix element and shows the contribution from the bonding
and anti-bonding states to the bands. A negative value of
COHP indicate bonding states, and the anti-bonding states to
the bands. A negative value of COHP indicate bonding states,
and the anti-bonding states is a positive value. In Figure 10,
we show the image of COHP, it can be seen that the 5d and
3d orbitals play a major contribution whether bonding or anti-

bonding states, and induce the origin of HM gap. The integral
values of COHP between atoms are presented in Table 5, we
can see that in the Mn,TaAl alloy, the bonding of Ta-Mn atoms
is stronger than that of others, followed by the Mn-Al atoms, and
the Mn - Mn bond is the weakest bonding. In the Mn,TaAl alloy,
the bonding states of Mn-W atoms are the strongest, followed
by Mn-Al atoms, and it is the weakest for Mn - Mn atoms.

Table 5. Crystal Orbital Hamiltonian groups for Mn,TaAl and Mn,WAI alloys

Materals MnyTaAl MnoWAI
Bonds Ta-Mn Mn-Mn Ta-Al Mn-Al W-Mn Mn-Mn W-AI Mn-Al
ICOHP -1.327 —0.247 —0.653 —1.244 —1.400 -0.273 —0.628 -1.290
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Subsequently, the origin of HM gap is discussed through local
density of states (LDOS) as displayed in Figure 11. Here, let us
take the Mn,TaAl to discuss it, the Mn-d states in the octahedral
field are split into d,,, dx,, and d,, states, and they are triple-
degenerate and called the t,4 states, and the double-degenerate
dp and d,. _ - states, known as the e ; states, and the t,, states
are lower in energy than those of e, . The Ta-d states in the
tetrahedral field are split into the d,,, d,, and d,, states, they
are also triple-degenerate, and called the t, states, and the d,.

0.013

and d,._,. states with double-degenerate called the e states,
and the t, states in energy are higher than the e states. From
the Figure 11, we can see that the exchange splitting from t,
and e, states as well as t, and e states are responsible for
the HM gap. Similarly, the conclusion can also be made for
Mn,WAL.

Whether the difference spin charge density plays also a role
in the formation of HM gap, the difference spin charge density
for MnyTaAl and MnoWAI alloys is displayed in Figure 12, it is

Figure 12. Spin differential charge density for Mn,TaAl and Mn,WAI alloys
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Table 6. Bader charge analysis of Mn,TaAl and Mn,WAI alloys
(+ means losing electrons, — means gaining electrons)

Alloys Ta/W Mn Al
Mn,TaAl +0.391 —0.785 +1.177
Mn,WAI —0.258 —0.654 +1.567

found that the Mn atom accumulates the electrons from the
Ta/W and Al atoms, which is good consistent with the calcu-
lated Bader charge (see Table 6), i.e., Mn atoms accumulate
the electrons, and the Al atoms lose the ones. In particular,
the Ta atom loses the electrons, and the W atom gains the
electrons. We can therefore suppose that the charge transfer
plays a partial role in forming the HM gap. Finally, we can
conclude that the d-d bonding and anti-bonding states, the
spin charge transfer and exchange splitting of d-d orbitals
work together to form the HM gap.

Finally, we concern the magnetic moments for Mn,TaAl and
Mn,WAI, it is found that the total magnetic moments comply
with the Slater-Pauling rule:”®"” M, = Z; —18 because their outer
valence electrons can be treated as itinerant electrons, where M;
stands for the total magnetic moments (in ug units), Z; represents
the total number of valence electron. There is an integral value of
2 ugand 1 ugin Mn,TaAl and Mn,WAI alloys (see Table 3). M; can
be interpreted by the d- and p-orbitals electrons occupation in
the crystal field as displayed in Figure 13. First, the octahedrally
symmetric Mn atoms hybridize with each other to form the t5g
and e g bonding states and the t;, and e, non-bonding states.
Furthermore, these bonding d-states hybridize with the Ta/W-
d orbitals to produce bonding and anti-bonding states again.
The Al atom also gives a single s state and triple-degenerate
Px, Py and p, states, which partially accommodate the charge
of the d orbitals. Finally, there are nine occupied states, so that
their total magnetic moment satisfies the M; = Z; —18 rule. In
fact, the rule is also reported in two literatures. Apart from this,
we can also see in Table 4 that the M; is mainly contributed by
the Mn atoms, with 1.3 and 0.72 ug in Mn,TaAl and Mn,WAI al-
loys, respectively, followed by the Ta and W atoms, the magnetic
moments are —0.49 and —0.38 ug, and the Al atoms show a very
small magnetic moments because they are completely unpolar-
ized, also, this is confirmed by the spin charge density shown in
Figure 14. Namely, atomic magnetic moments are primarily car-
ried by Mn atoms.

Exchange interaction and Curie temperature

To discuss the exchange interactions and the Curie temperature
for MnoTaAl and Mn,WAI, the Heisenberg exchange coupling pa-
rameters are shown in Figure 15, which include the Mn - Mn, Mn-
Al and Mn-Ta/W atomic interactions, the other are omitted
because of their very small values. Based on the exchange inter-
actions, itis clear the d-d (Mn - Mn and Mn-Ta/W) exchange plays
an important role in the interactions. Furthermore, all the interac-
tions are limited to the clusters with a radius of r < 2.5 A. Next, our
focus will be on the details of these exchange interactions.

Initially, let us take the Mn,TaAl as an example to discuss
the interactions, the first nearest-neighbor interaction in the
Mn - Mn exchange in the intra-sublattice was found to be posi-
tive at about 5 meV, it is negative value for the second nearest
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neighbor interaction of ~0.9 meV, the third exchange value
~1.4 meV is a positive value again, the oscillation behavior
shows the RKKY exchange.”® For the inter-sublattice Mn-Ta ex-
change, the exchange value is about 1.3 meV. This is because
that the Mn atomic moment is larger than that of the Ta or Al
atoms. We also find that the first nearest neighbor interaction
in the Mn - Mn intra-sublattice is about 2.5 meV, the second
nearest neighbor interaction close to zero, and the third ex-
change value is about 0.6 meV, and the oscillation behavior of
the Mn - Mn exchange interactions is obvious, implying an
RKKY behavior. The inter-sublattice Mn-W exchange is about
0.7 meV, and other values are close to zero. The Mn - Mn ex-
change is stronger than the Mn-W/Al exchange because of
larger atomic moment. The exchange values for Mn,TaAl are
larger than those of Mn,WAI, which ascribes to its larger atomic
magnetic moment (see Table 3). Finally, it can be concluded that
the d-d and the RKKY exchange together bring about the occur-
rence of ferromagnetically ordered phase in both alloys. Based
on the above discussion it can be seen that the Mn - Mn ex-
change contributes significantly to the total exchange. Indeed,
positive values of the interaction imply ferromagnetic exchange
and negative values imply anti-ferromagnetic exchange. The ex-
change interactions between constitutions were applied to
assess the Curie temperatures of Mn,TaAl and Mn,WAI (see Ta-
ble 3), it can be seen the Curie temperature of Mn,TaAl is 345.6
K, which is evidently lower than that of Mn,VAI with 638 K in the-
ory and 760 K in experiment because of smaller Mn - Mn ex-
change interactions,’® thus the Mn,TaAl is likely to be ferri-
magnet at room temperature.

Thermodynamic properties

The quasi-harmonic Debye model is used to study the thermody-
namic behavior of Mn,TaAl and Mn,WAI The Gibbs function
G*(V;P, T) for non-equilibrium state of the system is shown as
follows:*°

G'(V;P,T) = E(V) + PV + Awp[®(V);T]  (Equation 26)

where PV and E(V) are the constant hydrostatic and the total
energy, ®(V) denotes the Debye temperature, and the Aajp
denotes the vibrational term shown as:®'+%?

96 _e ()
Aus(0:T) = nksT |2 = + 8in(1 —e ) - D(?)}

(Equation 27)

where D(2) is the Debye integral, n is the atomic number per
formula unit, kg and T are the Boltzmann constant and the abso-
lute temperature respectively.

The @ is expressed as:®’

o= 67r2V2n ‘ v)\/7

where M denotes the molar mass, the adiabatic bulk modulus By
approximates the static compressibility:®°

(Equation 28)
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Bs =By = (Equation 29)

5)

f(v) is shown in ref. 82 and. Therefore, the G* (V; P, T) is minimized
to the volume V

(ae*(v; P, T)) o

ay (Equation 30)

The isothermal bulk modulus B+ and the heat capacity C, are
shown as follows:®®

Equation (31)

(G (V;P,T)
e = v(Ze),,

Cv = 3nks {40(% - Sgl} (Equation 32)
eT |

The Griineisen parameter vy is usually applied to describe the
anharmonic effects of a vibrating lattice and is defined as follows:

oln © .

y = any (Equation 33)
_ ’YCV .

a = B,V (Equation 34)

where « denotes the coefficient of thermal expansion.

iScience 27, 111257, December 20, 2024 13




¢? CellPress

OPEN ACCESS

iScience

Figure 14. Spin charge density for Mn,TaAl and Mn,WAI Heusler all

By the model, the thermodynamic characterizations of
Mn,TaAl and Mn,WAI are determined within 0~600 K at zero
pressure. The changes of ®(V), Bs, « and Cy over temperature
for MnoTaAl and Mn,WAI are displayed in Figure 16. It is found
that the Debye temperature for Mn,TaAl is about 510 K within
room temperature (see Figure 16A), and decrease to ~490 K
with further increasing temperature, the jump of Debye temper-
ature origins from the phase transition from ferrimagnetic to
nonmagnetic states. Similarly, for the Mn,WAI alloy, the Debye
temperature is ~772 K within 113.4 K, and the Debye tempera-
ture is about 530 K above the Curie point, the jump is more
obvious than Mn,TaAl. In particular, the variation of Debye tem-
perature over temperature is almost a straight line on both sides
of the jump point.

From the Figure 16B, we notice that the B of Mn,TaAl is about
185~195 GPa below 345.6 K, and increase to about 190 GPa
with increasing temperature. However, for the Mn,WAI, the value
of Bs is 469 GPa below 113.4 K, which attains to the 220-230
GPa above 113.4 K, the tendency is similar with the Debye tem-
perature of Mn,WAI. Likewise, the Bs value with temperature is
close to the straight line on both sides of the Curie temperature.

6

--#- Mn-Mn
—e— Mn-Ta
—a— Mn-Al

Mn,TaAl

Jij (meV)

2
R;/a

Figure 15. Exchange interactions of Mn,TaAl and Mn,WAI alloys with
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oys

For the thermal expansion « of Mn,TaAl and Mn,WAI alloys in
Figure 16C, there is a significant jump at the phase transition
point, the difference being that the coefficient of thermal expan-
sion decreases for Mn,TaAl alloys and increases for Mno,WAI al-
loys. For the Mn,TaAl alloy, the coefficient of thermal expansion
increases rapidly up to 345.6 K, causing a jump, thereby in-
creases slowly with increasing temperature. As for the Mn,WAI
alloy, it has almost unchanged within 113.4 K, undergoes a
jump with further increase in temperature and then increases as
the temperature increased. Another aspect, the « of Mn,TaAl is
always higher than that of Mn,WAI at 0-600 K temperature.

Forthe Mn,TaAl alloy, there is a rapid increase within the 200 K
as shown in Figure 16D. At temperatures above 200 K, the
change in the Cy with temperature tends to a plateau, the change
in the Cy on both sides of the phase transition point is not signif-
icant, and it is within the range of about 5 J/mol-K. For the
Mn,WAI alloy, the C,, increases over the increasing temperature
within 113.4 K, but this increase is obviously slower than that of
Mn,TaAl alloy. Above 113.4 K, the tendency of specific heat

capacity of Mn,WAI alloy is almost the same as that of
Mn,TaAl alloy.

3.0
Mn,WAI T mc"v”
2r —— Mn-Al
20f
% 15} '
E ‘.
= 1.0 | '
- \

the inter-atomic distance r
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Thermoelectric properties

Finally, we investigated the thermoelectric transport properties
of Mn,TaAl and Mn,WAI alloys, it should be emphasized that
we do not consider the magnetic phase transition in the thermo-
electric calculations. In Figure 17, we offer the Seebeck coeffi-
cients S, electrical conductivity ¢, thermal conductivity « and
thermoelectric merit value zT of Mn,TaAl and Mn,WAI alloys
within 200~900 K. First, we calculated the conductivity o, as
a function of temperature, it is the sum of the spin-up and
spin-down conductivities:

(Equation 35)

ot = 0t +0l

We can see from Figure 17 that the conductivity of spin-up
electrons increases with temperature, and the conductivity of
spin-down electrons decreases almost linearly with tempera-

ture, also, total conductivity of two alloys decrease linearly. Sec-
ond, we calculated the Seebeck coefficient S:

S - S101+Slol

oTtol (Equation 36)

where S1(¢1) and S|(s|) denote the Seebeck coefficients
(conductivity) of spin-up and spin-down bands, respectively.
For the Mn,TaAl and Mn,WAI alloys, the Seebeck coefficient
S of spin-down electrons increases with increasing tempera-
ture, and the Seebeck coefficients S of spin-up electrons de-
creases with increasing temperature. The total S of Mn,TaAl
alloy decrease with temperature, and it is slowly increased
for Mn,WAI, which ascribes to the S of spin-up electrons of
Mn,TaAl larger than that of Mn,WAI. The thermal conductivity
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k is composed of the electronic thermal conductivity x.
and the lattice thermal conductivity «, where we only
consider the electronic thermal conductivity. The thermal con-
ductivity of both alloys shows the similar tendency, namely,
they increase with increasing temperature. Finally, we calcu-
late the zT value of Mn,TaAl and Mn,WAI alloys. The zT value
is an important parameter for measuring the thermoelectric
properties of a material, zT value can be obtained in the
following:

B S26T
Tk

zT

(Equation 37)

a larger zT value denotes the higher the conversion efficiency for
thermoelectric material. By Equation 37, we obtained the zT
value of Mn,TaAl and Mn,WAI with temperature, it is found
that the largest zT values of Mn,TaAl and Mn,WAI are 0.87 at
200 K and 0.48 at 900 K, respectively, thus the Mn,TaAl can
be considered as a better thermoelectric material compared
with MnoWAL.

Summary and conclusions

Using the first-principles calculations, we have studied the struc-
tural stability, Gilbert damping parameter, electronic and mag-
netic properties, exchange interactions, and Curie temperatures
of Mn,TaAl and Mn,WAI. Calculations show that two alloys meet
the dynamic, mechanical, and thermodynamic stabilities. Phase
separation exhibits that Mn,TaAl and Mn,WAI are extremely
possible to be experimentally synthesized because of their low
convex hull. The Gilbert damping for Mn,TaAl and Mn,WAI
show their fast response speed and lower energy consumption
in spintronic applications. The Mn,TaAl and Mn,WAI are ferri-
magnetic half-metal and nearly half-metal according to the elec-
tronic calculations, and their total moments follow M; = Z; —18;
the exchange splitting of t,; and e ¢ | states is mainly responsible
for forming the HM gap. The Mn - Mn exchange plays a main role
in the interactions, and the competition and collaboration from
the d-d and RKKY exchanges bring about the ferromagnetically
ordered phase. The Curie temperature of Mn,TaAl is obviously
higher apparently than room temperature. Finally, we discuss
the changes of Debye temperature, adiabatic bulk modulus, co-
efficient of thermal expansion and specific heat capacity within
0~600 K, and Seebeck coefficient, electrical conductivity, ther-
mal conductivity and thermoelectric merit value of both alloys
within 200~900 K. Overall, our calculations might offer some
valuable clues for Mn,TaAl and Mn,WAI alloys as potential can-
didates for spintronic devices.

Limitations of the study

For the calculations of thermoelectric properties, we did not
consider the lattice thermal conductivity. Also, we did not
consider the phase transition at a Curie point.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

Vienna ab initio simulation package Kresse et al.** https://www.vasp.at/

SPRKKR Ebert et al.*® https://www.ebert.cup.unimuenchen.de/old/

index.php?option=com_content&view=
article&id=8%3Asprkkr&catid=4%
3Asoftware&ltemid=7&lang=en

FPLO Koepernik et al.*® FPLO - a full-potential local-orbital
minimum-basis code

METHOD DETAILS
The detailed numerical setting in first-principles calculations have been presented in Calculation details.
QUANTIFICATION AND STATISTICAL ANALYSIS

Our study does not include statistical analysis or quantification.
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