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Abstract

We have carried out a combined theoretical and experimental investigation of FeCrVAl,
and the effect of Mn and Co doping on its structural, magnetic, and electronic band properties. Our
first principles calculations indicate that FeCrVAl, FeCro.sMno.sV AL and FeCro.sCoo.5V Al exhibit
nearly perfect spin polarization, which may be further enhanced by mechanical strain. At the same
time, FeCrVosMnosAl and FeCrVo.sCoosAl exhibit a relatively small value of spin polarization,
making them less attractive for practical applications. Using arc melting and high vacuum
annealing, we synthesized three compounds FeCrVAl, FeCrosMnosVAl, and FeCrosCoosVAL
which are predicted to exhibit high spin polarization. The room temperature x-ray diffraction
patterns of all samples are fitted with full B2 type disorder with a small amount of FeO2 secondary
phase. All samples show very small saturation magnetizations at room temperature. The
thermomagnetic curves M(7) of FeCrVAl and FeCrosCoosVAl are similar to that of a
paramagnetic material, whereas that of FeCro.sMno.sV Al indicates ferrimagnetic behavior with the
Curie temperature of 135 K. Our findings may be of interest for researchers working on Heusler

compounds for spin-based electronic applications.

1. Introduction

Half metallic Heusler alloys are among the most studied compounds for the device
applications in spintronics. In addition to potentially providing a perfect 100% spin polarization,
they often exhibit a Curie temperature much higher than the room temperature, which makes them
particularly attractive for device applications.!>>*>%7 In addition to half-metallicity, Heusler

compounds may exhibit other physical phenomena of practical importance, such as perpendicular
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magnetic anisotropy, shape memory effect, spin-gapless semiconductivity, etc.®%!%!! At the same
time, materials predicted (usually from density functional calculations) to be half-metallic may
exhibit reduced spin polarization in practice. In particular, atomic disorder and surface states in
thin-film geometry are typically reported to reduce the degree of spin polarization,'>!3!14!5-16.17.18.19
It has been also reported that half-metallicity could be restored in thin-film geometry by interface
engineering.?%?!

Here, we present results of our combined experimental and theoretical study of FeCrVAl
and related compounds, namely, FeCrosMnosVAIl, FeCrVosMnosAl, FeCrosCoosVAI and
FeCrVo.sCoosAl. The parent compound has been predicted to exhibit half-metallicity.?? Our
calculations indicate that FeCrVAl, FeCrosMnosVAl and FeCro.sCoo.sV Al exhibit nearly perfect
spin polarization. In addition, mechanical strain may be used to further enhance the spin
polarization of the first two compounds. At the same time, FeCrVo.sMno.sAl and FeCrVo.sCoo.sAl
exhibit small values of spin polarization, making them unattractive for practical spintronic
applications. Since only three compositions FeCrVAI, FeCrosMnosVAL and FeCrosCoo.sVAI
exhibit nearly perfect spin polarization, we have synthesized these compounds and studied their
structural and magnetic properties.

The rest of the paper is organized as follows. In Section II, we outline the experimental and
computational methods. Section III contains our results; it consists of two main subsections:
theoretical and experimental. The former consists of three parts: bulk properties of FeCrVAl, the

effect of Mn and Co substitution, and the effect of external mechanical strain. The paper is

summarized in Section IV.

I1. Methods
I1-1. Computational Methods

The computational results reported in this work are obtained using the Advanced
Cyberinfrastructure Coordination Ecosystem (ACCESS) (formerly known as Extreme Science and
Engineering Discovery Environment (XSEDE)) resources located at the Pittsburgh
Supercomputing Center (PSC)*, and with the resources of the Center for Functional
Nanomaterials (CFN) at Brookhaven National Laboratory (BNL). For all our calculations, we used
the Vienna ab initio simulation package (VASP),** within the projector augmented-wave method

(PAW)? and generalized-gradient approximation (GGA).?® The atomic positions are optimized
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until the energy difference between consecutive steps is 107> eV or less. The converging energy
difference between the consecutive steps is set to 1073 meV for the electronic structure
calculations. We used the integration method by Methfessel and Paxton,?” and we set the cut-off
energy to 500 eV. The k-point mesh used for the Brillouin-zone integration is set to 6x6x6 (ionic
relaxation), and 12x12x12 (electronic structure calculations). The crystal structures are obtained
and visualized using the MedeA® software environment.”® We did not include the Hubbard U
correction in our calculations because the considered systems are metallic. In metals, the
correlation effects are less important than in magnetic insulators and are usually well described

within regular GGA.

The uniform (hydrostatic) pressure is simulated by varying all three lattice parameters by
the same amount. At the same time, to simulate the biaxial strain, we kept the in-plane lattice
parameters (x and y) fixed, and optimized the out-of-plane lattice constant (z). Thus, only at the

equilibrium lattice constant, the considered alloys under biaxial strain are cubic.
I1-2. Experimental Methods

FeCrVAl, FeCrosMnosVAl, and FeCrosCoosVAI bulk ingots were prepared using arc-
melting and high-vacuum annealing. First, highly pure (99.99%) metal pieces with proper weight
ratio were cut from corresponding commercially available pellets and melted on a water-cooled
Cu hearth of an arc furnace in an argon environment. The subsequent annealing of each sample
was done in a tubular vacuum furnace (~107 torr) at 600°C for 48 hours to improve the crystalline
quality of the samples. The crystal structures of the samples were investigated using Rigaku
MiniFlex600 x-ray diffractometer with Cu-Ka source (A = 1.54 A), and magnetic properties were
measured using a Quantum Design VersaLab magnetometer and a Quantum Design DynaCool
PPMS with the ACMSII option. Energy-dispersive x-ray spectroscopy (EDS) was used to confirm
the elemental compositions of the annealed samples, where the measured compositions were close

to the nominal compositions.

111. Results and Discussion
I1I-1. Theory

ITI-1-a. Bulk FeCrVAl



Figure 1 shows the crystal structure of FeCrVAl, which we determined by finding the
minimum energy configuration in a 16-atom unit cell. In literature, this structure is usually referred

to as a regular cubic Heusler structure, prototype CuzMnAl.

Yece '@’

Figure 1: The unit cell of FeCrVAL: top view (a), and side view (b). Atoms are colored as indicated
in the Figure, i.e. Fe — red, Cr — blue, V — magenta, Al — light green.
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Figure 2: Calculated element- and spin- resolved density of states of bulk FeCrVAl. Color scheme
of atomic contributions is indicated in the figure, and is consistent with the one used in Fig. 1.

Figure 2 shows the calculated density of states (DOS) of FeCrV Al in the ground state. The
calculated equilibrium lattice constant is 5.826 A, while the calculated total magnetic moment is
2.00 ug/f.u. This value is consistent with the Slater-Pauling rule (on the electron-deficient side),

according to which the spin magnetic moment per unit cell is given asm = N - 24, where N is

the number of valence electrons, which is 22 per 4-atom unit cell of FeCrVAIL?*’ The magnetic
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alignment is ferrimagnetic (see detailed discussion on the magnetic structure below). The
calculated spin polarization, P is around 98%. Here, P is defined as P =
|(NT(E ) —N l(EF)) / (NT(EF) + Nl(EF))|, where Ny (Er) is the spin-dependent density of states

at the Fermi level, Er.>° These results are consistent with earlier reported data.?

III-1-b. Bulk FeCrosMnosVAl, FeCrVosMngsAl, FeCrosCoosVAl, and
FeCrV5Co05Al

Figure 3 shows calculated density of states of bulk FeCrosMno.sVALI (a), FeCrVo.sMno.sAl
(b), FeCrosCoosVAl (c), FeCrVosCoosAl (d), in the ground state. For each of these four
compounds the lowest energy atomic configuration was determined, before calculating electronic
structure. All reported compounds exhibit cubic symmetry.

The calculated equilibrium lattice constants, magnetic moments and spin polarizations are
5.783 A, 1.48 ug, and 93% for FeCrosMno.sVAL; 5.770 A, 1.85 ug, and 5.5% for FeCrVo.sMno sAl;
5.750A, 0.47 ug,and 94% for FeCrosCoosVAl; and 5.790 A, 3.95pug,and 21% for
FeCrVosCoosAl, respectively. Because of the small spin polarization of FeCrVosMnosAl and
FeCrVo.5Co0.5Al, we do not study this material further in the rest of this work. We also note that
the calculated magnetic moments for highly spin polarized FeCro.sMno.sVAI and FeCro.5Coo.5VAl
are close to the ones estimated with the Slater-Pauling rule, while the moments of FeCrVo.sMnosAl
and FeCrVosCoosAl are not. This is consistent with the fact that FeCrosMnosVAl and
FeCro.5Co0.5VALl are nearly half-metallic, while FeCrVo.sMno.sAl and FeCrVo.sCoo.sAl exhibit very

small spin polarization.
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Figure 3: Calculated element- and spin- resolved density of states of bulk FeCro.sMno.sVALI (a),
FeCrVosMnosAl (b), FeCrosCoosVAl (c), FeCrVosCoosAl (d). Color scheme of atomic

contributions is indicated in the figure.

III-1-c. Effect of uniform pressure and biaxial strain

For practical device applications, materials are often needed in thin-film geometry, i.e., in
multilayer heterostructures. In such cases, the effect of mechanical strain (due to substrate) may
often alter the electronic and magnetic properties of materials.>' In this section, we analyze the
effect of uniform pressure and biaxial strain on FeCrVAIl and FeCrosMnosVAIL As will be

illustrated below, tensile strain may be used to enhance the spin polarization of these materials.
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Figure 4: Calculated total DOS of bulk FeCrV Al (a), and bulk FeCro.sMno.sVAI (b) under uniform
pressure. Black line — majority-spin, red line — minority-spin. Vertical line corresponds to the
Fermi level. Lattice constants at which DOS is calculated are indicated in the figure.

Figure 4 shows calculated total DOS of FeCrVAI and FeCrosMnosVAI under uniform
pressure. The lattice constants at which the calculations were performed are indicated in the figure.
Although it may not be immediately clear from the figure, the application of uniform expansion
appears to enhance the spin polarization value of both materials. This issue is addressed in more

detail below.
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Figure 5: Calculated total DOS of bulk FeCrVAl (a), and bulk FeCro.sMno.sVALl (b) under biaxial
strain. Black line — majority-spin, red line — minority-spin. Vertical line at which corresponds to
the Fermi level. Lattice constants at which DOS is calculated are indicated in the figure.
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Figure 5 shows calculated total DOS of FeCrV Al and FeCro.sMno.sV Al under biaxial strain.
The in-plane lattice constants at which the calculations were performed are indicated in the figure.
The out-of-plane lattice parameters were fully optimized, and are shown in the Figure 6, as a
function of in-plane lattice constants. Again, it may not be immediately clear from Figure 5, but
the application of tensile strain slightly enhances the spin polarization of both materials, as

discussed in the next paragraph.

Figure 7 shows calculated spin polarization of FeCrVAl (black line and squares) and
FeCro.sMno.sVALI (blue line and circles) under uniform pressure (a) and biaxial strain (b). As can

be seen from the figure, uniform expansion / tensile strain enhances the spin polarization of both

7



alloys, and, therefore, may be considered a preferable scenario for practical applications. The
enhancement is due to the shift of the Fermi level toward majority-spin energy gap, as can be seen

from Figures 4 and 5.
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Figure 6: Calculated out-of-plane vs. in-plane lattice constants of FeCrV Al (black line and squares)
and FeCro.sMnosV Al (blue line and circles) under biaxial strain. Red stars indicate the equilibrium
lattice parameters, which correspond to the cubic cells.

Figure 8 shows calculated total magnetic moment (in units of us / f.u.) of FeCrVAl (black
line and squares) and FeCro.sMnosVAI (blue line and circles) under uniform pressure (a) and
biaxial strain (b). As can be seen from the figure, uniform expansion / tensile strain enhances the
magnetization of both alloys, although for tensile strain this effect is fairly small (note the scale of
the y-axis). The enhancement of magnetization is largely due to the increase of the Cr magnetic
moment under expansion of the unit cell volume. This is illustrated in Figure 9, which shows
calculated magnetic moment per atom of FeCrVAl under uniform pressure (a) and biaxial strain
(b); and magnetic moment of FeCrosMno.sVAIl under uniform pressure (c) and biaxial strain (d).
This figure also illustrates the ferrimagnetic nature of these alloys, due to the vanadium magnetic

moments being anti-parallel to those of Cr, Fe, and Mn (magnetic moment of Al is negligible).
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Figure 9: Magnetic moment per atom of FeCrV Al under uniform pressure (a) and biaxial strain

o
)

(b); and magnetic moment of FeCrosMno.sVAIl under uniform pressure (c) and biaxial strain (d).
Atoms are labeled and colored as indicated in the Figure. Vertical dashed line indicates the position

of the equilibrium lattice parameter.

III-2. Experiment

Figure 10 shows the x-ray diffraction patterns of FeCrVAl, FeCrosCoosVAl and
FeCro.sMno.sVAL alloys recorded at room temperature. The XRD patterns suggest that all three
alloys crystallized in the cubic structure with small amount of impurity phase. Since the intensities
of (111) and (200) superlattice peaks are very weak, there is significant disorder in all three
samples. The Rietveld analysis of the XRD plots suggest that there is less than 10 wt. % of FeO2
impurity in all three samples. The lattice parameters extracted from the Rietveld analysis are 5.859
A, 5.830 A, and 5.810 A respectively. These values are close to the lattice parameters predicted
by our first principles calculations. In addition, FeCrVAl, FeCro.5sCoo.sVAIl and FeCro.sMno.sVAI

also contain 5 wt.%, 7 wt.% and 8 wt.% of FeO: impurity phase. The simulations were modeled
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by assuming a full B2 type disorder where V and Al share 50:50 between their sites. For the Mn
and Co doped samples, it is assumed that the dopants occupy Cr sites. However, because of
closeness of atomic numbers of V, Cr, Mn, Fe and Co, it is very difficult to precisely identify the
site occupancy using Rietveld analysis.

Figure 11 shows the magnetization as a function of magnetic field of (a) FeCrVAL (b)
FeCro.5Co00.5VAL, and (c) FeCro.sMno.sVAl alloys measured at 5 K. The M (H) curves of FeCrVAlI
and FeCro.5Coo.5V ALl are almost linear with no saturation. The magnetization measured at 9 T are
respectively 1.5 emu/g (0.05 pg/ f.u) and 0.7 emu/g (0.02 ps / f.u). However, the M(H) curve of
FeCrosMnosVAL is similar to that of a ferromagnetic or ferrimagnetic material with saturation
magnetization of 15 emu/g (0.51 ps / f.u). All these high-field magnetizations are much smaller
than the theoretically predicted values. We attribute this discrepancy to the observed structural

disorder as seen in the XRD patterns, which was not considered in our calculations.
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Figure 10: Room temperature x-ray diffraction patterns of (a) FeCrVAl, (b) FeCro.sCoo.sVAI, and
(c) FeCro.sMno.sVAI Heusler alloys.
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Figure 12: The thermomagnetic curves M(T) of (a) FeCrVAl, (b) FeCrosCoosVAIL and (c)
FeCrosMnosVAIl Heusler alloys.

Figure 12 shows the magnetization as a function of temperature of (a) FeCrVAI (b)
FeCro.5Co0.5sVAL, and (c) FeCro.sMno.sVAl alloys measured at 5 kOe. The M(T) curves of FeCrVALI
and FeCro.sCoosVALl are similar to those of paramagnetic materials. However, the M(T) curve of
FeCro.sMno.sVAI resembles with that of a ferrimagnetic (or ferromagnetic) material with the Curie

temperature of 135 K.

IV. Conclusions

In conclusion, we performed a comprehensive theoretical study of FeCrVAL
FeCrosMnosVAI, FeCrVosMnosAl, FeCrosCoosVAl, and FeCrVosCoosAl; and experimental
study of FeCrVAl, FeCrosMnosVAl, and FeCrosCoo.sVAl Heusler alloys. Our results indicate that
FeCrVAl, FeCrosMnosVAl, and FeCrosCoosVAl alloys exhibit high values of spin-polarization,
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above 90%. Application of tensile strain may enhance these values, essentially making these
materials half-metallic. According to our calculations, this enhancement is due to the shift of the
Fermi level toward majority-spin energy gap. The magnetic alignment of these alloys is
ferrimagnetic, with a moderate value of total magnetization. More specifically, the ferrimagnetic
alignment is manifested by vanadium magnetic moments being anti-parallel to those of Cr, Fe, and
Mn. Our measured magnetization values are smaller than the theoretically predicted ones. This
discrepancy is likely due to the observed structural disorder. Although our theoretical calculations
predict high spin polarizations for three of the studied alloys, it is necessary to develop disorder

free materials for spin transport-based device applications.
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