Electronic, magnetic, and structural properties of CoVMnSb: ab initio study
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Abstract

We present computational results on electronic, magnetic, and structural properties of
CoVMnSb, a quaternary Heusler alloy. Our calculations indicate that this material may crystallize
in two energetically close structural phases: inverted and regular cubic. The inverted cubic phase
is the ground state, with ferrimagnetic alignment, and around 80% spin polarization. Despite
having a relatively large band gap in the minority-spin channel close to the Fermi level, this phase
does not undergo a half-metallic transition under pressure. This is explained by the “pinning” of
the Fermi level at the minority-spin states at I" point. At the same time, the regular cubic phase is
half-metallic, and retains its perfect spin polarization under a wide range of mechanical strain.
Transition to regular cubic phase may be attained by applying uniform pressure (but not biaxial
strain). In practice, this pressure may be realized by atomic substitution of non-magnetic atom (Sb)
with another non-magnetic atom (Si) of smaller radius. Our calculations indicate that 25%
substitution of Sb with Si results in half-metallic regular cubic phase being the ground state. In
addition, CoVMnSby5Sips retains its half-metallic properties under a considerable range of
mechanical pressure, as well as exhibits thermodynamic stability, thus making this alloy attractive
for potential spintronic applications. We hope that the presented results will stimulate experimental

efforts to synthesize this compound.

1. Introduction

The generation of highly spin-polarized current is one of the key aspects investigated for
potential device applications in spin-based electronics (spintronics). In principle, the ideal material
for such applications is a room temperature half-metal, i.e. a material that is conducting electrons

of one spin only.'"?3#4367.8910.1L12.13 By definition, the spin-polarization (defined as P =
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N1(ep)—N,(€F)
N1(ep)+N,(eF)

where Nj | (€5) is the spin-dependent density of states (DOS) at the Fermi level, €z) '
of half-metallic materials is 100%. At the same time, several physical mechanisms may reduce the
spin-polarization of these compounds, thus destroying half-metallicity. In particular, atomic
disorder almost always reduces the spin-polarization of potentially half-metallic materials. !> !¢ In
addition, surface states in reduced geometry (thin films) have been reported to have a negative
impact on half-metallicity, by populating the energy band gap of one of the spin channels at the
Fermi level. 7 18.19.20.21.22.23.24 At the same time, it has been reported that in some case, the half-

metallicity in thin-film geometry may be restored by interface engineering. 2> 26

Among various materials that have been reported to exhibit half-metallic properties, such
as certain oxides and manganites, 2’ double perovskites, 2® chalcogenides, ° and pyrites, *° Heusler
alloys attracted particular attention, mostly because they often have high Curie temperature, much
higher than the room temperature.®"3? Various types of Heusler compounds are distinguished.
Semi-Heusler and full-Heusler alloys contain three and four atoms per formula unit,
correspondingly. Full-Heusler compounds may be both ternary (A2BC) and quaternary (ABCD).
In addition, Heusler materials may crystallize in regular and inverted cubic structures. For
example, the quaternary Heusler alloy ABCD has the following Wyckoff positions in the regular
cubic structure: A(0,0,0), B(1/2,1/2,1/2), C(3/4,3/4,3/4), D(1/4,1/4,1/4). At the same time, in the
inverted cubic structure, the Wyckoff positions are: A(0,0,0), B(3/4,3/4,3/4), C(1/2,1/2,1/2),
D(1/4,1/4,1/4). Both structures have a symmetry of a space group F-43m, and are visualized in the

Figure 1 below.

If the energy difference between the regular and inverted cubic phases of a Heusler
compound is small, the material may, in principle, crystallize in either of the two phases. In
addition, one of these phases may be half-metallic, while the other is not. For example, a ternary
Heusler compound Ti2MnAl exhibits 100% spin-polarization and spin-gapless semiconducting
(SGS) electronic structure in inverted cubic phase, while in regular cubic phase this material is
paramagnetic.'® In such situations, it is important to understand how to stabilize the highly spin-

polarized phase. This is the main topic of the current work.

CoVMnSb is a quaternary Heusler compound that has been recently reported to exhibit
half-metallic properties.®® Here, we show that the lowest energy state of this material (inverted

cubic phase) is not half-metallic, and the transition of this phase to 100% spin polarization cannot
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be induced by external strain. At the same time, under hydrostatic compression this material
undergoes a transition to a regular cubic phase, which exhibits half-metallic electronic structure.
Our calculations indicate that in practice such transition may be induced by substituting 25% of

Sb atoms with Si, i.e. by “reducing” the atomic radius of the non-magnetic element.

The paper is organized as follows. The Computational Methods are described in Section
II. Section III presents our main results, and it contains three sub-sections, which focus on the
ground state properties of CoVMnSDb, the effect of mechanical strain, and the effect of atomic
substitution. Section IV contains concluding remarks and potential future work, and is followed

by Acknowledgments and References to the relevant literature.

I1. Computational methods

All calculations in this work are performed using the Vienna ab initio simulation package
(VASP).** More specifically, the following methods are used: the projector augmented-wave
method (PAW)?® and generalized-gradient approximation (GGA) method by Perdew, Burke, and
Ernzerhof, 3¢ as well as the integration method by Methfessel and Paxton witha 5 X 1072 eV width
of smearing.?’ The crystal structures are optimized until the energy difference between
consecutive steps is 107> eV or less. The energy convergence criteria of 1073 meV is used for
calculating the electronic and magnetic structures. The Brillouin-zone integration is performed
with a k-point mesh of 4x4x4 for structural optimization, and 12x12x12 for electronic structure
calculations. The MedeA® software environment>® is used for visualizing the atomic positions,
and for calculating / plotting the electronic band structures. The ferromagnetic / ferrimagnetic
alignments are modeled using supercell approach in VASP. More specifically, we relaxed the
magnetic alignment to the lowest energy state in the 16-atom cell. The pair-exchange parameters
from the Heisenberg Hamiltonian are calculated using in-house tight-binding code. The
calculations reported in this work are performed using the Advanced Cyberinfrastructure
Coordination Ecosystem: Services & Support (ACCESS) (formerly known as Extreme Science
and Engineering Discovery Environment (XSEDE)) resources located at the Pittsburgh
)3

Supercomputing Center (PSC)””, and with the local computer cluster at Ames National

Laboratory.



III.  Results
II1. a) Ground state: structural, magnetic, and electronic properties

Figure 1 shows regular (a) and inverted (b) crystal structures of CoVMnSb, a quaternary
Heusler alloy that has been recently reported to exhibit half-metallic electronic structure.*® Our
calculations indicate that this material has two energetically close lattice configurations: regular
cubic, and inverted cubic. The calculated energies of these phases are -116.80110 eV / 16-atom
cell, and -117.36817 eV / 16-atom cell, correspondingly. The calculated equilibrium lattice
parameters are 5.997 A for regular, and 6.131 A for inverted structures.
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Figure 1: Regular (a) and inverted (b) crystal structure of CoVMnSb. The atoms are colored as indicated in
the figure.

Figure 2 shows calculated density of states (DOS) of inverted (a) and regular (b) structures
of CoVMnSb. The insets show the minority-spin states around Fermi level. As one can see, the
inverted phase of this material is not half-metallic, due to the crossover of the spin-down states at
the Fermi level. At the same time, slightly above the Fermi level, there is an energy gap of around
0.3 eV in the minority-spin channel. One may expect that the half-metallic transition may be
induced in the inverted phase by shifting the Fermi level towards this energy gap by some external
stimulus, e.g. by applying mechanical strain. Such transitions have been reported in literature for
different Heusler compounds.'"*® At the same time, as one can see from Fig. 2 (b), the regular
phase of CoVMnSD is half-metallic. Yet, a close inspection of the minority-spin states around the

Fermi level reveals the potential absence of the energy gap. Instead, the half-metallicity appears



to be produced by a gapless character of these states (see the inset of Fig. 2 (b)). One may think
that this makes the half-metallicity of the regular phase relatively unstable, as it may be destroyed
e.g. by external pressure. Thus, for both the regular and inverted phases of CoVMnSDb, it is
desirable to analyze the effect of external pressure on their electronic structure. This question is

addressed in detail in the next section.
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Figure 2: Calculated total and element-resolved density of states of inverted (a) and regular (b) phases of
CoVMnSb. Elemental contributions are colored as indicated in the figure. Positive DOS corresponds to the
majority-spin states, while negative DOS corresponds to the minority-spin states. The vertical line indicates
position of the Fermi level. The insets show the distribution of the spin-down states around the Fermi

energy.
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Figure 3: Calculated band structure of inverted (a) and regular (b) phases of CoVMnSb. Blue: minority-
spin bands; red: majority-spin bands. Horizontal line is the middle of the plot corresponds to the Fermi

level.



Figure 3 shows calculated band structure of inverted (a) and regular (b) phases of
CoVMnSb (blue and red line indicate minority- and majority- spin bands, correspondingly). As
one can see from Fig. 3 (b), the minority-spin states actually do exhibit an energy gap around the
Fermi level, but its value is fairly small (around 0.1 eV). This gap is not visible in the Fig. 2 (a)
due to the non-zero smearing of the DOS plot. Either way, both the Figures 2 and 3 confirm the
half-metallic nature of the regular phase, and non-half-metallic (but still highly spin-polarized)
nature of the inverted phase of CoVMnSb. More specifically, the values of the spin-polarization

N1(er)—N,(eF)

N(er) N, er) where Ny, (er) is the spin-dependent density of states at the

(calculated using P =

Fermi level, €5) are 98.9% and 80.2% for the regular and inverted phases, correspondingly. A
small deviation of the spin-polarization of the regular phase from 100% is likely due to the DOS
smearing. As shown at the band structure plot (Fig. 3 (b)), the regular phase of CoVMnSD is half-

metallic.
Total (us/fu.) | Co (us/atom) | Mn (us/atom) | V (us/atom) | Sb (us/atom)
regular 2.000 1.195 0.292 0.531 -0.018
inverted | 2.018 0.786 3.162 -1.735 -0.034

Table 1: Calculated magnetic moments (total, and atom-resolved) of both inverted and regular structures of
CoVMnSb at equilibrium.

Table 1 shows calculated magnetic moments (total, and atom-resolved) of both inverted
and regular structures of CoVMnSb at equilibrium. Interestingly, these two phases exhibit
distinctly different magnetic alignment. In particular, as one can see from Table 1, CoVMnSb is
ferromagnetic in its regular phase, and ferrimagnetic in the inverted phase. The ferrimagnetic
alignment in the inverted structure results from the magnetic moment of vanadium being anti-
aligned with the magnetic moments of cobalt and manganese. At the same time, the total magnetic
moments of these two phases are relatively close, due to a much larger (order of magnitude) value
of Mn magnetic moment in the inverted phase. Another noteworthy feature of the data presented
in Table 1 is the integer (non-integer) value of the total magnetic moment of CoVMnSD in the
regular (inverted) phase. This is consistent with our conclusion that CoVMnSDb is half-metallic in
the regular phase, but not half-metallic in the inverted phase. In particular, the integer magnetic

moment per formula unit may serve as an indication of half-metallicity. Indeed, in the case of half-



metallic electronic structure (see Figures 2(b) and 3 (b)), the spin-down states in the valence band
are fully occupied, thus making their total number an integer. This results in an integer total

magnetic moment per formula unit, because the total valence charge is an integer.

To confirm the ferrimagnetic alignment of the inverted phase, we computed exchange
coupling parameters (J;;) between vanadium atoms and their neighbors in both regular and inverted
structures. These calculations were conducted using an in-house tight-binding code,*!*?
employing the linear response theory** and the maximally localized Wannier functions (MLWFs)
method. ***>4¢ MLWFs have the capability to represent either an isolated set of bands or entangled
bands within a specified energy range using a more compact basis. The linear response method
calculates individual pair couplings (J;;) by assessing energy variations resulting from
infinitesimal spin rotations of atoms i and j, utilizing the magnetic force theorem. Positive values

of pair-exchange parameters J;; indicate antiferromagnetic alignment, while negative values of J;;

indicate ferromagnetic alignment.

The calculated J;; parameters are plotted in the Figure 4. Here, the abscissa indicates the

nearest neighbor (x=1), next nearest neighbor (x=2), and so on. The pairs that are not shown in the

figure (V — Sb in both structures, and V — V in regular structure) have negligible value of J;;.
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Figure 4. Calculated pair-exchange parameters, /;; between vanadium atom and its neighbors in both
regular (black) and inverted (red) structures of CoVMnSb. Different symbols are used to represent different
pairs, as indicated in the figure.

One of the main features seen in Fig. 4 is a strong positive exchange coupling between

nearest neighbor V and Mn atoms in inverted structure (red triangles facing down). The positive



value of J;; indicates antialigned magnetic moments of V and Mn in inverted structure. The
exchange coupling between V and Co atoms in inverted structure (red rhombuses) is also positive,
again favoring antialignment of V and Co magnetic moments. At the same time, the exchange
coupling between two V atoms is negative, which results in magnetic moments of vanadium atoms
pointing in the same direction. In the regular structure, the magnetic moment of V is around three
times smaller than that in the inverted structure. This results in much smaller | /i j| values in the
regular structure compared with inverted structure, as can be seen in Fig. 4. In addition, the
exchange coupling between nearest neighbor V and Mn atoms in regular structure (black solid
circles) is negative, indicating ferromagnetic alignment. Finally, the exchange coupling between
nearest neighbor V and Co atoms in regular structure may be both positive (black solid squares)
and around zero (black stars). The zero value of J;; may be a computational artifact, as it is only
observed in one out of four V — Co nearest neighbors. For the other three V — Co pairs, J;; is
positive. This should result in antialignment of V and Co magnetic moment in regular structure,
which is not confirmed by our calculations (see Table 1). This is likely due to the negative J;; value
for all four nearest neighbor V and Mn pairs. In other words, the tendency towards alignment
between V and Mn magnetic moments appears to outweigh the tendency towards antialignment

between V and Co magnetic moments, in the regular structure.
We also estimated the Curie temperature of CoVMnSDb in the regular cubic (half-metallic)

- I 2||Epyl-|E .
phase within the mean field approximation, as follows: T, = 201Eru I \Earul] 47,45 Here, n is the

3nkp
number of magnetic atoms in the cell (12, in our case), while Epy = —116.801902 eV and
Esry = —116.150385 eV are calculated energies of ferromagnetic and antiferromagnetic

arrangements, correspondingly. The calculated value of T, is 421 K, i.e. much higher than room
temperature. Moreover, the calculated values of Epy and E4py confirm the stability of the

ferromagnetic phase.

I11. b) Mechanical strain: structural, magnetic, and electronic properties

As discusses in the previous sub-section, the properties of both the regular and inverted
phases of CoVMnSb may be very sensitive to the external pressure. Figure 5 shows calculated
energies of these phases as a function of lattice constant for uniform (hydrostatic) pressure (a), and

biaxial strain (b). Here, the biaxial strain is modeled as follows: for each of the considered in-plane

8



lattice parameters, we optimized the out-of-plane lattice parameter. The calculated out-of-plane
vs. in-plane lattice constants (¢ vs. a) for both the regular and inverted phases of CoVMnSb are
plotted in the Fig. 5 (c).

As seen from the Fig. 5 (a), application of the uniform pressure leads to the regular phase
of CoVMnSb becoming a lower energy state compared with the inverted phase. The transition
happens at the lattice constant of 5.981 A. At the same time, application of the biaxial strain does
not result in such a transition (see Fig. 5 (b)), likely due to a smaller change of the unit cell volume.
In principle, biaxial strain is a more realistic scenario of modifying the volume of the unit cell. In
particular, it can be induced in thin-film geometry, by growing the material on a substrate with a
different lattice constant. At the same time, the hydrostatic pressure may also be induced in
practice, e.g. by atomic substitution. For example, in our recent work we demonstrated that atomic
substitution induced reduction of the unit cell volume leads to a half-metallic transition in a semi-
Heusler compound CrMnSb.* Therefore, in the rest of this paper we focus on the effect of
hydrostatic pressure, as it may potentially result in a half-metallic transition, due to the regular

phase of CoVMnSb becoming the ground state.
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Figure 5: Calculated energies of the inverted (black line and squares) and regular (red line and circles)
phases of CoVMnSD as a function of lattice constant for uniform (hydrostatic) pressure (a) and biaxial strain
(b). Calculated out-of-place vs. in-plane lattice constant (¢ vs. @) of the inverted (black line and squares)
and regular (red line and circles) phases of CoVMnSb (c).

Next, we analyze how the electronic and magnetic properties of CoVMnSb change under
applied uniform pressure. Figure 6 shows calculated spin polarization (a) and magnetization (b) of
the inverted (black line and squares) and regular (red line and circles) phases of CoVMnSb under
uniform pressure, as a function of lattice constant. One can see that under compression the regular
phase essentially retains its 100% spin polarization and integer value of the magnetic moment,

except maybe at the largest considered compression (a=5.800 A). Interestingly, under expansion



(negative pressure), the spin polarization of the regular phase strongly decreases and eventually
changes sign. At the same time, the behavior of the spin polarization and magnetization of the
inverted phase does not indicate any tendency towards half-metallic transition under uniform
pressure. To understand these trends better, we next analyze the evolution of the electronic

structure of CoVMnSb under uniform pressure.
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Figure 6: Calculated spin polarization (a) and magnetization (b) of the inverted (black line and squares) and
regular (red line and circles) phases of CoVMnSb under uniform pressure, as a function of lattice constant.

Figure 7 shows calculated total density of states of the regular (a) and inverted (b) phases
of CoVMnSb under uniform pressure, as a function of lattice constant. The calculated spin
polarization values, as well as the lattice parameters at which DOS is calculated are shown in the
figure. One can see that except for the two largest considered lattice constants of the regular phase
(where the half-metallicity is apparently destroyed), the DOS profile stays relatively insensitive to
the external pressure for both the inverted and regular phases. This is a rather interesting behavior,
with the following two implications: first, if the regular phase of CoVMnSb is stabilized, e.g. by
applying pressure to this alloy, it should retain its half-metallic properties in the considered range
of the lattice parameters (~ 5.800 — 6.000 A). At the same time, it appears that the half-metallic

transition in the inverted phase cannot be induced by external pressure.
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Figure 7: Calculated total density of states of the regular (a) and inverted (b) phases of CoVMnSb under
uniform pressure, as a function of lattice constant. The calculated spin polarization values, as well as the
lattice parameters at which DOS is calculated are shown in the figure. Black line / positive DOS corresponds
to the majority-spin channel, red line / negative DOS corresponds to the minority-spin channel.
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Figure 8: Calculated band structure of the inverted phase of CoVMnSb at a=5.950 A (a) and at a=6.350 A
(b). Blue: minority-spin bands; red: majority-spin bands. Horizontal line is the middle of the plot
corresponds to the Fermi level.
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As discussed above, it is not immediately clear from the DOS plots, why the spin
polarization of the inverted phase is so low. In particular, on the scale shown in the Figure 7 (b), it
may appear that the Fermi level is actually positioned in the minority-spin energy gap. To illustrate
that this is not so, we also plot the band structure of the inverted phase of CoVMnSb under
compression and under expansion, see Figure 8. One can see that the bands of the inverted phase
are not very sensitive to the change of the unit cell volume (compare Fig. 8 (a) and (b) with Fig. 3
(a)). In particular, the minority-spin bands (blue line) cross the Fermi level at the I" point in all
three considered regimes (compression, expansion, equilibrium). This explains the absence of the

half-metallic transition of the inverted phase of CoVMnSb under pressure.

I1I. ¢) Atomic substitution: CoVMnSbo.75Si0.25

As discussed above, at the lattice constant of 5.981 A (and smaller), the regular phase of
CoVMnSb becomes the energetically favorable structure (see Fig. 5 (a)). A realistic way to reduce
the unit cell volume is to substitute some of the larger radius atoms with smaller radius atoms. To
model this scenario, we replaced 25% of antimony with silicon in both the regular and inverted
phases, i.e. we replaced one out of four Sb atoms with Si in a 16-atom cell. The calculated energies,
lattice parameters, and spin polarizations of CoVMnSby 7551025 after structural optimization are
listed in Table 2. One can see that the regular phase of CoVMnSbo.75S10.25 has lower energy than
the inverted phase. In addition, the regular phase retains its nearly 100% spin polarization, while
the spin polarization of the inverted phase is only around 66%. Thus, we conclude that the

substitution of 25% of Sb with Si in results in CoVMnSD results in a half-metallic transition.

Energy (eV / 16-atom cell) | lattice constant (A) spin polarization (%)

regular -119.67428 5914 98.1

inverted -119.62723 6.041 66.3

Table 2: Calculated energies, lattice parameters, and spin polarizations of CoVMnSby 75510 25 after structural
optimization.
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Figure 9: (a) Calculated total and element-resolved density of states of the regular phase of
CoVMnSby.75S10.25. Elemental contributions are colored as indicated in the figure. Positive DOS
corresponds to the majority-spin states, while negative DOS corresponds to the minority-spin states. The
vertical line indicates position of the Fermi level. (b) Calculated spin polarization of the regular phase of
CoVMnSby.75Sig.25s under uniform pressure, as a function of lattice constant.

Figure 9 shows calculated density of states of CoVMnSbo.75S10.25 at equilibrium (a), and
calculated spin polarization of CoVMnSbo.75Si025 under hydrostatic pressure as a function of
lattice constant (b). Fig. 9 (a) confirms the half-metallic electronic structure of this alloy. In
addition, as one can see from Fig. 9 (b), CoVMnSby.75S10.25 retains a large spin polarization (over
90%) in the entire range of the considered lattice parameters, thus making it attractive for potential

practical applications in spin-based electronic devices.

Finally, we estimated the formation energy of CoVMnSby.75S10.25 as follows:

Eform = E(Co4V,Mn,Sbh3Si,) — 4E(Co) — 4E(Mn) — 4E(V) — 3E(Sb) — E(Si) —
Eform = —1.864 eV

Here, Efopm is the formation energy of CoVMnSbo75Sio2s, E(Co4V,Mn,Sh3Siy) is the
calculated total energy of bulk CoVMnSby 7551025 (16-atom cell) in a regular cubic phase, while
E(Co), E(Mn),E(V), E(Sb), and E(Si) are the corresponding total energies per atom of the listed
bulk elements. The negative value of Ef,., indicates potential thermodynamic stability of

CoVMnSbo.75S10.25. Therefore, we foresee experimental efforts in synthesizing this alloy as a future

direction of this research.
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IVv. Conclusions

Here, we presented results of a comprehensive first-principles study of a quaternary
Heusler compound, CoVMnSb. It is shown that this alloy may crystallize in two energetically
close cubic crystal structures, regular and inverted. The cubic regular structure is half-metallic,
however, in a stoichiometric phase, the inverted structure has lower energy, and it exhibits reduced
spin-polarization of around 80%. In addition, despite having a sizable energy gap in the minority-
spin channel close to the Fermi level, the inverted phase does not exhibit a half-metallic transition,
e.g. under external mechanical strain. Instead, the half-metallic transition in CoVMnSb may be
induced by a hydrostatic pressure, i.e. by reducing the volume of the unit cell, when the regular
cubic phase becomes the ground state. In practice, this reduction may be achieved by atomic
substitutions of a non-magnetic element (Sb) with another non-magnetic element (Si) of a smaller
atomic radius. More specifically, our calculations indicated that CoVMnSbo 75Si0.25 exhibits
ground state half-metallicity in a considerable range of lattice parameters. In addition, we
confirmed the thermodynamic stability of this material by estimating its formation energy. We
hope that these results may stimulate experimental efforts to synthesize this alloy, which may have

practical applications in the field of spin-based electronics.
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