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Exploring Heusler based materials for different practical applications has drawn more and more attention. In
this work, the structural, electronic, magnetic, and mechanical properties of NaTMGe (TM = all 3d transition
metals) half-Heusler compounds have been systematically investigated using first-principles calculations.
The TM modification plays a determinant role in the fundamental properties. Except NaNiGe and
NaCuGe, the studied materials exhibit good dynamical stability. Calculations reveal the non-magnetic
semiconductor of NaScGe with a direct energy gap of 1.21 eV. Prospective spintronic applications of
NaVGe and NaCrGe—-NaMnGe are also suggested by their magnetic semiconductor and half-metallic
behavior, respectively, where their magnetic properties follow the Slater—Pauling rule. Nevertheless, the
remaining materials are either magnetic or non-magnetic metallic. For the magnetic systems, the
magnetism is induced mainly by the TM constituents with either spin-up (V, Cr, Mn, and Fe) or spin-
down (Co) 3d states. Calculated elastic constants indicate that all compounds are mechanically stable.
Furthermore, they exhibit significant elastic anisotropy, where NaScGe and NaZnGe are the least and
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ductile and brittle behaviors. Our work unravels clearly the effects of TM modification on the
DOI 10.1039/d2ra02983a fundamental properties of NaTMGe compounds. NaTMGe materials show excellent versatility with

rsc.li/rsc-advances promising properties for optoelectronic and spintronic applications.

a discipline that has appeared to revolutionize information
technology. As an additional degree of freedom, handling
electron spins allows controlling the electrical current in the
presence of any external magnetic field.* In general, spin-
tronics technology function follows a basic principle: (1) the
information is stored in electron spins; (2) the information is
transported through electron spins; and (3) the information is
read at the final terminal. In comparison with conventional
electronics based on electron charge, spintronics exhibits
some advantages such as massive information storage, high-
speed processing, and low energy consumption,® which
point to spintronics as a promising alternative to existing
information technology. In the last few years, the applications
of spintronics have been continuously increasing and its

1 Introduction

Manipulating electron spins has led to the discovery of new
physics and the emergence of novel properties. Spin current
in ferromagnetic (FM) Fe, Co, Ni, and Gd films has been
observed by Tedrow et al.* Experimental observation of the
tunnel magneto-resistance (TMR) effect has been realized by
Julliere et al.,> where electrons can tunnel from an Fe ferro-
magnet to a Co ferromagnet in an Fe-Ge-Co film junction.
Later, Fert et al® discovered the giant magnetoresistance
effect in (001)Fe/(001)Cr magnetic superlattices, for which the
authors were awarded the Nobel Prize in Physics. These works
and others have stimulated the emergence of spin-based
electronics, also known as spintronics. Spintronics is
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extension in industry has been estimated to reach a rate
beyond Moore's law.® In spintronic devices, the generation of
spin-polarized electrons plays a key role. So far, two methods
have been widely employed:

e Spin injection from highly spin-polarized materials such as
FM metals, or half-metallic or diluted magnetic
semiconductors.”®

e Spin filtering that makes use of the spin-dependent barrier
height. In this case, magnetic semiconductor materials are
desirable due to the different potential felt by electron spins.'®"

Speaking about spintronic materials, it would be wrong not
to mention Heusler compounds that have formed one of the
most exciting materials classes. Going back to history, the
ferromagnetism has been found in ternary Cu,MnAl despite
none of its constituent elements being ferromagnetic in
nature.” Until today, an endless collection of Heusler
compounds has been explored by combining different
possible elements of the periodic table. In terms of composi-
tion, they can be categorized into the following sub-groups: (1)
full-Heusler X,YZ (stoichiometry 2 : 1 : 1); (2) half-Heusler XYZ
(stoichiometry 1: 1 : 1); and (3) equiatomic quaternary Heus-
ler XX'YZ (stoichiometry 1 : 1 : 1: 1), where Z is a main group
element.”*® Containing transition metals as constituents,
many Heusler compounds exhibit feature-rich electronic and
magnetic properties. In 1983, Groot et al.* predicted half-
metallicity in the NiMnSb alloy using first-principles calcula-
tions. The results show a metallic spin-up channel and
a semiconductor spin-down channel, giving rise to a spin-
polarization of 100%. In the same year, the density of states
of the Co,MnAl and Co,MnSn ternary compounds calculated
by Kiibler et al.?® revealed that the spin-down channel vanishes
at the Fermi energy, which induces a high spin-polarization.
These predictions have drawn special attention towards
ferromagnetic Heusler alloys, such that incessant investiga-
tions have been carried out to provide deeper and deeper
insight into these materials. In general, the total magnetic
moments p in Heusler alloys can be predicted using the Slater—
Pauling rule:®* u = N, — 24 or u = N, — 18, where N, is the total
number of valence electrons. Besides half-metallicity,**** spin-
gapless semiconductor and magnetic semiconductor
natures®>’ have also been observed, and are suitable for
spintronic applications.

Half-Heusler compounds have been considered as prom-
ising electrode materials for giant magnetoresistance and spin
injection applications.”®>* Theoretically, researchers have
explored a large variety of half-Heusler compounds using first-
principles calculations. For examples, despite containing tran-
sition metals as constituents, RuvX (X = As, P, and Sb)
compounds exhibit non-magnetic semiconductor nature with
band gaps between 0.49 and 0.59 eV.** Feature-rich half-
metallicity has been found in XCrZ (X = Li, K, Rb, Cs; Z = S,
Se, Te),> RhFeZ (X = Ge and Sn),**** and CrXPb (X = Sc and
Ti).*® Interestingly, Umamaheswari et al*” have demonstrated
half-metallic ferromagnetism in half-Heusler compounds con-
taining neither transition metals nor rare earths XYZ (X = Li,
Na, K and Rb; Y = Mg, Ca, Sr and Ba; Z = B, Al and Ga), which is
generated mainly by s and p electrons. Undoubtedly, the

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

fundamental properties of half-Heusler compounds vary
depending on their chemical composition.*** Previously, the
semiconducting NaScGe compound was investigated by Ciftci
et al.* and Kacimi et al.** However, as far as we are aware, the
structural, electronic, magnetic, and elastic properties of most
of the NaTMGe (TM = all 3d transition metals) compounds have
not been investigated well. In this work, our main aim is to
investigate systematically these new half-Heusler compounds.
From the obtained results, we will be able to recommend new
candidates for possible optoelectronic and spintronic
applications.

2 Computational details

To investigate NaTMGe half-Heusler compounds, density
functional theory (DFT)** as incorporated in the WIEN2k
package*® has been used, which makes use of the full-potential
linearized augmented plane wave (FP-LAPW) basis set. In this
method, the wave functions are differently expanded in two
regions: (1) inside atomic spheres (muffin-tin), the basis set
expansion is realized using atomic orbitals and (2) in the
interstitial region, plane wave functions are employed. These
are interconnected through continuity and differentiability
conditions. During calculations, the cut-off energies of /;,,,x = 10
and the product of Ryt X Kmax = 8 are set for expansion in the
first and second regions, respectively. Herein, [.x is the
maximum quantum number of spherical harmonics. Ry and
Kmax are the smallest muffin-tin radius and largest wave vector,
respectively. A Monkhorst-Pack k-grid** of 20 x 20 x 20 is
generated to sample the Brillouin zone. The self-consistency
convergence is set to 107> Ryd for the energy difference
between two consecutive iterations. The Perdew-Burke-Ern-
zerhof based-Generalized Gradient Approximation (PBE-GGA)**
is adopted for the treatment of exchange-correlation potentials.
In order to achieve a more accurate band gap calculation and
better treatment of highly correlated electrons (3d), the modi-
fied Becke-Johnson (mBJ) potential is also employed.**** In
addition, the elastic constants have been calculated using the
stress—strain method from the second derivative of the fitted
energy-strain polynomial:*>*°
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3 Results and discussion
3.1 Structural properties

The half-Heusler NaTMGe compounds crystallize in a cubic
structure belonging to the FA3m space group (no. 216). Fig. 1
shows three possible configurations of the constituent atoms.
In the type-I structure, Na, TM, and Ge atoms occupy the 4a (0;
0; 0), 4c (0.25; 0.25; 0.25), and 4d (0.75; 0.75; 0.75) Wyckoff
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Fig. 1

positions, respectively. In the type-II structure, they are situated
at the 4c, 4a, and 4d positions, respectively. In the type-III
structure, Na and TM atoms occupy the 4c and 4d positions,
respectively, while Ge atoms are located at the 4a position.*
There are four unit formulae in each unit cell. As a first step, the
total energy is calculated at different cell volumes considering
both non-magnetic (NM) and ferromagnetic (FM) states to
determine the stable structure. It is worth mentioning that most
Heusler-based alloys are FM materials,***” therefore only NM
and FM phases are considered herein. Calculated energies as
a function of primitive cell are plotted in Fig. 2. In all structures,
NaScGe, NaTiGe, NaCoGe, NaNiGe, NaCuGe, and NaZnGe
compounds exhibit negligible difference in energy between FM
and NM states. In contrast, the FM phase appears to be stable in
the remaining materials due to its smaller energy. Furthermore,
the calculated energies also reveal that the type-III structure is

(a) I-type, (b) Il-type, and (c) llI-type crystal structures of NaTMGe half-Heusler compounds.

energetically favorable for the compounds with TM elements
from Sc to Mn. In contrast, element modification with the last
five members of the 3d TM row causes the considered materials
to crystallize in the type-II structure.

Once the stable magneto-structural phase has been deter-
mined, the geometry is optimized using an energy-volume (E-
V) Birch-Murnaghan equation of state as follows:*®

2/3 3
) -
2
E 2/3_1 o4 ﬂ 2/3
V V

9V,B
E(V)=Ey+ —2=

16 B+

= |I-<FM -+ I-NM I-FM  ~+ II-NM + 1lI-<FM < [lI-NM
-0.80 -0.75 0.55 -0.50 TWM=C 0.10
= =Ti TM=V =0r =
TM = Sc TM=Ti .,.“““M e &y 005 TM = Mn
. ®aggggaasit  [0.60 08 1 Sessssoant
—_ pLT— -0.801 1 0.00
T -0. -0. - ]
S 0% E =.6045 E =-6224 060, E =.6618 E =-6834
& r r -0.65 r 0.05 r
~ v, v 1.0.85} -0.65 g
[ Yvvyvvv? : v v :
w v'v'vvvvvvv -0.70 Madasadd M--n-ll -0.10
' .0.90 Aoy ot |-0.70 “ 1 W i
w R o -0.15
0.90} ]
.’000000"‘ 078 $o00000004*1.075 1-0.20
L J
0.95 “teeasere? 0.95 0.80 0.8 - 0.25
TVY400 440 480 520 360 400 440 360 400 240 U320 360 400 440 480°2° 320 360 400 440 480
0.15 — =T -0.45 —— =G 0.10 . —-0.40 —— . — -0.50 ——r
= Fe % =Co TM = Ni TM =Cu TM =2Zn
©00000000°° %
'a:::.l.llll. .
-0.20 .y we® []
0.50| 10.15 semnEt loas "Sensens®®| o550 Bagguupenet
£
E" -0.25 L T—— ] E 303
it Er =-7062 | 55| ro -7 1-0.20 Er =-7558 -0.50 Er = -7826 .0.60 Er =-8108
11}
0.30
[ 00“‘...‘00 o .
w e, ¢ eoeeet®
R, 0601 1-0.25) *teceeest® 055 vy, - {-0.65["Yvyyyyrrr’
-0.35 ‘wvw:"' %eoeeett®® vyevvy
et vy, Y
V. v AaAAAd
-0.41 -0. -0.: -0. -0.7
040550 360 400 240 0%° 320 360 400 00 320 360 400 %0 360 200 240 7360 400 440 480

Volume (a.u’)

Fig. 2 Calculated energy of NaTMGe half-Heusler compounds as a function of volume (FM = ferromagnetic; NM = non-magnetic).
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Table 1 Lattice constant a (A), formation enthalpy AH; (eV per atom), spin-up/spin-down band gap Eg (eV) (M = metal), spin polarization P (%),
and magnetic moments u (T: total; I: interstitial) (ug) of NaTMGe half-Heusler compounds

m
a AH¢ Ey P T I Na ™ Ge

T™ = Sc 6.57 —2.42 1.21/1.21

T™ = Ti 6.29 —1.92 M/M

™ =V 6.24 —1.63 0.12/1.12 2.00 0.10 —0.01 2.07 —0.15

™ = Cr 6.23 —1.62 M/1.70 100 3.00 0.02 —0.04 3.52 —0.50

T™ = Mn 6.30 —1.98 M/1.53 100 4.00 0.14 —0.01 4.21 —0.34

T™™ = Fe 6.05 —1.60 M/M 40.24 3.03 0.10 0.02 3.02 —0.10

T™ = Co 5.83 —-1.71 M/M 15.79 —0.41 0.02 —0.01 —0.48 0.05

T™ = Ni 5.89 —1.91 M/M

T™ = Cu 6.05 —1.92 M/M

™ = Zn 6.24 —2.09 M/M

After fitting the E-V data to eqn (3), the minimization
procedure is employed to calculate the equilibrium lattice
constant. The obtained results are listed in Table 1. Note that
this structural parameter varies according to the 3d TM
element, where the NaScGe and NaCoGe compounds exhibit the
largest (6.57 A) and smallest (5.83 A) values, respectively.
Undoubtedly, these results are mainly related to the atomic size
of the transition metals.

Theoretically, as a reliable approach, phonon dispersion
curves have been widely employed to examine the dynamical
stability of materials. The absence of significant negative
phonon frequencies may indicate a good dynamical stability,
otherwise the material may possess a poor stability.*® Fig. 3
displays the calculated phonon spectra of NaTMGe half-Heusler
compounds. The results indicate that eight compounds, namely

NaScGe, NaTiGe, NaVGe, NaCrGe, NaMnGe, NaFeGe, NaCoGe,
and NaZnGe, are dynamically stable since their spectra exhibit
only positive phonon frequencies. In contrast, significant
imaginary phonon modes up to —53.41 (cm™ ') and —51.78
(em™"), respectively, suggest dynamical instability of the
NaNiGe and NaCuGe compounds. Despite their poor stability,
the electronic, magnetic, and elastic results of these two mate-
rials will still be presented in the following subsections for
comparisons.

In addition, the thermodynamic stability is analyzed through
the formation enthalpy AH; parameter, which is calculated as
follows:

E(t) — (nnvap(Na) + nrvp(TM) + ngeu(Ge))
NNa + v + 1Ge

AH; = (4)

sl |TMFSc

™

TM|= Mn

50t TM £ Fe TM = Co

-100

™

= Ni T™ = Cu TME Zn

WL ' XWKWL T

XWKW L T

XWKW L I' XWKW L I XWK

Fig. 3 Phonon dispersion curves of NaTMGe half-Heusler compounds (llI-type structure for TM = Sc, Ti, V, Cr, and Mn; ll-type structure for

TM = Fe, Co, Ni, Cu, and Zn).
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where E(¢) is the total system energy and u denotes the chemical
potential of each element with the corresponding number of
atoms n. The results are given in Table 1, and confirm that
NaTMGe half-Heusler compounds are thermodynamically
stable considering their negative AH; values. Note that NaScGe
and NaFeGe are the most and least stable materials as sug-
gested by their most negative and most positive AHj,
respectively.

3.2 Electronic properties

The calculated spin-resolved band structures of NaTMGe
compounds are displayed in Fig. 4. Simulations reveal non-spin-
polarized behavior in the NaScGe, NaTiGe, NaNiGe, NaCuGe,
and NaZnGe compounds, suggesting their NM equilibrium
properties. The obtained band gaps are given in Table 1.
Interestingly, NaScGe is a direct gap semiconductor with an
energy gap of 1.21 eV since both the valence band maximum
(VBM) and conduction band minimum (CBM) occur at the X
point. This value is larger than that obtained in previous
calculations (1.02 eV (ref. 40 and 41)), which may be due to the
difference in the design of the material’s structure. Meanwhile,
a significant overlapping of either the conduction band or
valence band with the Fermi level indicates the metallic nature
of the NaTiGe, NaNiGe, NaCuGe, and NaZnGe compounds. In
contrast, the band structures exhibit a clear spin-asymmetry for
TMs from V to Co, where the electronic properties vary from one
to another. Specifically, the NaVGe compound is a magnetic
semiconductor material. Meanwhile, a metallic spin-up state
and a semiconductor spin-down state indicate the half-metallic
nature of the NaCrGe and NaMnGe compounds (see their band
gap values in Table 1). Previously, half-metallicity was also

View Article Online
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found in NaCrAs and NaCrSb,°*** and the spin-dependent
energy gaps may vary between the employed constituent main
group atoms. In contrast, one can see a significant intersection
with the Fermi level for the NaFeGe and NaCoGe electronic
states in both of their spin configurations, indicating their
magnetic metallic ground state properties. It is worth recalling
that the magnetic semiconductor and half-metallic properties
suggest the NavGe and NaCrGe-NaMnGe compounds as
prospective materials to create highly spin-polarized electrons
through spin filtering and spin injection, respectively.

In order to gain more insight into the band structure
formation, the projected densities of states of NaTMGe half-
Heusler compounds are calculated, and the results are given
in Fig. 5 (see Fig. S1t for NaMnGe, NaCoGe, NaCuGe, and
NaZnGe). In the considered energy range from —2 to 4 eV, the
band structure originates mainly from Ge-p and TM-d states.
Specifically, the upper part of the valence band is formed mainly
by Ge-p and TM-d,, states. The former exhibits higher weight in
the spin-down channel than in the spin-up channel of the
magnetic systems. Meanwhile, the major contribution to the
conduction band comes from the two-fold degenerate TM-3d
states. Note that the metallic spin configurations are induced
by either TM-3d,, or Ge-p states since they spread from the
upper part of the valence band to the lower part of the
conduction band overlapping with the Fermi level.

As mentioned above, high spin-polarization (P) is a criterion
to selectively choose materials for spintronic applications. We
have calculated the P parameter for some half-Heusler
compounds studied in this work using the following formula:**

4 ™ = Sc ™ =Ti ™=V TM=&I}/
A37 /D 7/ \
=</ \ )
> 1 T = /

) D <\/ / ~]
LICJO s // N >_ .,,-.—Ef
-17 <\/ - § % \/

, N 70 N

4 \/TM=E< 1 TM=Co TM:&/ Cu TI\{=Zn

TR )

317 %: 11
E 0 .tz z L/l / R Ef
IJ.I-1 vy ié /| Y;
2 N N N K NN \\ AN
WL I XWKWL r XWKWL r XWKWL ©r XWKWL 1 XWK

Fig. 4 Electronic band structures of NaTMGe half-Heusler compounds (black line: spin-up; red line: spin-down; blue line: non-spin-polarized).
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Fig. 5 Projected densities of states of NaTMGe half-Heusler compounds.

[Ne(1) — Ne()]
Ne(1) = Ne(])

where Ng(1) and Ng(| ) refer to the density of states values at the
Fermi level for spin-up and spin-down states, respectively. The
results are given in Table 1. The half-metallic nature provides
a perfect spin-polarization of 100% to the NaCrGe and NaMnGe
ternary compounds. Meanwhile, P takes quite small values of
40.24% and 15.79% in the cases of NaFeGe and NaCoGe,
respectively, which may suggest a poor spintronic performance
for these materials.

P= x 100% (5)

3.3 Magnetic properties

Spin-asymmetric band structures indicate significant magne-
tism in the half-Heusler NaTMGe (TM =V, Cr, Mn, Fe, and Co)
compounds. To characterize the magnetic properties, their total
and local magnetic moments have been calculated, and are
listed in Table 1. It is worth mentioning that an integer total
magnetic moment is a characteristic of magnetic semi-
conductor and half-metallic materials.>”»*® This feature is also
satisfied for the NaVGe, NaCrGe, and NaMnGe ternary
compounds with values of 2.00, 3.00, and 4.00 (ug), respectively.
Note that these compounds have a total number of 20, 21, and
22 valence electrons, respectively (summing one for Na-3s’, five
for V-3d34s?, six for Cr-3d®4s’, seven for Mn-3d°4s?, and four-
teen for Ge-3d'%4s”4p®). Therefore, their magnetic properties
satisfy the Slater-Pauling rule:

w=N,—18 (6)

Significant magnetism is also obtained in NaFeGe with
a total value of 3.03 (up). In these four mentioned materials, the
magnetic properties are produced mainly by the TM spin-up
states with positive local magnetic moments of V, Cr, Mn, and
Fe of 2.07, 3.52, 4.21, and 3.02 (ug), respectively. A small
contribution from the spin-down states of Ge atoms can also be
noted. In contrast, the magnetization of NaCoGe is induced

© 2022 The Author(s). Published by the Royal Society of Chemistry

mainly by the Co spin-down electrons with a local magnetic
moment of —0.48 (ug), while a small total value of —0.41 (ug)
indicates its lower magnetism as compared to the above ternary
compounds.

Readers can find an illustration of these analyzed results in
Fig. S2,7 where the spin densities are displayed. From the
figures, one can see that TM atoms generate the magnetic
properties. In the cases of NaVGe, NaCrGe, NaMnGe, and
NaFeGe, the spin-up densities are accumulated at V, Cr, Mn,
and Fe sites, respectively. Meanwhile, spin-down density accu-
mulation is observed at the Co site in NaCoGe, where its low
magnetism is also suggested by a small iso-surface.

Besides the mB]J potential, the DFT+U approach has been
widely applied to investigate magnetic systems containing
transition metals because of its effective treatment of highly
correlated electrons.®® Therefore, additional mBJ-GGA+U
calculations have been performed to corroborate the electro-
magnetic properties of the NaVGe, NaCrGe, NaMnGe, and
NaFeGe compounds. Herein, a U = U — J parameter of 4 eV is
applied on the TM-3d orbital, which has been previously
employed by many research groups to provide a reasonable
description of fundamental properties.®>*® Readers can find
the calculated band structures displayed in Fig. S2,f and
energy gaps and magnetic moments listed in Table S1.T
Despite a slight difference in the calculated spin-dependent
band gaps, the mBJ-GGA+U approach provides quite similar
electronic band structure profiles as compared to the mBJ-GGA
functional. Specifically, magnetic semiconductor and half-
metallic characters are obtained for the NaVGe and
NaCr(Mn)Ge compounds, respectively. Consequently, they
possess integer total magnetic moments of 2 and 3(4) (ug),
respectively. Meanwhile, the NaFeGe ternary compound
exhibits metallic nature in both of its spin states. The transi-
tion metals contribute mainly to the magnetic properties as
revealed by their large magnetic moments. It is worth
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mentioning that both methods yield quite similar features,
confirming their reliability.

3.4 Mechanical properties

In practice, stress and strain are frequent factors applied
intentionally or not to materials, and a structural deformation
is inevitable. Therefore, when designing materials for prac-
tical applications, a systematical study on their ability to
return to their original form, once the stress and strain are
removed, is very important. This materials feature can be
analyzed through elastic constants. Crystallizing in a cubic
structure, the elasticity of the materials studied herein is
characterized by three elastic constants, namely C,4, C;5, and
C,4. Their calculated values are given in Table 2. Born criteria
have been established to determine the mechanical stability
as follows:*” C1; > 0; C44 > 0, C1; > Cq,, and Cy4 + 2C4, > 0. Note
that none of these criteria are violated in the considered
NaTMGe half-Heusler compounds, indicating that they are
mechanically stable. Moreover, the considerably larger C;4
values in comparison with the C,, values may indicate
a higher resistance to longitudinal deformation than to shear
deformation for these materials.

From the calculated elastic constants, some mechanical
parameters can be derived as follows:*®

B_ Ci+2Cp @)
3
G (€
G= % (8)

where Gy and Gy correspond to the Voigt and Reuss compo-
nents, respectively:

Gy — Ch - C152 +3Cy (9)
_ 5(Ci — C12)Caq
4Cyy + 3(Cyy — C1)

Gr (10)
9BG

E=36+8 (11)
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2Cu
A= —— 12
C]l - CIZ ( )
_ 3B-2G 13)
Y= 6B+ 2G

where B, G, E, A, and v are the bulk modulus, shear modulus,
Young’s modulus, anisotropy, and Poisson ratio, respectively.
All determined values are given in Table 2.

Large bulk modulus values are indicators of a good materials
resistance to compression. From Table 2, it can be noted that
NaCoGe is the hardest material and NaMnGe exhibits the
highest compressibility considering their largest and smallest
bulk modulus, respectively. Also, the shear modulus is consid-
erably smaller than the bulk modulus, in agreement with the
relationship between the C;; and C,, constants, confirming
again a better resistance to uniaxial deformation than to shear
deformation. In general, the Young’s modulus is employed to
examine the materials stiffness. The larger the Young’s
modulus is, the stiffer the material will be. As shown in Table 2,
NaCoGe is the stiffest material, while the softest one is
NaMnGe. This result also reveals the poor resistance to stress
and strain of the NaMnGe compound.

Elastic anisotropy A is an important parameter to examine
the defect distribution and crack formation of materials. A
homogeneous distribution of defects and cracks is indicated by
elastic isotropy, corresponding to a unity value of A.* Any
deviation from this value may indicate elastic anisotropy. Note
from Table 2 that none of the studied compounds has an A
value of 1, indicating that all are elastically anisotropic. The first
and last material of the row exhibit the lowest and highest
anisotropy, respectively. To illustrate this feature, their depen-
dent directional Young’s moduli in both 3D and 2D are dis-
played in Fig. 6 (see Fig. S41 for the remaining materials), using
the ELATE analyzer.” Note that the 3D surface of NaScGe is
nearly spherical and its projections are nearly circular, sug-
gesting a quite low anisotropy. In contrast, the non-spherical 3D
surface and non-circular 2D projections agree well with the
strong deviation from unity of the NaZnGe elastic anisotropy
parameter.

The Poisson ratio ¥ and Pugh index (B/G) provide useful
insights into the characteristics of materials bonding forces.
The critical values of these parameters have been determined to

Table 2 Elastic constants Cyy, Cip, and Cy4 (GPa); bulk modulus B, shear modulus G, and Young's modulus E (GPa); anisotropy A; Poisson ratio «;

and Pugh index B/G of NaTMGe half-Heusler compounds

Ci1 Ciz Cya B G E A Y B/G
T™M = Sc 94.28 26.20 32.94 48.89 33.38 98.56 0.97 0.22 1.46
T™ = Ti 104.29 39.46 37.88 61.07 35.59 116.55 1.17 0.26 1.72
™ =V 95.57 34.69 18.81 54.98 22.83 91.50 0.62 0.32 2.41
T™ = Cr 93.47 23.21 21.88 46.63 26.47 88.14 0.62 0.26 1.76
T™ = Mn 53.40 24.39 11.14 34.06 12.38 53.30 0.75 0.34 2.75
T™™ = Fe 78.61 34.07 20.85 48.92 21.41 83.30 0.94 0.31 2.29
T™ = Co 131.93 47.49 37.84 75.64 39.53 138.55 0.90 0.28 1.91
TM = Ni 115.02 44.06 19.20 67.71 24.61 105.96 0.54 0.34 2.75
T™ = Cu 81.76 37.97 24.80 52.57 23.40 90.49 1.13 0.30 2.23
T™ =7Zn 54.71 34.80 27.50 41.44 18.30 70.85 2.76 0.31 2.26
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Fig. 6 Directional dependence of the Young's modulus of (a) NaScGe and (b) NaZnGe half-Heusler compounds.

be 0.26 and 1.75,7* respectively. Larger values indicate a ductile
nature, and otherwise the material is mechanically brittle. The
values listed in Table 2 suggest brittleness for NaScGe and
NaTiGe, whereas the remaining half-Heusler compounds are
mechanically ductile. It is worth mentioning that different
atomic arrangements may affect the parameters, however our
elastic and mechanical properties of NaScGe are in agreement
with previous calculations by Ciftci et al.*

4 Conclusions

In conclusion, a series of first-principles calculations has been
performed to investigate the structural, electronic, magnetic, and
mechanical properties of NaTMGe (TM = all 3d transition metals)
half-Heusler compounds. For the first five members of the TM row,
the ternary compounds crystallize in the type-III structure in which
Na, TM, and Ge are located at the 4c, 4d, and 4a Wyckoff positions,
respectively. Meanwhile, the remaining five compounds prefer to
adopt the type-II structure, where their constituent atoms occupy
the 4c, 4a, and 4d positions, respectively. Calculated phonon
dispersion curves confirm the dynamical stability of the studied
compounds, with the exception of NaNiGe and NaCuGe. The
results indicate that NaScGe, NaTiGe, NaNiGe, NaCuGe, and
NaZnGe are non-magnetic materials, where the first one is a direct
gap semiconductor with a relatively large band gap of 1.21 eV.
NaVGe is a magnetic semiconductor system, while half-metallicity
is observed in NaCrGe and NaMnGe, which are suitable for spin-
tronic applications. In contrast, both spin channels of NaFeGe and
NaCoGe exhibit metallic nature since their electronic states overlap
with the Fermi level. Large magnetic moments are produced by the
spin-up 3d orbitals of V, Cr, Mn, and Fe, whereas low magnetism
in NaCoGe is induced by the spin-down Co-3d state. All ten ternary
compounds are mechanically stable, however their resistance,
anisotropy, and ductile and brittle properties show a strong
dependence on the TM chemical nature. Our results have clearly
classified the effects of TM modification on the fundamental

© 2022 The Author(s). Published by the Royal Society of Chemistry

properties of NaTMGe compounds, which can be generalized to be
useful information for future experimental and theoretical work
dealing with Heusler materials containing 3d transition metals.
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