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Abstract: The effects of doping on the electronic and magnetic properties of the quaternary Heusler
alloy TiZrColn were investigated by first-principles calculations. Results showed that the appearance
of half-metallicity and negative formation energies are associated in all of the TiZrColn;_,Gey
compounds, indicating that Ge doping at Z-site increases the stability without damaging the
half-metallicity of the compounds. Formation energy gradually decreased with doping concentration,
and the width of the spin-down gap increased with a change in Fermi level. TiZrColng 25Gey 75 was
found to be the most stable half-metal. Its Fermi level was in the middle of the broadened gap, and a
peak at the Fermi level was detected in the spin majority channel of the compound. The large gaps of
the compounds were primarily dominated by the intense d-d hybridization between Ti, Zr, and Co.
The substitution of In by Ge increased the number of sp valence electrons in the system and thereby
enhanced RKKY exchange interaction and increased splitting. Moreover, the total spin magnetic
moments of the doped compounds followed the Slater-Pauling rule of M¢ = Z; — 18 and increased
from 2 pp to 3 pp linearly with concentration.
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1. Introduction

Half-metallic ferromagnets [1-4] are potential candidates for spintronic applications owing to their
completely spin-polarized band structures [5-8]. Of all known materials exhibiting half-metallicity,
Heusler alloys have attracted considerable interest because of their high spin magnetic moments and
high Curie temperatures [9-11]. Original and stoichiometric full-Heusler alloys have X;YZ in their
chemical formulas, where X and Y denote transition metal elements and Z is a primary group element.
These Heuslers usually crystalize with a cubic L2; structure (space group Fm-3m, No. 255) and
individually contain four interpenetrating fcc sublattices in their ideal forms. Several theoretical and
experimental studies confirmed a series of Heusler compounds with half-metallicity [12-15]. Recently,
quaternary Heusler alloys have increasingly attracted interest [16-21] owing to their half-metallicity
and spin gapless band structures. These compounds show a distinct structural symmetry (space
group F-43m, No. 216) resulting from the partial replacement of X in X, YZ by another element X'.
This crystal structure can be defined as a LiMgPdSn prototype. Most of these compounds, such as in
CopMn; _Fe,Si, were designed for adjusting the Fermi energy to the middle of the gap [22]. Equivalent
stoichiometric quaternary Heusler alloys have been extensively researched. CoFeMnZ compounds
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(Z=Al, Ga, Si, or Ge) with 1: 1: 1: 1 stoichiometries show half-metallicity [23]. Ozdogan etal. performed
a theoretical study on 60 LiMgPdSn-type quaternary Heusler alloys and found that most of the alloys
exhibit half-metallicity [24]. Ideal properties, such as stable half-metallicity, large spin magnetic
moment, and high Curie temperature, can be observed in the ordered bulk phase. Unfortunately,
temperature, impurity, and other external factors can disrupt the completely spin-polarized band
structures and further degrade the half-metallicity of ideal compounds [25-34]. For example, in the
traditional full Heusler compound Co,MnSi, a remarkable gap with 0.4 eV in minority band at 985 K
may disappear, and only a spin polarization of 61% can be observed at a barrier interface consisting of
a single electrode made of a CopMnSi film [35-38].

A dramatically large spin-down gap of 0.93 eV was detected in a quaternary Heusler TiZrColn [39].
The Ti of this compound was inclined to sit at A(0, 0, 0), Zr at B(0.25, 0.25, 0.25), Co at C(0.5, 0.5,
0.5), and In at Z(0.75, 0.75, 0.75) in the Wyckoff position coordinate. This compound might be an
excellent candidate for spin-injectors because of its extraordinary wide band gap. Its performance for
spintronic applications can be enhanced by modulating its magnetic and electronic properties on the
basis of valence-electron count. In the present work, we searched for a mixed compound in the series
TiZrColn;_,Gex where the half-metallic behavior is stable against the variation of impurity.

2. Calculation Methods

First-principles calculations were performed with the CASTEP code on the basis of the density
functional theory (DFT). The stable ground structure of quaternary Heusler alloy TiZrColn was
obtained by optimizing the structure. On the basis of the stable ground structure, one, two, three,
or four Ge atoms were used to replace In atoms in a unit cell. Doping concentrations of 25%, 50%,
75%, and 100% were obtained. For the simulation of small doping concentrations of 12.5%, 6.25%,
and 3.125%, TiZrColn supercells with 32, 64, and 128 atoms, respectively, were produced. The In atom
was replaced by one Ge atom. Then, the correlation property calculations, such as the single point
energy, density of states (DOS), and band-structure, were performed on the minimized doped cases
obtained from the geometry optimization. In our calculations, all the electronic structure calculations
were performed with the spin polarization. Generalized gradient approximation parameterized
by Perdew [40,41] were used for the handling of the exchange and correlation term. Electron—ion
interactions were disposed with ultrasoft pseudopotentials [42]. In the SCF calculation, a refined
11 x 10~% eV/atom was used as a convergence criterion. For the energy cutoff of the planewave,
the basis was set to 310 eV. The calculation was considered converged when the largest gradient was
less than 0.002 eV /A. In the property calculations, the 7x7 x7 special k-mesh points in Brillouin zone
were applied. The electrons of Ti 3d?4s?, Zr 4d%5s?, Co 3d”4s?, In 5s?5p!, and Ge 4s?4p? were regarded
as valence electrons.

3. Results and Discussion

3.1. Formation Energy of Doped TiZrColn

The formation energy of the doped systems were analyzed with respect to the ordered case and
estimated by using formula

E¢(dop) = E(dop) — E(TiZrColn) — Y m;p;(bulk) (1)

where E(dop) is the total energy of the doped case, and E(TiZrColn) is the total energy of the ordered
TiZrColn structure in the same supercell size. The last term ) m;u;(bulk) can be derived from the
number of atoms added or removed from the ideal alloy. The number of altered atoms relative to
that in the ideal bulk is represented by m;, which is either positive, when atoms are added to the
original system, or negative, when atoms are removed from system. The symbol y;(bulk) stands for
the chemical potential of the corresponding atom in its bulk phase of ground state. Experimental
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preparation conditions and annealing environment can affect the formation of these doped systems.
Thus, the formation energy of a doped structure is influenced by the chemical potential of the host
atoms, which are affected by the environment. To obtain the chemical potentials from their bulk phase,
we assumed that Ti, Zr, Co, In, and Ge are in the thermodynamic equilibrium with their bulk solid
phase in the host rich condition. The hcp, hep, hep, fec, and fec structures for the bulk phases of Ti, Zr,
Co, In, and Ge, respectively, were adopted.

The formation energy of each doped system was calculated with the formula above. The
results are shown in the first column of Table 1. All the doped systems had negative formation
energies. Thus, In atoms in the ordered phase were easily replaced by Ge atoms. The ideal bulk of
TiZrColn alloy was affected by the impurity Ge during growth. The variations among these values
indicated differences in stability. Lower formation energy indicates that the doped one is easier
to be formed spontaneously during the growth. It is shown in table 1 the formation energy gets
smaller with the doping concentration, which manifests the doped system tends to be formed at a
high doping concentration. The highest formation energy was obtained at a doping concentration
of 3.125%. However, it can still form spontaneously during growth owing to its negative formation
energy (—9.256 eV). The lowest formation energy was obtained at 100% doping concentration. Hence,
the doped compound (TiZrCoGe) is most likely to be fabricated experimentally compared to the other
Ge doped compounds. Meanwhile, Ge doping at Z-site may further stabilize the compound.

Table 1. Formation energies (Ey), lattice parameters (unit in A), spin polarizations presented as spin-up
over spin-down rations, width of spin-down gap around the Fermi level (in units of eV), and total
magnetic moments in a unit cell. Notice that x is the doping concentration.

x Ef(eV) a(A) P(T“;f)(%) Band Gap (eV)  M; (up/fu.)

x=0 - 6.562 100 0.914 1.99

x =3.125% —9.256 6.633 100 0.681 2.03
X =6.25% —9.280 6.630 100 0.692 2.06
x =12.5% —9.333 6.609 100 0.721 2.13
x =25% —9.435 6.566 100 0.802 2.26
x =50% —9.604 6.496 100 0.904 2.50
X =75% —-9.776 6.427 100 0.960 2.75
x =100% —10.109 6.356 100 1.130 3.00

3.2. Electronic Structure: Magnetic Moments and DOS

The quaternary Heusler compound TiZrColn with the configuration mentioned above showed
half-metallic property and a broad indirect spin-down gap of 0.914 eV at the equilibrium lattice
constant of 6.562 A. This result fits perfectly with the previous prediction in Reference [39]. Lattice
parameters, spin polarizations, width of spin-down gap, and total magnetic moments in a unit cell
are listed in Table 1. The spin polarizations at the Fermi levels of all the doped structures were 100%.
Thus, all the derived compounds were half-metal. In addition, the magnetic moments increased from
2 up to 3 pp at increased doping concentration.

Before the detailed analysis of doping functional mechanism in quaternary Heusler TiZrColn,
we initially discuss the ideal case of the compound TiZrColn. The spin-polarization total DOS and
the atom PDOS are presented in the first line of Figures 1 and 2, respectively. In Figure 1, the spin-up
band (shadowed area) of compound TiZrColn with ordered structure was metallic. Meanwhile, a wide
energy gap was observed in the spin-down band at the Fermi level. The electrons at the Fermi
level were totally polarized, and this condition resulted in 100% spin polarization. The width of
the band gap was 0.914 eV, and the Fermi level was slightly near the bottom of the band gap. Thus,
the half-metallicity of quaternary Heusler TiZrColn was susceptible to external influences. Meanwhile,
the gap was primarily determined by the covalent hybridization between Ti and Co, as shown in
Figure 2. The d states of Ti with low valence occupied the high energy area above the Fermi level,
thereby forming the bonding bands. By contrast, the d states of Co with high valence were located at
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the low energy area below the Fermi level, thereby forming the antibonding bands. Ti and Co atoms
have the same symmetry as in typical L2; full-Heuslers, and thus their d orbitals hybridize initially
and form five bonding d hybrids and five nonbonding ones. Then, the five bonding d hybridized
orbitals of Ti-Co hybridize with the d orbitals of the Zr atoms, thereby regenerating bonding and
antibonding states. Given the large energy separation of d hybrids of the Ti and Co atoms, the five
nonbonding d hybrids Ti-Co, namely, the t;,, and e, states, possess high energies and are unoccupied.
A detailed d-d hybridization diagram is shown in Figure 3. Introduced by the sp element In, a single
degenerate s band and a triple degenerated p band, lying deep in energy, are located below the d
states and accommodate d charge from the transition metal atoms. Thus, 9 instead of 12 occupied
states are usually observed in the spin-down band. In the quaternary Huesler alloy TiZrColn, the
In atom carried three valence electrons, and Ti, Zr, and Co carried four, four, and nine, respectively.
Therefore, 17 transition metal electrons were found, of which 5 were cached by the s and p bands of
the In atom, 10 were filled in the bonding d bands, and 2 were uncompensated. Thus, a total spin
magnetic moment of 2 ug was observed in the compound TiZrColn. The total magnetic moments
followed the Slater-Pauling rule: M; = Z; — 18, where M; represents the total spin magnetic moments
in a unit cell, and Z; is the number of the total valence electron.
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Figure 1. Total density of states (DOS) of the ordered TiZrColn quaternary Heusler alloy (shadowed
area) and the doped systems (solid line). Note that all DOS are transited to a primitive cell. Notice that
x in the figure is the doping concentration.
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Figure 2. Partial density of states (PDOS) for the ordered TiZrColn quaternary Heusler alloy and the
doped systems. The orange line is the atomic PDOS for Ti atom, the blue line is for the Zr atom, the
black line is for the Co atom, the magenta line is for the In atom, and the olive line is for the Ge atom.
Notice that x in the figure is the doping concentration.
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Figure 3. Schematic of the d-d hybridization of the ordered TiZrColn quaternary Heusler alloy.

Next, we will discuss the mixed compounds in the series TiZrColn; _,Gey in detail, to look for the
compounds with better half-metallic stability. As shown in Figure 1, all the doped systems showed
half-metallicity. The bonding states moved slightly to the low energy area. The higher the doping
concentration is, the more pronounced the movement and the wider the band gaps are. The band
gaps further widened from 0.914 eV to 1.13 eV at doping concentrations of 3.125%-100%. However,
the Fermi levels shifted slightly from the middle of the gap to the edge of the gap. The bonding states
in the spin-down channel of doped cases primarily originated from the transition metal Co with high
valence, as shown in Figure 2. Meanwhile, the antibonding d states primarily came from the transition
metal Ti with low valence. The d orbitals of Ti and Co atoms hybridized initially because of their
identical symmetries. Then, the creating bonding d states in turn hybridized with the d orbitals of
the Zr atoms. The outlines of the d states near the Fermi levels of Ti, Zr, and Co were nearly identical,
especially those of Ti and Co. Therefore, Ti, Co, and Zr had intense interactions. After the addition of
the doped element Ge, the number of sp valence electrons of the parent compound increased, and the
increase indirectly enhanced d-d hybridization. The d-d hybridization dominated the half-metallicity
of the compounds. Nonetheless, increase in total spin moment and energy band gap depend on the sp
atoms. This dependence plays a substantial role in the RKKY exchange interaction.
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4. Conclusions

The effects of doping on the electronic and magnetic properties of the quaternary Heusler alloy
TiZrColn with half-metallicity were investigated with first-principles calculations based on DFT.
The results showed that all the doped compounds carry negative formation energies and thus can be
formed during the growth of the TiZrColn compound. The formation energy decreased with doping
concentration.It was found that the formation energy was at its lowest value (—1.13 eV) when x=1.
Namely, the quaternary Heusler alloy TiZrCoGe derived from doping showed stable half-metallicity.
In all the cases, a wide spin-minority band gap was observed at the Fermi level, and the gap widened
as the doping concentration increased. The Fermi level was located in the middle of the broadened
gap, and a peak at the Fermi level was detected in the spin majority channel when x was 0.75. Thus,
the compound TiZrColng 5Geg 75 showed high half-metallic stability. The total magnetic moments of
the doped compounds followed the M; = Z; — 18 SP rule, increasing from 2 pp to 3 pp linearly with
doping concentration. The d-d hybridization among Ti, Zr, and Co dominated the half-metallicity,
and sp atoms (In and Ge) played an important role in the RKKY exchange interaction.
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