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Abstract

We have carried out joint theoretical and experimental investigations of three Heusler
compounds CoMoFeAl, CoMoosFeisAl, and Coi1.sMoosFeAl. Our first-principle calculations
show that all three compounds show either ferro- or ferrimagnetic order with CoMoFeAl and
CoMoosFe1.sAl exhibiting high spin polarization of almost 80%. The investigated samples were
prepared using arc melting and high vacuum annealing. All the samples show cubic crystal
structure with disorder. The parent compound CoMoFeAl shows a small saturation magnetization
of 12 emu/g, and a Curie temperature of 440K. The other two compounds, namely, Co1.sMoo.sFeAl
and CoMoo.sFei.5Al, show much higher saturation magnetizations of 62 emu/g and 59 emu/g, and

substantially higher Curie temperatures of 950K and 780K, respectively.

I. Introduction

Heusler alloys have attracted significant attention due to their interesting properties such
as high perpendicular magnetic anisotropy, shape memory effect, topological magnetic order, and
magnetocaloric effect [1-6]. In recent years, these materials have been intensely studied due to
their half-metallic or spin-gapless semiconducting properties [7]. Heusler compounds are useful
for spintronic applications as they can produce fully (100%) spin polarized currents because of the
nature of their electronic structure, which is metallic for one spin channel and insulating for the
opposite channel [8,9]. Materials including ferro- and ferrimagnetic Heusler alloys exhibiting high
Curie temperature may retain a high degree of spin polarization at room temperature making them

suitable for spintronic applications [10-13]. Another important feature of Heusler alloys is that the



magnetic and electronic properties can be tuned as desired by adjusting the elemental composition,

applying mechanical strain, etc. [12-15].

In general, Heusler alloys crystallize in a cubic structure, and they are classified as ternary
(XYZ, X2YZ) and quaternary (XX’ YZ) alloys where X, X', and Y are transition-metal elements
and Z is the main-group element. The completely ordered quaternary Heusler alloys crystalize in
cubic Y type (XX'YZ) structure (prototype LiMgPdSn) [1]. However, in experiment, most of the
synthesized alloys are found to be crystallized in disordered L21, B2, or A2 structures. The L2
type disorder develops when the X and X' atoms mix in the lattice, whereas the B2 type structure
results from the mixing of Y and Z atoms. The A2 disorder results from a random mixing of all
atoms (X, X',Y, Z). These disorders are typically detrimental to the magnetic and spin-electronic

properties of Heusler alloys [16].

This paper includes our combined computational and experimental study of CoMoFeAl,
and the effect of deviation from stoichiometry on its magnetic and electronic band properties. In
particular, we have investigated Coi.sMoosFeAl and CoMoo.sFe1.sAl in addition to the parent alloy
and demonstrated that the magnetic properties, namely, the magnetization and Curie temperature
are highly sensitive to the change in elemental composition. In addition, our computational results
indicate that CoMoFeAl and CoMoosFeisAl in cubic structure have relatively high spin

polarizations of about 80% but Co1.sMoo.sFeAl is essentially non-spin polarized.

II. Methods
a. Experimental Methods

The bulk CoMoFeAl, Coi1.sMoosFeAl, and CoMoosFeisAl alloys were synthesized 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 the arc furnace in an argon environment, and the ingots thus produced were
annealed in a tubular vacuum furnace at 950°C for 1 week. The crystal structures of the samples
were studied with a Rigaku MiniFlex600 x-ray diffractometer using a Cu-Ka source (A = 1.54A).

The magnetic properties were measured using a Quantum Design VersaLab magnetometer.



b. Computational Methods

All calculations in this work are perfomed with the Vienna ab initio simulation package
(VASP) [17], using the projector augmented-wave method (PAW) [18] and generalized-gradient
approximation (GGA) [19]. The cut-off energy of plane-waves is set to 500 eV, and a 0.05 eV
width of smearing is used within the integration method by Methfessel and Paxton [20]. The energy
convergence criteria was set to 10 eV and 107 eV for electronic structure and atomic relaxations
calculations, correspondingly. The Brillouin-zone integration was performed with a k-point mesh
of 12 x 12 x 12, for a 16-atom cubic cell. The crystal structures are analyzed with the MedeA®
software environment [21]. The calculations were performed using Extreme Science and
Engineering Discovery Environment (XSEDE) resources located at the Pittsburgh
Supercomputing Center (PSC) [22], and the resources of the Center for Functional Nanomaterials

(CFN) at Brookhaven National Laboratory (BNL).

III. Results and Discussion

a. Computational Results

Our first principles calculations suggest that the lowest energy configuration of CoMoFeAl

corresponds to the inverted cubic Heusler structure. The calculated density of states (DOS) in this

N1(Ep)—-N(EF)
Ny(Ep)+Ny(EF)’

where N; | (Er) is the spin-dependent density of states (DOS) at the Fermi level, Er) is almost 80%.

structure is shown in Fig. 1(a). The calculated spin polarization (defined as P =

The magnetic alignment is ferromagnetic, where Fe and Co moments align parallel to each other
exhibiting a net magnetization of 1.92 us / f.u. The individual atomic moments of Co and Fe are
respectively 1.15 us, and 0.77 us, with the magnetic moments of Mo and Al being negligible. The
calculated lattice constant for the low energy configuration of CoMoFeAl is 5.865 A.
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Figure 1: (a) Calculated element- and spin-resolved density of states of CoMoFeAl. Elemental
contributions are colored as indicated in the figure: Co — blue, Fe — green, Mo — red, Al — brown.
Positive and negative DOS represent majority- and minority-spin, correspondingly. Vertical line
indicates position of the Fermi level. Calculated magnetization and spin polarization values are
shown in the figure. (b) Calculated energies of CosMos-xFexAls and CoxMoi-xFesAls, as a
function of x, for regular and inverted Heusler structures.

Figure 1(b) shows calculated energies of CosMo-x)FexAls and CoxMo-x)FesAls, as a
function of x, for regular and inverted Heusler structures. As one can see from this figure, CosMos-
xFexAls prefers to crystallize in inverted Heusler structure for all values of x. At the same time,
while CoxMos-x)FesAls, has lower energy in the inverted Heusler structure for x < 6, the regular
Heusler structure becomes energetically favorable for x > 6. Here, x = 6 corresponds to our

experimental sample Coi1.sMoo.sFeAl.
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Fig. 2: Calculated element- and spin-resolved density of states of CoisMoosFeAl (a), and
CoMoosFeisAl (b). Elemental contributions are colored as indicated in the figure: Co — blue, Fe —
green, Mo — red, Al — brown. Positive and negative DOS represent majority- and minority-spin,
correspondingly. Vertical line indicates position of the Fermi level. Calculated magnetization and
spin polarization values are shown in the figure.

Figure 2 shows calculated density of states of CoisMoo.sFeAl (a) and CoMoo.sFeisAl (b).
The density of states of the latter is calculated for the inverted Heusler structure since it
corresponds to the minimum energy structure (see Fig. 1(b)). At the same time, as one can see
from Fig. 1(b), the regular and inverted Heusler structures of Co1.sMoo.sFeAl have almost identical
energies with the regular structure having slightly smaller energy. Therefore, we have shown the
calculated DOS in the regular Heusler structure of Co1.sMoosFeAl in Fig. 2 (a). However, we have
calculated the degree of spin polarization for both regular and inverted structures which are 5%
and 1%, respectively. Therefore, this material may not be attractive for practical spintronic
applications. On the other hand, the calculated spin polarization for CoMoo.sFei1sAl is about 78 %,

making it useful for spin transport-based device applications.

Both CoMoosFeisAl and CoisMoosFeAl show moderate net magnetizations of 2.94 us /
f.u and 3.78 us / f.u, respectively, where the magnetic order for the first is ferromagnetic and that
for the second is ferrimagnetic. In the latter, the ferrimagnetic alignment results from a sizable
magnetic moment of Mo (0.42 us / Mo) that is anti-aligned with atomic moments of Co and Fe.

We note that there is a small tetragonal distortion in the structure of both compounds with a =5.764



A, b=c=5786 A for CoMoosFeisAl, and a = 5.848 A, b =c = 5.803 A for Co1sMoosFeAl,
respectively. However, the tetragonal distortions seen in calculation are too small to observe in

real samples.

b. Experimental Results
Figure 3 shows the room temperature x-ray diffraction (XRD) pattern of powder sample of
vacuum annealed CoMoFeAl, Coi1.sMoo.sFeAl, and CoMoosFei.sAl alloys. All three XRD patterns
can be indexed with cubic structure with disorder. The lack of the (111) and (200) peaks in the
patterns indicate that the sample have A2 type disorder [23]. The XRD pattern simulated using
Rietveld refinement for A2 type disordered structure has a perfect match with our data. In addition,
there is about 30 wt.% of Fe-Mo tetragonal impurity in the parent alloy CoMoFeAl, which is not

observed in off-stoichiometric samples.
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Figure 3: Room temperature x-ray diffraction patterns of CoMoFeAl, CoisMoosFeAl, and
CoMoosFersAl (bottom to top) alloys. The XRD pattern simulated for A2 type disordered
structure is shown with dashed line.



Figure 4(a) shows the thermomagnetic curves of the alloys studied. The experiment was done in a
constant magnetic field of 1 kOe. All of the alloys have smooth transitions at their Curie
temperatures. All compounds have a Tc value much above room temperature with 440 K, 780 K
and 950 K for CoMoFeAl, CoMoo.sFeisAl and CoisMoosFeAl, respectively. The Curie
temperatures of the alloys appear to drastically increase when the concentrations of Co and Fe are
increased decreasing the amount of Mo. The M(T) curves of all three alloys are similar to those
of ferro- or ferrimagnetic materials. Although Co, sMogsFeAl is predicted to show ferrimagnetic order,
we did not see Curie-Weiss behavior to find the type of magnetic ordering as its ordering temperature is
close to our highest measurement temperature of 1000 K.
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Figure 4: (a) Thermomagnetic curves M(T), and (b) isothermal magnetization curves M(H) of
CoMoFeAl, CoMoosFeisAl and Coi.sMoosFeAl, alloys.

Figure 4(b) shows the isothermal magnetization curves M(H) of the studied alloys
measured at 100 K. The saturation magnetizations of CoMoFeAl, CoMoosFeisAl, and
Co1sMoosFeAl are 12 emu/g (0.5pug/f.u.), 59 emu/g (2.3 ug/f.u.), and 62 emu/g
(2.4 pg/f.u.), respectively. The increase in magnetizations are consistent with the increase in
Curie temperature when Mo is partially replaced with Fe or Co. This indicates that the presence of
more Fe or Co in the lattice has strengthened the exchange interaction. Although the absolute
values of experimental magnetizations are smaller than that of the calculated values, in both cases,
CoMoFeAl has the smallest and CoisMoosFeAl has the highest values of magnetizations. All
studied alloys have very small coercivities. We attribute this discrepancy between theoretical and

experimental magnetizations to the observed disorder in the samples.



IV. Conclusion

We carried out both theoretical and experimental investigations of CoMoFeAl,
CoMoosFeisAl, and Coi.sMoosFeAl Heusler alloys for their structural, magnetic, and electronic
band properties. First-principle calculations suggest that CoMoFeAl and CoMoosFeisAl are
nearly half metallic with spin polarizations of about 80%. The annealed bulk alloys crystallizing
in A2 type disordered Heusler structure show high Curie temperatures and moderate saturation
magnetization. The saturation magnetizations and Curie temperatures for CoMoFeAl,
CoMoosFeisAl and CoisMoosFeAl are 12 emu/g and 440 K, 59 emu/g and 780 K, and 62 emu/g
and 950 K, respectively. Our results indicate that CoMoFeAl and CoMoo.sFe1.sAl alloys have
potential for spintronic applications, and CoisMoo.sFeAl can be used in magnetic applications

where soft magnetic properties with high Curie temperature are desired, such as inductive devices.
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