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Bulk alloys and thin films of Fe-substituted Ti3CosB; have been investigated by
first-principle density-functional calculations. The series, which is of interest in the
context of alnico magnetism and spin electronics, has been experimentally realized
in nanostructures but not in the bulk. Our bulk calculations predict paramagnetism
for TizCosB,, TizCosFeB, and TizCoFe4B,, whereas TizFesB, is predicted to be fer-
romagnetic. The thin films are all ferromagnetic, indicating that moment formation
may be facilitated at nanostructural grain boundaries. One member of the thin-film
series, namely TizCoFe4B,, is half-metallic and exhibits perpendicular easy-axis mag-
netic anisotropy. The half-metallicity reflects the hybridization of the Ti, Fe and
Co 3d orbitals, which causes a band gap in minority spin channel, and the limited
equilibrium solubility of Fe in bulk Ti3CosB, may be linked to the emerging half-
metallicity due to Fe substitution. © 2017 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4976302]

I. INTRODUCTION

The tetragonal intermetallic compound Ti;CosB,' has long been known to be non-magnetic
(Pauli paramagnetic), but recent experimental research has found that Fe substitution makes the
alloy ferromagnetic.” This is important in two contexts. First, the melt-spun samples considered in
Ref. 2 form part of ongoing efforts to create magnetocrystalline anisotropy in alnico-type perma-
nent magnets.>* The tetragonal crystal structure of the alloy supports uniaxial anisotropy, which is
much stronger than the cubic anisotropy of the main magnetic bee-type Fe-Co phase and may com-
plement the shape anisotropy of the material. Any additional magnetocrystalline anisotropy would
substantially enhance the coercivity, which is the performance bottleneck in an otherwise very good
permanent-magnet material. Second, the search for new magnetic materials with uniaxial anisotropy
is a key aspect of the ongoing development of spin-electronics materials.>® Among the desired
properties for spin-electronics applications are a high spin polarization at the Fermi level, ideally
half-metallicity,’~!” and some noncubic anisotropy.'8->!

However, the formation of the Ti-Co-Fe-B alloy is limited to nanostructured magnets produced
by melt-spinning, and our attempts to produce the corresponding bulk phase by arc melting have
been unsuccessful. In other words, experiment indicates that the equilibrium solubility of Fe in bulk
TizCosB; is very limited, and no theoretical investigations of Fe-substituted TizCosB, have been
published so far. In this paper, we consider thin-film and bulk Ti3CosB,, Ti3zCosFeB,, TizCoFesB»
and TizFesB,, calculating the electronic structure, the magnetic moment, and the magnetocrystalline
anisotropy.

Il. METHODS AND CALCULATION

This section outlines the considered bulk and thin-film structures of TizCos.xFexB, (x =0, 1, 4,
5) and methodical details of the first-principle calculation.

—G)
2158-3226/2017/7(5)/055713/6 7, 055713-1 © Author(s) 2017 ©)


http://dx.doi.org/10.1063/1.4976302
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1063/1.4976302
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4976302&domain=pdf&date_stamp=2017-02-08

055713-2 Pathak et al. AIP Advances 7, 055713 (2017)

Vacuum ~ 12 Angstrom

FIG. 1. Crystal structures (unit cells) of the considered Ti3(Co, Fe);B, materials: (a) bulk and (b) thin film along (001)
direction.

A. Structural details

Figure 1(a) show the bulk crystal structure of the parent compound Ti3CosB, (space group
P4/mbm, no. 127),! which has a stacking of alternating layers of Ti3B, and Cos. The unit cell
contains 20 atoms with 4 different sites, namely 8j, 2¢, 2a and 4g, where the Ti atoms occupy 4g and
2a sites, the Co atoms occupy the 2c and §j sites, and the B atoms occupy the 2a sites. The Wyckoff
positions for Til, Ti2, Col, Co2 and B are (0,0,0), (0.327, 0.827, 0), (0, 0.5, 0.5), (0.222, 0.068,
0.5) and (0.115, 0.615, 0), respectively. The unit cell is compatible with several ordered compounds
(Ti3CosB,, TizCosFeB,, Ti3CoFe4B, and TizFesB;) and with many chemically disordered alloys.

Thin films of three atomic layers, Fig. 1(b), have been created for all the four members of the
series, using the supercell method along c-axis direction. The compositions of the thin films non-
stoichiometric but Co- and Fe-lean compared to the corresponding bulk alloys. The atomic layers
have surface-to-surface spacings of 12 A, to ensure that the tails of the atomic wave functions do not
introduce a hybridization error by hybridizing through the vacuum.

B. Density-functional calculations

The TizCos.xFexB, bulk and thin-film structures were investigated using first principle calcu-
lations, employing the generalized gradient approximation (GGA) for exchange and correlations.??
The calculations are based on the projector augmented wave (PAW)>® implemented in the Vienna
Ab-initio Simulation Package (VASP).>* Experimental lattice parameters' were used for parent sys-
tem Ti3CosB,, namely a = 8.489 0 and ¢ = 3.038 0. The Brillion-zone integration is performed using
a 15 x 15 x 45 Monkhorst-Pack? k-point grid for bulk and a 15 x 15 x 1 Monkhorst-Pack k-point
grid for thin films made in z-direction. To represent the electronic wave functions, we have used an
energy cutoff of 600 eV and to ensure well-defined k-states, we have performed supercell calculations
where the particles are periodically repeated in space. The magnetic anisotropy and orbital moments
are relativistic effects and therefore involve the spin-orbit coupling, which has been implemented
by Kresse and Lebacq in VASP. We have performed volume optimization and ionic relaxation for
the other three members of the series namely TizCo4FeB,, Ti3CoFesB, and TizFesB, to get the
optimized lattice parameters.

lll. RESULTS AND DISCUSSION

We have systematically studied Ti3Cos_«FexB; series of compounds in bulk as well as in thin
film. Subsection III A discusses results for bulk alloys and Subsection III B discusses results for thin
films.

A. Bulk calculations

We have performed volume optimization and ionic relaxation to get optimized lattice parame-
ters for Ti3CosFeB,, TizCoFesB, and TizFesB,, whereas for the parent alloy TizCosB, we merely
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TABLE I. Lattice parameters and magnetic order for all four bulk compounds.

Compound Lattice Parameter (A) Magnetic Order
TizCosB; a=b=28.489,c=3.038 Paramagnetic
Ti3Co4FeB, a=b=8.469,c=3.018 Paramagnetic
TizCoFeyB, a=b=28.618,¢c=2.899 Paramagnetic
TizFesBy a=b=8.633,c=2.896 Ferromagnetic

performed relaxation for the experimental lattice parameters.! Table I summarizes the optimized
lattice parameters for all four compounds.

Our calculations show that only one member of the bulk series, namely the fully substituted alloy
TisFesB,, is ferromagnetic. The other compounds, where Co is only partially replaced by Fe, are
paramagnetic. In TizFesB,, the magnetic moment originates from the Fe 3d electrons, as we can see
from Fig. 2, and the magnetic moment is 0.37 ug per Fe atom.

B. Thin film calculations

We have performed ionic relaxation in the supercell, keeping the volume and shape fixed, in order
to find the optimized lattice parameters for our thin-film calculations. After ionic relaxation, the dis-
tance between bottom two layers remain same as of bulk system whereas the distance between
top two layers gets increased by respective amounts of 0.086 A, 0.077 A, 0.021 A, and 0.025
A for Ti3CosB,, TizCosFeB, TizCoFesB;, and TizFesB, compared to the bulk alloys. All films
are ferromagnetic; Table II shows the lattice parameters and the magnetic moments per transition
metal.

The ferromagnetism of the members of the thin-film series is clearly visible in the total densities
of states (DOS), which are shown in Fig. 3. In each thin film, the surface Ti atoms contribute to the
magnetic moment of the system, that is, the films exhibit surface Ti magnetism. The reason for the
uncompensated Ti surface spins is that the vacuum causes a reduced hybridization of the 3d orbitals
along the c-axis. The Ti surface magnetism is intriguing in the context of possible Ti terminations at
interfaces in multilayers and nanogranular magnets.

Our results also support the suggestion by Zhang et al.” that coercivity enhancement in alnico
magnets is possible due to presence of tetragonal Ti3(Fe,Co)sB; phase. In fact, their melt-spun samples
contain many interfaces and are therefore closer to thin films than to bulk crystalline materials.

Interestingly, one member of the thin-film series, namely Ti;CoFe4B,, is predicted to be half-
metallic, adding a new compound to the dictionary of half-metallic compounds. The half-metallicity
reflects the hybridization of 3d orbitals of the transition metals Ti, Fe and Co present in the compound,
which causes a band gap in minority spin channel, as we can see the partial density of states in Fig. 4.
The half-metallicity is essentially a band-filling effect, because Fe has one less electron per atom than
Co, shifting the Fermi level down to the minority band gap. The tendency towards a half-metallic gap
may be one reason for the limited equilibrium solubility of Fe in bulk Ti3CosB,, because the opening
of a gap affects the energetics as a function of the number of d electrons. However, this question
requires further research.
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FIG. 2. Densities of states (DOS) in bulk TizFesB,: (a) total DOS and (b) partial DOS.
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TABLE II. Lattice parameters and magnetic moments per thin-film super cell.

Compound Lattice Parameter (A) Magnetic Moment (up/surface Ti atom)
TizCosB; a=b=28.469, c=15.090 0.635
TizCosFeB; a=b=28.469, c=15.090 0.619
TizCoFe4B; a=b=28.619, c=14.496 0.408
TizFesB, a=b=28.624, c =14.486 0.251
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FIG. 3. Total densities of state for the thin films, which are all ferromagnetic: (a) Ti3CosB,, (b) TizCosFeB,, (c) TizCoFe4B,,
and (d)Ti3FesB,.

The second part of our thin-film investigation is devoted to the calculation of the magnetocrys-
talline anisotropy. The microscopic origin of magnetocrystalline anisotropy is the spin-orbit coupling
of the electrons in magnetic materials.?® We have used the relation K| = (Ex — E,)/V to calcu-
late the anisotropy constant, where V is the unit-cell volume and Ex and E, are the ground-state
energies when all spins are aligned in the x- and z-direction, respectively. Our calculations show
that all members of the thin-film series have perpendicular magnetic anisotropy (PMA, K| > 0).
In other words, the z-axis in Fig. 1 is the easy axis. Table III lists the values of K for all thin
films.
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FIG. 4. Partial density of states for thin-film Ti3;CoFe4B;.
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TABLE III. First anisotropy constants K| for the thin films.

Compound TizCosB, Ti3Co4FeB, Ti3CoFeyB, TizFesBo

K| (MJ/m3) 1.768 0.92 1.024 0.022

In Table III, we recognize the trend that the anisotropy decreases with decreasing Co content.
Note that the combination of half-metallicity and perpendicular magnetic anisotropy in TizCoFe4B>
is favorable for spintronics applications.?’

IV. CONCLUSIONS

In summary, we have used first-principle density-functional theory to investigate TizCosB,,
Ti3;CoyqFeB;, TizCoFesB, and TizFesB, in both bulk and thin-film form. Our bulk calculations show
that only one member of the bulk series is ferromagnetic, namely TizFesB, that where all Co atoms
are replaced by Fe, the other bulk compounds are Pauli-paramagnetic. By contrast, all thin-film alloys
are ferromagnetic and exhibit easy-axis magnetocrystalline anisotropy. One member of the thin-film
series, namely TizCoFe4B,, is half-metallic in addition to having easy-axis anisotropy, which makes
it a potential candidate for spintronics applications.
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