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Abstract

The properties of Coa RuSb were studied using DFT with the PBE-GGA functional for exchange-
correlation energy. The most stable structures are identified by examining four distinct atomic
configurations: L2y-I, L2 -1, XA-I, XA-II. Phase stability analysis in these configurations re-
veals that the ferromagnetic (FM) phase is more favorable than the antiferromagnetic (AFM)
and nonmagnetic (NM) phases. Among all the considered structural and magnetic config-
urations, the compound prefers the XA-I type structure with a ferromagnetic (FM) ground
state. The phonon dispersion curve, showing no imaginary frequencies, indicates that the
Cos RuSb compound is dynamically stable. From Born's stability criteria for elastic con-
stants, CoyRuSb is mechanically stable, exhibiting ductile behavior, and possess high melting
temperatures. The spin-polarized band structures calculated with GGA reveal metallic behav-
ior for both spin channels. The inclusion of on-site Coulomb interaction (U) via GGA + U
might be interesting to explore in Cos RuSb to examine its potential for spintronic applica-
tions.
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1 Introduction suited for thermoelectric applications [4-6]. Among
the different types of Heusler alloys, full Heusler
compounds (X2YZ) are ternary intermetallics made
up of two transition metals (X and Y) and one
main group element (Z), typically crystallizing in
the L2; structure with the Fm3m space group [7].
In these compounds, all four atomic positions: (0,
0,0), (3% %), % % 2), and (%, %, 2) are fully occu-
pied by atoms [7-9]. Half-metallic (HM) materials
exhibit different spin orientations in the two spin
channels, showing semiconducting or insulating be-
havior in one spin direction and metallic behavior
in the other, and thus hold great potential for spin

Modern technologies in the field of spintronics and
thermoelectrics are revolutionizing the world and
getting a lot of attention of researchers. Spintronic
devices hold promising applications in areas such
as information technology, data storage, magnetic
sensors, spin transistors, and memory devices [1-3].
Heusler alloys exhibiting half-metallicity are attrac-
tive for spintronic applications due to their 100%
spin polarization, high Curie temperature, and fer-
romagnetic nature, whereas those with semicon-
ducting and non-magnetic characteristics are well-
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generation, as the up and down-spin electrons can
be treated as two separate currents [6,9].

In the quest for magnetic Heusler phases, we
have reviewed the reported literature on various Co-
based compounds, including CosYZ (Z = S, Ge,
Se) [6], CO2ZrZ (Z=Al, Si, Ga and Sn) [10], and
CosFeZ (Z = Al, Ga, Si, Ge, S, Se and Te) [11]. The
theoretical studies on these Co-based full Heusler
alloys predict half-metallic behavior with high spin
polarization and large magnetic moments, which
are essential for spintronic applications [6, 10, 11].
Most of these compounds have a valence electron
count different from 24 exhibit a total magnetic mo-
ment (n) following the Slater—Pauling rule, given by
n = (Ny-24), where Ny is the number of valence
electrons per formula unit [12]. These studies moti-
vate us for the exploration of novel and previously
unexplored Co-based compounds. After a thorough
investigation, we found that the properties of the
full Heusler compound CosRuSb have not yet been
explored in the literature, either experimentally or
theoretically. Therefore, we aimed to explore struc-
tural, magnetic phases and electronic properties of
compound CosRuSb.

The structure of the paper is as follows: Sec-
tion 2 describes the computational details, Section
3 presents the main results and discussion, and the
final section provides the conclusions and conclud-
ing remarks of the present study.

2 Computational Details

The structural, electronic, and magnetic proper-
ties of the compound were systematically examined
using density functional theory (DFT) as imple-
mented in Quantum ESPRESSO (version 7.2) [13],
employing a plane-wave basis set. The exchange-
correlation interactions were taken into consid-
eraion using the Perdew—Burke-Ernzerhof (PBE)
generalized gradient approximation (GGA) [14].
The optimized crystal structure was visualized us-
ing XcrySDen [15]. A kinetic energy cutoff of 70
Ry and a charge density cutoff of 700 Ry were
used, with a 10 x 10 x 10 Monkhorst—Pack [16] k-
point mesh chosen based on convergence tests for
kinetic energy and k-points. The diagonalization
method "david" was employed with a mixing factor
of 0.3, along with Marzari—Vanderbilt smearing [17]
of width 0.005 Ry throughout the calculations. Fur-
thermore, spin-polarized calculations were carried
out for different magnetic configurations, includ-
ing ferromagnetic and antiferromagnetic states. k-
points were sampled along the high-symmetry path
r- X --wW-—-K-—=-L—->U—=-W—=L—=K
within the first Brillouin zone (BZ) of the recipro-
cal lattice for band structure. The total and partial
density of states (DOS and PDOS) were evaluated
with a denser k-point mesh of 30 x 30 x 30. Phonon

dispersion calculations based on density functional
perturbation theory (DFPT) [18] with a 2 x 2 X
2 g-point mesh were conducted to evaluate the dy-
namical stability of the compound. The mechanical
stability and related properties were evaluated us-
ing the thermo pw code implemented in the Quan-
tum ESPRESSO suite [19].

3 Results and Discussion

3.1 Structural stability

Full Heusler compounds have the chemical sructure
X9YZ, where X and Y are transition metals and Z
is a main group element. The atoms occupy four in-
terpenetrating face-centered cubic (fcc) sublattices
at the Wyckoff positions A (0,0,0),B (4,4, 1), C (3,
3,4),and D (4, %, 2). Table 1 presents the atomic ar-
rangements for four structural types: L2:-1, L2;-II,
XA-I, and XA-II. In the L2;-I structure, Co atoms
occupy the B and D sites, while Ru and Sb are po-
sitioned at C and A, respectively. In contrast, the
L24-11 structure has the same Co atom positions,
but the C and A sites are swapped, i.e., occupied
by Sb and Ru. In the inverse XA-I structure, the
inequivalent Col and Col atoms occupy the A and
B sites, while Ru and Sb are located at the C and
D sites, respectively. In the XA-II structure, Col
and Col are positioned at the A and C sites, with
Ru and Sb occupying the B and D sites, respec-
tively. The optimized atomic structures of the con-
ventional unit cell of the compounds corresponding
to the four structural types—L2¢-1, L2:-II, XA-I,
and XA-IT are depicted in Figure 1(a-d).

Figure 1: Conventional cubic unit cells of CooRuSb
in various structural configurations (a) L2;-I, (b)
L2;-11, (c) XA-I, and (d) XA-II), visualized using
XcrySDen.
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Table 1: Wyckoff positions for different structure
types.

Wyckoff positions

Structure type

A B C D
L2:-1 Sb Co | Ru | Co
L2-11 Ru | Co Sb | Co
XA-I Col | Co2 | Ru | Sb
XA-II Col | Ru | Co2 | Sb

To determine the most stable structural config-
uration, the ground-state energy was minimized us-
ing the Murnaghan equation of state [20] ,

B BV | 1 o\ ?

for all four structural types (L2;-1, L2;-II, XA-
I, and XA-II), which are presented in Figure 2(a-d).

The optimized lattice parameters obtained from
energy minimization, followed by variable-cell re-
laxation, along with the corresponding total ener-
gies for different magnetic configurations. Their
values for non-magnetic (NM), ferromagnetic (FM),
and antiferromagnetic (AFM) for the four struc-
tural types (L2:-1, L2;-II, XA-I, and XA-II), are
summarized in Table 2. The total energies obtained
for the L2:-1 and L2;-II structural types across
their respective magnetic configurations are nearly
identical and also comparable to that of the XA-II

type. However, the total energies corresponding to
the XA-I structural type are the lowest among all
the configurations considered. Therefore, based on
our observations, the XA-I structure is identified as
the most stable configuration, with the ferromag-
netic phase being the energetically preferred mag-
netic state like in CosFeS and CogFeTe [11]. Conse-
quently, further calculations of dynamical stability,
electronic structure, and magnetic properties were
carried out based on the optimized lattice parame-
ter (11.4973 Bohr ( 6.0841 A)) of the ferromagnetic
phase in the XA-I structural configuration.

3.2 Dynamical stability

The dynamical stability of compound was checked
using phonon dispersion along the high-symmetry
pathl' - X - W - K > L —->U—->W —
L — K in the BZ, as presented in Figure 3. The
absence of imaginary frequencies along all high-
symmetry directions of BZ confirms dynamical sta-
bility of both investigated compounds. CosRuSb
has four atoms in its primitive unit cell, which leads
to 12 phonon branches: three are low-frequency
acoustical, and remaining nine are high-frequency
optical modes. The acoustic and optical phonon
branches are closely spaced, with an overlap be-
tween the highest acoustic and lowest optical fre-
quencies. This indicates a high phonon scattering
probability, which may lead to low thermal conduc-
tion by phonon in the compounds.

Table 2: Summary of the calculated lattice parameter ag (A) and total energy E (Ry). The “*’ symbol

denotes the most stable structure.

Structure type Magnetic state

Lattice parameter a (A)

Energy (Ry)

12,1 NM
12,1 FM
12,1 AFM
L2,-11 NM
12,11 FM
12,11 AFM
XA-I NM
XA-T* FM
XA-I AFM
XA-II NM
XA-IT FM
XA-II AFM

11.3924 -365.71815389
11.5021 -365.74820362
11.4531 -365.73749311
11.3917 -365.71815269
11.5021 -365.74820361
11.4527 -365.73749312
11.4132 -365.74745959
11.4973 -365.78427124
11.4980 -365.75461190
11.3909 -365.71815227
11.5018 -365.74820363
11.4533 -365.73749370
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Figure 3: Phonon dispersion plot of the compound

CoRuSb.

3.3 Mechanical stability

For practical applications, a material must ex-
hibit mechanical stability and superior mechanical

properties, which we have assessed for CosRuShb
through the evaluation of its elastic constants.
For a crystal with cubic symmetry, 3 indepen-
dent elastic constants Cy1, Cia, and Cyy are suf-
ficient to assess its mechanical stability. Accord-
ing to Born’s criteria for mechanical stability of
cubic crystals [21], the following conditions must
be satisfied: 011>0, C44>O, Ci1 - Cia > 0,
and Cy1+2C12>0. The calculated Ci;’s of com-
pound are C1;=189.53 GPa, C1,=178.61 GPa, and
C44=81.26 GPa. From Born’s stability criteria, the
compound is mechanically stable.

Furthermore, we assessed the ductility or brit-
tleness of the compound using Pugh’s ratio (B/G)
and Poisson’s ratio (), where the criteria for duc-
tility are positive Cauchy pressure (C=Cj2-Cyy4),
B/G>1.75, and v>0.26 [22,23]. Since the com-
pound exhibits B/G=3.57, ¥=0.37, and a positive
C, we conclude that the compound is ductile.

The bulk modulus (B), shear modulus (G) and
Young’s modulus (Y) were calculated using Voigt-
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Reuss-Hill approximation [24],

B Ci1 +2C2
3
G,+Gpr
Qv UR
3
with
G, = C11+C12+Cyq
3
and

G = 5(Ci1 — C12) Cuy
4C44 + 3 (C11 — Ch2)

~ 9BG
"~ 3B+G

(4)

The calculated bulk modulus (B=182.25 GPa),
Young’s modulus (Y=88.07 GPa), and shear mod-
ulus (G=31.66 GPa) indicate that the compound
possesses good mechanical rigidity, stiffness, and
toughness, making it suitable for practical applica-
tions [24]. Using the empirical relation T, = [553K
+ (5.91K/GP a)Cy; | £ 300K for cubic crystals [25],
the predicted melting temperature of 1673.12 K in-
dicates that the compound is potentially suitable
for high-temperature thermoelectric applications.

3.4 Electronic
properties

structure and magnetic

In this section, we present and discuss the band
structure of CosRuSb HHs for both spin-up and
spin-down channels, calculated along path I' —
X—-W-—-K—-L—-U—=W—=L— KintheBZ
using the PBE-GGA approach. The corresponding
band structures for the spin up and down channels
are shown in the figure 4. The spin up band struc-
ture exhibits metallic characteristics, as the multi-
ple bands intersect the Fermi level without a band
gap. Similarly, in the spin down channel, the band
structure also shows metallic behavior, with bands
overlapping the Fermi level, as observed in the spin-
up channel. The presence of band crossings at the
Fermi level in both spin channels destroys the half-
metallic character of CooRuSb under PBE-GGA.
A similar behavior has been reported for CosYGe
when analyzed using the same exchange-correlation
functional [6].

Electronic band structures of the

Figure 4:
CoaRuSb compound for (a) spin up (b) spin down
channels, calculated along high-symmetry direc-
tions of BZ.

Furthermore, we analyzed the electronic DOS
and PDOS of CosRuSb for both spin up and down
channels. We observe that the minority spin chan-
nel significantly contributes to the total DOS at
Fermi level Ep, whereas the majority spin channel
shows an almost negligible contribution, with only
a few states near Er. To understand the atomic
contributions to the total DOS, we also computed
the PDOS, as in Figure 5. The PDOS reveals that
4d states of Ru contribute significantly near Er in
spin up channel. The spin down channel is predom-
inantly contributed by the Col and Cos 3d states,
along with the 4d states of the Ru atom. However,
the 5p states of Sb contribute negligibly in both
spin channels.
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Figure 5: (a) Total DOS (b) projected DOS for
CoRuSb in both spin channels.

For the stable FM-XA-I phase, the magnetic
moment is 3.32 pp/cell, which deviates than that
expected from the Slater—Pauling rule (SPR). How-
ever, this deviation is still relevant, as SPR applies
mainly to cubic, stoichiometric Heusler alloys in
the half-metallic limit [26]. For example, Shakil et
al. [6] reported that Co2YGe shows metallic behav-
ior with a magnetic moment of 3.24 up in GGA, de-
viating from the SPR, but it drops to 0.98 up with
GGA+U, consistent with SPR. With Hubbard U,
the magnetic moment may follow the SPR like in
the compound CoyYGe [6], but this needs further
investigation. In addition, spin polarization mea-
sures how strongly the spins are oriented along a
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given direction and are given as [10,27|:

_ DOS (EF 1) — DOS (EF |)

5P =103 (EF 1) — DOS (EF )

()

For our compound, DOST(EF) = 1.23 and
DOSJ(EF) = 2.25, giving a spin polarization of
29.31%. However, GGA+U could induce half-
metallicity and 100% spin polarization, as seen in
CoyRuGe [6], which has lower SP without Hubbard
U but reaches 100% SP with its inclusion.

Although the PBE-GGA functional indicates
metallic behavior of the compound due to the over-
lap of electronic states, which disrupts half-metallic
character of compound, the inclusion of the Hub-
bard U correction might significantly influence its
electronic and magnetic properties. GGA+U can
improve the description of CooRuSb by better ac-
counting for electron correlations in the localized
d-orbitals of Co and Ru. It might open a gap in
one spin channel, increasing spin polarization and
potentially making the material half-metallic with
more accurate magnetic moments closer to experi-
mental or Slater—Pauling values. Therefore, inves-
tigating the band structure of CooRuSb using the
GGA + U approach, by incorporating a Coulomb
potential, would be of great interest for future stud-
ies.

4 Conclusion

The structural and magnetic phase stability, as well
as the electronic properties of CogRuSb, were car-
ried out using density functional theory. The en-
ergy versus lattice parameter optimization was per-
formed for all possible stable magnetic phases for
optimized lattice parameter. Based on the analy-
sis of various structural types and magnetic phase
stabilities, CoyRuSb is found to be most stable
in the XA-I type structure with a ferromagnetic
ground state. Phonon dispersion and elastic con-
stant analysis confirm that compound is dynami-
cally and mechanically stable. The compound is
mechanically ductile and has a high melting point,
indicating its suitability for high temperature appli-
cations. The presence of multiple band crossings at
the Fermi level for both spin channels, without any
band gap, reveals the metallic nature of the com-
pound and destroys the half-metallicity under the
PBE-GGA approximation. From the PDOS, Ru-
4d states dominate near Eg in the spin-up channel,
while Co; /Cos2-3d and Ru-4d states prevail in spin-
down channel; Sb-5p states show negligible contri-
bution in both. Applying GGA + U may induce
half-metallicity in CosRuSb, making it a valuable
subject for future study.
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