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ARTICLE INFO ABSTRACT

Keywords: First-principles calculations based on the density functional theory (DFT) within full-potential
First-principles calculations linearized augmented plane wave method (FP-LAPW) were carried out to investigate the struc-
Heusler alloys tural, electronic and magnetic properties of Rh,CrZ (Z = Al, Ga, In) Heusler alloys. The electron

Structural properties
Magnetic properties
Half metallicity

exchange-correlation energyis described by the generalized gradient approximation (GGA-PBE),
Tran and Blaha modified Becke-Johnson (TB-mBJ) potential and GGA + U (U is Hubbard cor-
rection). The present work reveals the stability of Rh,CrZ (Z = Al, Ga, In) Heusler in Cu,MnAl-
type structure. The negative value of formation energy in Rh,CrZ (Z = Al, Ga, In) alloys indicates
that these compounds can be synthesize experimentally. Rh,CrZ (Z = Al, Ga) are half metal
ferromagnets and expected to be potential candidatefor application in spintronics. However,
Rh,Crln is nearly half metallic behavior.

1. Introduction

Half-metallic (HM) materials are considered to be the most promising one, characterized by a metallic behavior in one spin
channel and semiconducting nature for the other leads to 100% spin polarization at the Fermi level. The HM materials are the key in
terms of technological importance and a prospective component of spintronic devices, in particular, as a resource of spin-injection
into semiconductor substrates. Spintronic is a new form of electronics which utilizes the spin degree of freedom of electrons as well as
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their charge [1]. While the concept of the half-metal was first originated from the electronic structure calculations in half-Heusler
NiMnSb by de Groot et al. in 1983 [2]. This material opens an opportunity for innovation of devices joining standard microelectronic
with spin-dependent effects such as nonvolatile magnetic random access memories and magnetic sensors [3]. In the recent years, half-
metallic ferromagnetism has been investigated in several transition metal compounds such as 3d (V, Cr, and Mn)-doped GaP [4],
Be; _ \ViZ (Z = S, Se and Te) (x = 0.25) [5] Ti,ZAl (Z = Co, Fe, Mn) [6], Co,CrX (X = Al, Ga, In) [7], CooMnZ (Z = Al, Ge, Si, Ga)
[8]. ZnCdTMn (T = Fe, Ru, Os, Rh, Ir, Ni, Pd, Pt) [9], NbCoCrAl and NbRhCrAl [10], TaCoSn [11], Mn,ZrX (X = Ge, Si) [12], 171
Scandium-based full Heusler compounds [13], spin-gapless semiconductors CuMn,InSe, [14].

Heusler alloys [15], are potential materials with diverse applications in spintronic devices such as spin-resonant tunneling diodes,
spintronic transistors, and spin light-emitting diodes etc. [16]. These materials can be used as spin injectors for magnetic random-
access memories and other spin-dependent devices [17]. Half-metallic Heusler alloys are expected to play a key role in spintronic
applications due to their high Curie temperatures and their structural compatibility with the widely used binary semiconductors
crystallizing in the zinc-blende structure, such as GaN and GaAs, which are the most important materials to study both theoretical and
experimental projects [17,18]. The greater part of these alloys forms L, type crystal structures with a face-centered cubic lattice (fcc).

It was shown that the change of the main group element in Heusler alloys is a powerful tool to change their physical properties
[19]. For example, electron spins polarization of full-Heusler alloy Fe,MnGe is 96%, but replacing of Ge by Al, leads to a decrease of
polarization to 81% [19].

The objective of this research work is to study the structural, electronic, magnetic and half-metallic behavior of the Heusler alloys
Rh,CrZ (Z = Al, Ga, In) with ab initio calculations. The rest of the paper is arranged as follows: Section 2 includes computational
details and the method of calculation, Section 3 is devoted to the results and their discussions and Section 4 is a summary of our
conclusions.

2. Computational details

The structural, electronic and magnetic properties of Rh,CrZ (Z = Al,Ga, In) Heusler alloys are studied by using the full-potential
linearized augmented plane-wave (FP-LAPW) method implemented in WIEN2k code [20]. The electronic exchange and correlation
effects were performed with the generalized gradient approximation (GGA) of Perdew- Burke and Ernzerhof (PBE) [21]. In addition,
Tran and Blaha modified Becke-Johnson (TB-mBJ) potential is also used to predict the band gap more specifically [22]. In order to
study the on-site correlation at the3d transition metals, the GGA + U method were used. In the GGA + U scheme, the effective
Coulomb-exchange parameter Ueff = U — J should be used where U is the Coulomb part (Hubbard U) and J is the exchange part. We
have chosen U = 1.64eV and J = 0.0 eV for Cr.

In FP-LAPW method the space is divided into an interstitial region (IR) and non-overlapping muffin-tin (MT) spheres centered at
the atomic sites. In the IR region, the basis set consists of plane waves. Inside the MT spheres, the basic functions are expanded into
spherical harmonic functions. The wave functions in the interstitial region were expanded in plane waves with a cut-off K;;,,x = 8/
Ryit, where Ryt denotes the smallest atomic sphere radius and K, is the maximum modulus for the reciprocal lattice vectors. The
convergence criterion for self-consistent calculations was set to less than 0.1 mRy for energy. The cut-off energy, which defines the
separation of valence and core states, was taken to be -6.0 Ry. The magnitude of the largest vector in charge density Fourier
expansion (Gpay) was 14 (a.u) ~1 A mesh of 64 special k-points was made in the irreducible wedge of the Brillouin zone. In all
calculations, the Rh: [Kr] 5s! 4d®, Cr: [Ar] 4s' 3d°, Ga: [Ar] 4s® 3d'° 4p1, Al: [Ne] 3523p1, In: [Kr] 5524dl°5p1 states are treated as
valence electrons. In the goal to determine the ground-state properties the total energy dependence on the cell volume is fitted to the
Murnaghan's equation of state [23] given by the following relation.

E = Eo(V) + %[3(1 - g) * (g)g - 1]

(€Y)]
where E, is the minimum energy at T = 0K, B is the bulk modulus, B’ is the bulk modulus derivative and Vj is the equilibrium
volume.

3. Results and discussions
3.1. Structural and elastic properties

Full-Heusler compounds with general chemical formula X,YZ, where X and Y are transition metals and Z is a main group metal
have face-centered cubic lattice (fcc) with space group Fm3m. These alloys are divided into two distinct groups due to their crys-
talline structures. The first type is with Cu,MnAl (L,;) structure, where the X atoms occupy (0, 0, 0) and (0.5, 0.5, 0.5) positions, Y
atom occupies (0.25,0.25, 0.25) position, and Z atom occupies (0.75, 0.75, 0.75) position. The X, atoms form a primitive cubic
sublattice while the adjacent cubes of this sublattice are filled alternately by Y or Z atoms [24]. The second type so-called inverse
Heusler alloy is with XA-structure (prototype Hg,CuTi) where X atoms are positioned at (0, 0, 0) and (0.25, 0.25,0.5) sites, the Yand Z
atoms are at (0.5, 0.5, 0.5) and (0.75, 0.75, 0.75) sites, respectively. The crystal structure of Rh,CrZ (Z = Al, Ga, In) in both Hg>CuTi
and Cu,MnAl phases are shown in (Fig. 1).

In X,YZ compounds, the site favorite of X and Y atoms are mostly determined by the number of their valence electrons, and when
the number of 3d valence electrons of Y atom is larger than that of X in full-Heusler alloy, the inverse Heusler structure(Hg,CuTi-
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Fig. 1. Crystal structure of Rh,CrZ (Z = Al, Ga, In): (A) Hg,CuTi, and (B) Cu,MnAl: Rh (grey), Cr (black) and Z (purple).

type) will be observed. In order to predict the ground state properties and to establish the more stable structure for the Rh,CrZ
(Z = Al Ga, In) alloys, we have used the energy minimization method. Our basic procedure in this method, is to calculate the total
energy as a function of unit-cell volume around the equilibrium state volume in both type phases Cu,MnAl and Hg,CuTi- for the
different volumes around the equilibrium cell volume V, and by fitting the modified Birch-Murnaghan equation of state (EOS) [23].

In the case of Rh,CrZ (Z = Al, Ga, In), the Y (Cr) atomic number is 24 lower than the X (Rh) atomic number of 45; consequently,
Cu,MnAl type as a prototype is observed. In Fig. 2 we have compared the structural stability of Rh,CrZ (Z = Al, Ga, In) with Cu,MnAl
type and Hg,CuTi type of structures, it is seen that the Cu,MnAl-type phase is more stable than that of Hg,CuTi phase for the Rh,CrZ
(Z = Al Ga, In) compounds at ambient conditions. The calculated ground-state parameters (ao, B, B’, V and E) for the compounds
are listed in Table 1.

The equilibrium lattice constants are found to be equal to 6.04 A (6.06A), 6.10A (6.09 A) and 6.32A (6.29A) for Rh,CrAl,
Rh,CrGa and Rh,Crln, respectively with Hg,CuTi (Cu,MnAl) type structure. The equilibrium lattice constants of Rh,CrZ (Z = Al,Ga,
In) increases with increasing in the covalent radii of Z atoms.

We discuss the phase stability of Rh,CrZ (Z = Al, Ga, In) alloys based on the formation energies Er (formation enthalpies at 0 K)
calculation using density functional theory. This can facilitate to predict whether these alloys can be fabricated experimentally or not.
The formation energy (E) shows the stability of the compound which is defined by the following equation for the Rh,CrZ (Z = Al, Ga,
In):

I bulk bulk bulk
Er = ztz‘;f;az — [2Egy™ + E¢™ + E4f 2)

where Eﬁ;f;‘é,z is the calculated equilibrium total energy of the Rh,CrZ(Z = Al, Ga, In) compounds per formula unit and E5%, B2k,

E44% correspond to the total energy per atom for the Rh, Cr, and Al atoms, respectively. The calculated formation energies are shown
in Table 1.
The negative value of formation energies indicates that the Rh,CrZ (Z = Al,Ga,In) compounds are energetically stable and their
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Fig. 2. Total energy as a function of unit cell volume for the Rh,CrZ (Z = Al, Ga, In) compounds in both Cu,MnAl- and Hg,CuTi-type structures.
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Table 1
The calculated bulk parameters of Rh,CrZ (Z = Al, Ga, In) compounds, a (If\): lattice parameter, B (GPa): bulk modulus, B: Pressure derivative of the
bulk modulus.

aA) B (GPa) B Vo (aw) 3 Eo (RY) E«Ry)
Rh,CrAl Hg,CuTi 6.0475 228.4502 3.1733 373.1789 —21,728.539590 -1.7135
6.04 [25]
Cu,MnAl 6.0626 167.9418 5.9164 375.9945 —21,728.650114 —1.8241
6.04 [26]
Rh,CrGa Hg,CuTi 6.1048 154.6070 4.8837 383.6446 —25,131.082042 —1.5842
Cu,MnAl 6.0984 156.9161 6.2043 383.0189 —25,131.186243 —1.6883
Rh,Crin Hg,CuTi 6.3242 168.9794 3.7160 426.8480 —33,009.324194 —1.4275
6.28 [25]
Cu,MnAl 6.2928 178.618 4.3567 419.3142 —33,009.409367 -1.5127
6.282 [26]
Rh,MnAl 5.98 [27] 213.01 [27] 4.30 [27] - —21,940.52 [27]

experimental synthetization is realistic.

The calculated values of the formation energy of the Cu,MnAl-type structure are more negative than those calculated for the
Hg,CuTi-type structure, indicating that the Cu,MnAl-type structure is more stable than that of Hg,CuTi-type one.

The responses of a crystalline solid to external stress of various natures are completely determined by the elastic constants and
moduli. These parameters are fundamental and are intimately related with the bonding strength and lattice stability of the compound
[28]. As there are no experimental or theoretical data for the elastic constants of the title compounds in the literature therefore, it is
valuable to evaluate these parameters. These constants are computed by using the numerical first principles method where the
curvature of the energy curve as a function of strain were analyzed for selected deformations of the unit cell. As the Rh,CrM (M = Al,
Ga, In) compounds have the cubic structure; hence, it is necessary to calculate only three-independent single elastic constants namely
C11, C12, and C44. These are listed in Table 2. In view on Table 2, one can notice that, C;;, which is related to the unidirectional
compression along the principal crystallographic directions is much higher than C,4, indicating that these compounds present a
weaker resistance to the pure shear deformation compared to the resistance to the unidirectional compression. One can remark that
these materials have high elastic moduli which indicate their stiffness and rigidity.

To confirm the mechanical stability of the cubic system, the following mechanical stability criteria were checked by using the
following known relation:

(Ci1 — C12)>0, C12<B<Cyy, (C11+2C12)>0, Cau>0. 3

In our case, all the C;; constants satisfied the mechanical stability criteria, so it can be said that both studied compounds are
mechanically stable.

The polycrystalline elastic moduli of the considered compounds, such as the bulk modulus B, shear modulus G, Young's modulus
E, Poisson's ratio v, were calculated from the single-crystal elastic constants C;; approach using the Voigt-Reuss-Hill approximations
[29,30]:

_ (Cui + 2C1y)

B
3 “@
G = (C.u = Ci, + 3Cu)
v 5 ()
. = 5Cy (Ci1 — C12)
4Cy + 3(Cy — Cpy) (6)
(Gv + GR)
G="»* O®)
2 @)
= 9BG
BB+ G) 8)
Table 2

Calculated elastic constants C;; in (GPa), shear moduli G, Gy and G (in GPa), Young modulus E (in GPa), Poisson ratio (v), anisotropy elastic A, and
B/G ratio (where B is the bulk modulus in GPa) for Rh,CrM (M = Al, Ga, In) in Cu,MnAl structure using GGA-PBE approximation.

Ci1 CCi2 Cus G, Gr G E v A B/G
Rh,CrAl 188.91 162.46 49.32 34.88 23.58 29.23 82.97 0.42 0.73 5.86
Rh,CrGa 199.37 138.62 74.18 56.66 47.04 51.85 140.29 0.35 0.44 3.06
Rh,CrIn 254.42 104.78 92.98 85.72 84.75 85.23 216.02 0.27 0.24 1.81
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,_ 3B-20
T 2(3B+ G) 9
A= A
(Cn— C) (10)

The calculated polycrystalline elastic moduli are also listed in Table 2. For the estimation of the brittle and ductile behaviors of
polycrystalline materials, Pugh [31] formulated an empirical formula in which the bulk modulus B and the shear modulus G are
considered as resistant to fracture and to plastic deformation, respectively. This formula states that the critical value of the B/G ratio
separating the ductile and brittle behavior of materials is around 1.75; i.e., if B/G>1.75, the material is ductile; otherwise the
material is classified as brittle [32]. The obtained B/G ratios for all the studied compounds are greater than 1.75, indicating the
ductile nature of these compounds. The ductile characteristic of these compounds is also confirmed by the Cauchy's pressure relation
defined as the difference between the elastic constants C;;-Cy». If the Cauchy's pressure is positive (negative), the material is expected
to be ductile (brittle) [33,34]. Here, the calculated Cauchy's pressure is positive for all compounds. Therefore, these compounds are
classified as ductile materials. It is seen that the ductility increases in the following sequence: (Rh,CrIn) < (Rh,CrGa) < (Rh,CrAl)
which implies that replacing metal “M” with another more electronegative metal leads to more ductile compound. The important
quantity known as the Poisson ratio (v) characterizes the bonding nature of solid materials where the Poisson ratio (v) for covalent
materials has a small value typically at 0.1 and for ionic compounds, its typical value is greater than or equal to 0.25. As the
calculated (v) value for Rh,CrM (M = Al, Ga, In) compounds are greater than 0.25, this indicates ionic bonding for these compounds.
The elastic anisotropy (A) is an important factor, as it is highly correlated with possibility of inducing microcracks in the materials.
For completely isotropic systems, the anisotropy factor A takes the value of the unity and the deviation from unity measures the
degree of elastic anisotropy. The calculated values of the anisotropic factor A are larger than the unity for all the investigated
compounds, meaning that they are characterized by a profound anisotropy.

3.2. Electronic and magnetic properties

In order to predict the electronic properties of Rh,CrZ (Z = Al, Ga, In), we have presented the total density of states (TDOS) as a
function of energy for RhoCrZ (Z = Al, Ga, In) with Hg,CuTi type structure (Fig. 3) and Cu,MnAl (Fig. 4), by using GGA, TB-mBJ and
GGA + U approximations. The Fermi level sets as 0.0 eV. The partial densities of states (PDOS) spectra are computed to see the
contributions from various atomic states near Er. The role of transition metals 3d-states is very important in the description of density
of sates calculations. The magnetic moments of the materials depend on the interactions of 3d-band structure with other states [35].
Coey et al. [36] have proposed a large classification scheme for half-metallic ferromagnets. A material with conducting electrons
(metallic behavior) at one for the spin channels and an integer moment at T = 0 is a good candidate for A type-I half-metallic
ferromagnet. This is the phenomena described by de Groot et al. Type-I5 half-metals are metallic in spin up, but semiconducting in
spin dn; the opposite is true for the type-Iz half-metals [37]. In Hg,CuTi type structure, it is observed from Fig. 3 that the electronic
structure has metallic intersections at the Fermi level, indicating a strong metallic nature of spin-up and spin-down electrons for
Rh,CrZ (Z = Al Ga, In) within GGA, TB-mBJ and GGA + U approximations. Fig. 4 also shows that the profile ofthe PDOS and TDOS
spectra of the compounds of interest in the Cu,MnAl-type structure is almost similar with Z(Z = Al, Ga and In). It is clear that the
majority-spin is metallic, while the minority spin shows a semiconducting gap around the Fermi level for Rh,CrZ (Z = Al, Ga,) alloys.
So, Rh,CrZ (Z = Al, Ga) compounds with Cu,MnAl type structure are classified as a HM material. From the PDOS and TDOS, we can
see the TDOS around the Fermi level comes mainly from the 4d electrons of transition metal. It is seen that the major contributions to
the resulting density of states (DOS) of Rh,CrZ (Z = Al, Ga, In) obtained by both GGA and TB-mBJ approximations are due to the Rh
atoms. For Rh,Crln, the PDOS and TDOS indicate nearly half-metallic behavior with small spin-down electronic densities of states at
the Fermi level.

The minority-spin band gap is an important part in HM materials, and the source of the HM band gap is discussed in the following.
The HM band gaps usually take place from three aspects [38]: (1) charge transfer band gap [38] which is frequently seen in CrO, and
double perovskites [38], covalent band gap which is present in the half- Heusler with Cy}, structure, and (3) d—d band gap, that is the
origin of the HM band gap in the full- Heusler alloys with Cu,MnAl structure. Fig. 5 illustrate the hybridization between d-orbitals of
Rh1(Rh2) and Cr atom. In the latter case thereis a relatively strong hybridization between d orbitals of transition metals which makes
the d-orbitals to split into bonding eg and t,; orbitals below the Fermi level and anti-bonding e;* and t,;* orbitals above the Fermi
level. This hybridization is known asd-d hybridization [39].

The half- metallicity (HM) is one of the key ingredients for realization of spintronic devices because it is known to maximize the
spin-injection rate of spin-polarized carriers into semiconductors [40].

The main group atom plays a central role to stabilize the half-metallicity, while it does not directly forms the minority gap,which
providessp states to hybridize with d electrons and determines the degree of occupation of the p—d hybrids, thus affecting the
formation of energy gap and the width of gap [41]. The half-metallic property of alloy is directly connected to its lattice constant due
to the fact that the lattice constant significantly affects the width of the band-gap and the position of the Fermi level Eg relative to the
band-gap as suggested by Qi and co-authors [42], Han et al. [43] and Wang and collaborators [44]. Rh,CrAl and Rh,CrGa have HM
behavior with lattice parameter 6.04 A and 6.10 A, respectively; this character begins to diminish with Rh,CrIn with lattice parameter
of 6.32 A. Slater [45] and Pauling [46] separately establish that the magnetic moments per atom m of the 3d transition elements and
their binary alloys can be predictable by the mean number of valence electrons per atom ny.

Once we insert one valence electron in the compound, this resides in spin-down states only and the total spin magnetic moment
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Rh.CrAl with GGA+ U
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Fig. 3. DOS of Rh,CrZ (Z = Al, Ga, In) in Hg,CuTi type structure with GGA, TB-mBJ and GGA + U approximations.

decreases by about 1 pg. The Slater—Pauling rules connect the electronic properties directly to the magnetic properties (total spin
magnetic moments) and thus present an influential tool to the study of half-metallic Heusler compounds. It was revealed that in the
case of the semi- Heusler,the total spin magnetic momentin the unit cell, M, scales as a function of the total number of valence
electrons ny, followingthe relation M, = ny— 18 [47] whereas, in the case of the full Heusler alloys, this relation becomes M; = ny —
24. [48]. The number “24” in the above formula comes from number of completely occupied minority states which consist of one s,
three p, and eight d states and gives total 12 states [48].

The total and partial magnetic moments, using GGA-PBE, TB-mBJ and GGA + U, of Rh,CrZ (Z = Al, Ga, In) with Cu,MnAl type
structure (the most stable structure), are summarized Table 3. The values of M*" obtained within GGA-PBE are slightly less than those
calculated using GGA + U. The integer magnetic moment is a significant characteristic property for these systems in stoichiometric
composition. The small deviation from integer magnetic moment guide significant disruptions in half-metallic character by non-zero
electronic density of states for minority spins around Fermi level [49]. It is also an important question that in what conditions half-
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Fig. 4. DOS of Rh,CrZ (Z = Al, Ga, In) in Cu,MnAl type structure with GGA, TB-mBJ and GGA + U approximations.

metallic character is preserved [49].
The calculated spin magnetic moments for the Rh,CrZ (Z = Al, Ga, In) Heusler alloys, expose that the total magnetic moments
which contains the contribution from the Rh;, Rhy, Cr, Z atoms and the interstitial region, comes mainly from the Cr ion, this
contribution was due to the large exchange splitting between majority spin states and minority spin states of Cr atom, with a small
contribution from Z (Z = Al, Ga, In), Rh sites and interstitial region. The Z-element (Z = Al, Ga, In) take a small magnetic moment
which is owing to induced magnetic polarization by surrounding transition metal atoms. The negative sign in the local magnetic
moments of Z atom shows that the induced magnetic polarization of the Z element is anti-parallel to that of Rh and Cr atoms. The
Rh,CrZ (Z = Al,Ga,In) alloys have 27 valence electrons per unit cell (ny = (9 X 2) + 6 + 3 = 27), consequently the spin magnetic
moment My = 27-24 = 3 in good agreement with the Slater Pauling rule My = ny— 24.
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Fig. 5. PDOS of Rh,CrZ (Z = Al, Ga, In) in both Cu,MnAl and Hg,CuTi type structure.

4. Conclusions

The structural, electronic and magnetic properties of the Rh,CrZ (Z = Al, Ga, In) for both Hg,CuTi and Cu,MnAl type structures
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have been investigated using first-principles calculations based on density functional theory (DFT).
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Table 3
The total and partial magnetic moments of Rh,CrZ (Z = Al, Ga, In).
M Rh1 M Rh2 M Cr M Z M interstitial M total
Rh,CrAl GGA 0.22267 0.15871 2.54878 —0.02163 0.11542 3.00396
3.01 [25]
2.6 [26] 0.0 [26] 3.00 [26]
TB-mBJ 0.28178 0.23958 2.55259 —0.03995 —0.03033 3.000
GGA +U 0.09777 0.42247 2.51888 —0.03803 —0.05052 3.02161
Rh,CrGa GGA 0.16715 0.18356 2.54714 —0.02214 0.13136 3.00708
TB-mBJ 0.22972 0.23069 2.57435 —0.03683 0.01405 3.00198
GGA+U 0.08819 0.39015 2.53750 —0.03561 0.09402 3.04426
Rh,CrIn GGA 0.15855 0.09881 2.64036 —0.01691 0.15523 3.03604
3.14 [25]
2.8 [26] 0.0 [26] 3.00 [26]
TB-mBJ 0.07270 0.08754 2.84591 —0.01964 0.06533 3.05185
GGA+U 0.06087 0.34773 2.67977 —0.02919 0.11039 3.10958
Rh,MnAl 4.04 [27]

e The Cu,MnAl-type phase is more stable than that of Hg,CuTi phase for Rh,CrZ (Z = Al,Ga,In) compounds at ambient conditions.

® Rh,CrZ (Z = Al, Ga)exhibits HM nature, Rh,CrIn displays a nearly half metallic behavior.

o The calculated total magnetic moments of 3 pgfor RhoCrZ (Z = Al, Ga) arein good agreement with Slater Pauling rule, whereas
that of 3.05 pgfor Rh,CrIn shows slight deviation from the Slater Pauling rule.
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