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Abstract

Half-metallic Heusler compounds have been extensively studied in the recent years, both
experimentally and theoretically, for potential applications in spin-based electronics. Here, we
present the results of a combined theoretical and experimental study of the quaternary Heusler
compound NiFeMnAl. Our calculations indicate that this material is half-metallic in the ground
state and maintains its half-metallic electronic structure under a considerable range of external
hydrostatic pressure and biaxial strain. NiFeMnAl crystallizes in the regular cubic Heusler
structure, and exhibits ferromagnetic alignment. The practical feasibility of the proposed system
is confirmed in the experimental section of this work. More specifically, a bulk ingot of NiFeMnAl
was synthesized in A2 type disordered cubic structure using arc melting. It shows a high Curie
temperature of about 468 K and a saturation magnetization of 2.3 ug/f.u. The measured
magnetization value is smaller than the one calculated for the ordered structure. This discrepancy
is likely due to the A2 type atomic disorder, as demonstrated by our calculations. We hope that the
presented results may be useful for researchers working on practical applications of spin-based

electronics.

1. Introduction

The existence of half-metallic materials was predicted in 1983 by de Groot et al.! As their
name suggests, these compounds are conducting for electrons of one spin, and insulating

(semiconducting) for the electrons of the opposite spin. This makes their spin polarization, P equal

N1(€p)—N,(€F)

to 100%, where P is defined as P = )
N1(ep)+N(eF)

with Ny | (er) being the spin-dependent density

of states (DOS) at the Fermi level, €z.2 As such, half-metallic systems are ideal candidates for
applications in spin-transport electronics (spintronics), where highly spin-polarized currents are

desired. At the same time, various physical mechanisms may reduce the spin polarization of these



compounds. For example, it has been reported that the surfaces and / or interfaces of these materials

3,4,5,6,7,8,9

are typically not half-metallic, although in certain cases half-metallicity may be restored

by interface engineering. '% !

Among various materials considered for practical applications in spintronics, Heusler
alloys have attracted particular attention in recent years, largely due to their high Curie
temperature, often significantly higher than the room temperature. > 13- 14.15.16. 17. 18 Nany Heusler

19,20

compounds have been theoretically predicted to be half-metallic, and in some cases the half-

metallicity was confirmed experimentally. 2!:2%23:24 In addition to half-metallicity, Heusler alloys
have been also reported to exhibit other interesting properties, such as shape-memory effects 2% 26
and topological states.?”?® The combination of these multifunctional properties makes Heusler

materials one of the prime candidates for practical applications in modern spintronic devices.

In this work, we perform a combined theoretical and experimental study of NiFeMnAl, a
quaternary Heusler compound that has been recently reported by Gao, Opahle, and Zhang to be
spin-gapless semiconducting (SGS).?° Spin-gapless semiconductors represent a new class of
materials, the existence of which was predicted by Wang.3® These materials are semiconducting
for electrons of one spin, while for the opposite spin they have a gapless electronic structure. In
SGS materials, both electrons and holes are 100% spin-polarized. Spin-gapless semiconductivity
has been reported in various systems, including oxides*® and Heusler alloys.!®3!>32 Here we show
that while the electronic structure of NiFeMnAl indeed has SGS-like characteristics, this material
is half-metallic in its ground state. At the same time, it may undergo a transition to an SGS state
under negative pressure (expansion), which may, at least in principle, be achieved by atomic
substitution. 3% The practical feasibility and thermodynamic stability of the considered
compound is confirmed by synthesizing bulk samples of NiFeMnAl, as discussed in the

experimental section of this work.

The rest of this paper is organized as follows. In Section II, we outline the computational
methods and experimental techniques. In Section III, we present our main results, both
computational (sub-section III-a) and experimental (sub-section III-b). Section IV contains
conclusions, and it is followed by acknowledgments and references to the representative relevant

publications.



I1. Methods
I1. a) Computational methods

We performed density functional calculations, as implemented in the Vienna ab initio
simulation package (VASP).* In particular, we used the projector augmented-wave method
(PAW) 3¢ and generalized-gradient approximation (GGA) method suggested by Perdew, Burke,
and Ernzerhof. >’ In addition, the integration method by Methfessel and Paxton witha 5 x 1072 eV
width of smearing is used. *® The energy convergence criterion of 10~3 meV is used for electronic
and magnetic structure calculations, while the geometry optimizations are performed with a less
strict criterion of 1072 meV. The structural optimizations are performed with a k-point mesh of
4x4x4, while a k-mesh of 12x12x12 is used for electronic structure calculations. The MedeA®
software environment *° is used for calculating and plotting the electronic band structure, as well
as for the crystal structure visualization. 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 Supercomputing Center (PSC)*’, the resources of the Center
for Functional Nanomaterials (CFN) at Brookhaven National Laboratory (BNL), as well as the
high-performance computing facilities located at the University of Northern lowa (UNI).

I1. b) Experimental methods

The NiFeMnAl bulk alloy was synthesized using arc-melting. The desired quantities of
nickel, iron, manganese, and aluminum pieces were cut from corresponding commercially
available (99.95% purity) metal pellets. The arc-melting was done in a constant flow of argon gas
and the ingot was flipped and melted four times to insure homogeneity in the sample. The as-
prepared ingot was vacuum (~107 torr) annealed at various temperatures between 600 °C and 1000
°C but the annealed sample always showed tetragonal distortion. Therefore, we have included the
data recorded only on the as-prepared sample in this report. The crystal structure of the sample
was investigated using x-ray diffraction patterns recorded in a Rigaku Miniflex600 x-ray
diffractometer and the magnetic measurements were performed using magnetometers on the

Quantum Design VersalLab and Dynacool PPMS platforms.



III.  Results
II1. a) Computational results

Our calculations indicate that the lowest energy of NiFeMnAl corresponds to the regular
cubic Heusler structure (space group F-43m), in agreement with the earlier report by Gao et al.?’
In this crystal structure, the atoms occupy the following Wyckoff positions: Ni(0,0,0),
Fe(1/2,1/2,1/2), Mn(3/4,3/4,3/4), Al(1/4,1/4,1/4). Figure 1 shows the calculated density of states
(DOS) (a) and band structure (b) of NiFeMnAl in the lowest-energy configuration, which
corresponds to the lattice parameter of a = 5.735 A. As one can see from Fig. 1, NiFeMnAl is
half-metallic, and it is nearly spin-gapless semiconducting. In particular, as shown in Fig. 1 (b),
what prevents this material from exhibiting a perfect SGS band structure, is a relatively small
crossover of spin-up bands (red lines) with the Fermi level at the X symmetry point. The magnetic
alignment of NiFeMnAl is ferromagnetic, with the calculated magnetization of 4.0 ug / f.u., which
is precisely what is expected from the Slater-Pauling rule.!? The integer value of the magnetization
is consistent with the half-metallic electronic structure.*! The calculated element-resolved
magnetic moments and the total magnetic moment per cell are summarized in Table 1. A small
disagreement between the total magnetic moment and the sum of the individual atomic magnetic
moments is due to the local charge and magnetization being calculated in atomic spheres that do

not fill the volume of the unit cell exactly.'®

20_ T T T T T L T
(a) NiFeMnA ® N/
— Ni— Fe \\/ / >
<10 Mn—— Al
2 \ W=
g | =L
i‘% L~
8 ., %
0-10 a=5.735A > é
m=4p_/fu.
fi ti %% Y
20 | | errolmagn? ic N \\
-15 10 05 00 05 10 15 r X W 1
E-E. (eV)

Figure 1. (a) Calculated element-resolved density of states of NiFeMnAl in the ground state. The element
specific contributions are colored as indicated in the figure. Positive / negative DOS corresponds to majority
/ minority spin states, correspondingly. Vertical line indicates position of the Fermi level. (b) Calculated
band structure of NiFeMnAl at equilibrium. Red and blue lines indicate spin-up and spin-down states,
correspondingly. The horizontal line shows position of the Fermi level.



Ni (us/atom) | Fe (up/atom) | Mn (us/atom) | Al (us/atom) | Total (us/f.u.)

Magnetic moment (ug) | 0.477 0.831 2.804 -0.091 4.000

Table 1. Calculated element resolved and total magnetic moments of NiFeMnALl at equilibrium.

Figure 2 (a) shows the calculated total energy (black line and squares) and total magnetic
moment (blue line and circles) of NiFeMnAl under hydrostatic pressure, as a function of lattice
constant (the calculated external pressure is shown in the inset). As one can see from the figure,
the integer value of the total magnetic moment is retained over a significant range of lattice
parameters under compression. At the same time, above the equilibrium lattice constant of a =
5.735 A the total magnetic moment increases, first at a moderate rate, and then much steeper. This
can serve as an indication of destroyed half-metallicity in NiFeMnAl under expansion (negative
pressure). Figure 2 (b) shows calculated element-resolved magnetic moments of NiFeMnAl under
hydrostatic pressure, as a function of lattice constant. In particular, it shows that the increase of
the total magnetic moment at larger unit cell volumes results from an increase in the magnetic
moment of Mn. At the same time, the magnetic moments of Fe and Ni decrease as the lattice
constant is increased. A sharp increase of the Fe magnetic moment at the largest considered lattice
parameter is probably a computational artifact, indicating the non-physical behavior of this system

at that lattice constant.

: (a) 146 = 35 NiFeMnAl: uniform pressure (b) |
106" ! 3  Sa30 :
445 2, |
S . £ 5 —=—Ni
3108 — ~ g g0 —e—Fe ]
= 54 56 58 60 6. 1425 g —&—Mn
> Lattice constant (A) £
2 Q % 1.5+ i
- '110—7——‘70— o—o—o—R 4408 o 10
% (EU .Ur ’_H*‘\‘\‘\/ 4
=
112k NiFeMnAl: uniform pressure 38 05 * == —=—=—w o o | ]
54 56 58 60 62 54 56 58 60 62
Lattice constant (A) Lattice constant (A)

Figure 2. (a) Calculated total energy (black line and squares), total magnetic moment (blue line and circles),
and external pressure (trace of a stress tensor, see inset) of NiFeMnAl under hydrostatic pressure, as a
function of lattice constant. The (b) Calculated element resolved magnetic moments of NiFeMnAl under
hydrostatic pressure, as a function of lattice constant. Blue line and triangles — Mn, black line and squares
— Ni, red line and circles — Fe. Al is essentially non-magnetic and is not shown on this plot.
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Figure 3. (a) Calculated total energy (black line and squares) and total magnetic moment (blue line and
circles) of NiFeMnAl under biaxial strain, as a function of lattice constant. (b) Calculated element resolved
magnetic moments of NiFeMnAl under biaxial strain, as a function of lattice constant. Blue line and
triangles — Mn, black line and squares — Ni, red line and circles — Fe. Al is essentially non-magnetic and is
not shown on this plot. The inset shows calculated out-of-plane lattice constant as a function of in-plane
lattice constant (c vs. a) of NiFeMnAl under biaxial strain.

Figure 3 is a counterpart of figure 2, but calculated under biaxial strain, which is often a
more realistic scenario in practical situations, such as in thin film heterostructures. Here, the biaxial
strain is simulated by relaxing the out-of-plane lattice parameters (c) for each of the fixed in-plane
lattice constant (a). The inset in Fig. 3 (b) shows calculated out-of-plane lattice constant as a
function of in-plane lattice constant (c vs. a) of NiFeMnAl under biaxial strain. Qualitatively,
figures 2 and 3 demonstrate similar behavior. At the same time, as shown in the Fig. 3 (a), the
deviation of the total magnetic moment from its integer value at the larger in-plane lattice
parameters happens in a somewhat more moderate way than in the case of hydrostatic pressure.
This is likely due to a smaller change of the unit cell volume under biaxial strain compared with
hydrostatic pressure, at given in-plane lattice parameters. Thus, one may expect that NiFeMnAl
retains its half-metallic properties in a wider range of lattice parameter under biaxial strain than

under hydrostatic pressure.

Figure 4 shows the calculated total density of states of NiFeMnAl under hydrostatic
pressure (a) and biaxial strain (b). The in-plane lattice parameters as well as calculated spin-
polarization values are shown in the figure. One interesting feature that can be seen in Fig. 4 (a) is

that NiFeMnAl essentially undergoes a transition to the SGS state at the lattice constant of a =

5.935 A. Here, the calculated spin polarization of around 6.6% has very little physical meaning,



since in the case of ideal SGS materials the formula we used to calculate spin polarizations

( __ Ny(ep)—N(eF)

= ) results in > indeterminacy. At the same time, as seen in Fig. 4 (b), the biaxial
Ny(ep)+Ny(eF) 0

strain does not result in SGS transitions at larger lattice constants. Thus, if such a transition is
desired, one should consider a potential scenario of uniform expansion of the unit cell volume,

which can be achieved, at least in principle, by atomic substitution.*

(@) NiFeMnAl: uniform pressure

| —

b) NiFeMnAl: biaxial strain

20l \ / a=5935A 20 M a=5900 A.
0 0 i e S
-20 N\ , P=6.61% M 0D W P=0231% .
20_—\»/\/\/\ a=58354 | 20_\/\\ a=58004
0 S ] 0 SINAZT
<20 W P=8048% 1 <20 J\/I P=9751% | ]
() o () A
g 0 g 0
5 2 W P=009g% ] 5 /\f\/- P=99.68% | ]
0 - R e — s
Q 20_//\ a=5635A | Q 20/\/\/\ a=5600A |
0 /\/\/\’M,\, 0 /\Q
-20 W p=o0gg% . 1 20 W P=99.91% .
ZOM\ a=5535A - 20M a=5.5004 |
T~ | \,\/\/‘r
-20 \/\"/T P=99.07% O 201 . . P=71.86% C ]
A0 05 00 05 10 A0 05 00 05 1.0
E-E, (V) E-E_(eV)

Figure 4. Calculated total DOS of NiFeMnAl under hydrostatic pressure (a) and biaxial strain (b). Positive
DOS (black line) corresponds to majority-, negative DOS (red line) corresponds to minority-spin states.
The in-plane lattice parameters as well as calculated spin-polarization values are shown in the figure. The
vertical line corresponds to the Fermi level.

II1. b) Experimental results

The room temperature x-ray diffraction (XRD) pattern of a powder sample prepared from
the as-prepared NiFeMnAl ingot is shown in Fig. 5. The XRD pattern indicates that the as-prepared
alloy has crystallized in the cubic structure with A2-type disorder, which is evident from the
absence of (111) and (200) superlattice peaks. This may lead to a magnetic order different than

the one predicted by theory as discussed above. In order to see if the crystalline order can be



improved with annealing, we annealed the sample at various temperatures between 600 °C and
1000 °C for 72 hours in a tubular vacuum furnace. However, all the annealed samples showed
tetragonal distortion. For example, the XRD pattern of NiFeMnAl sample annealed at 650 °C for
72 hours is shown in the inset of Fig. 5 which contains an additional peak corresponding to the
(112) plane of the tetragonal phase. T. Samanta et al. have also reported similar difficulty in the
synthesis of NiFeMnGa and NiFeCuGa alloys.** The lattice parameter of the as-prepared
NiFeMnAl alloy determined from the x-ray diffraction pattern is a =5.773 A, which agrees well

with the theoretical lattice parameter of 5.735 A for the lowest-energy configuration.
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Fig. 5: Room temperature x-ray diffraction pattern of the as-prepared NiFeMnAl alloy. The inset shows the
XRD pattern of the NiFeMnAl sample annealed at 650 °C for 72 hrs.
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Fig.6: The thermomagnetic curve M(T) of the as-prepared NiFeMnAl alloy measured at 1 kOe external
magnetic field. The inset shows the temperature derivative of the M(T) curve used to estimate the Curie
temperature.



Figure 6 shows the temperature dependence of the magnetization M(T) of the as-prepared
NiFeMnAl sample measured at an external magnetic field of 1 kOe. The magnetization of the
sample remains almost stable as temperature increases from 5K to 50 K, and then starts to
gradually decrease with the further increase in temperature reaching a Curie point at 468 K, where
it undergoes a ferromagnetic to paramagnetic transition. This type of M(T) behavior is observed in

other disordered Heusler alloys as well.

Atomic swap Fe-Al Fe-Mn Fe-Ni Mn-Al Ni-Al Ni-Mn
M (us/ fu.) 5.275 4.001 3.698 4.053 4.433 3.001

Table 2. Calculated magnetization (M) values of NiFeMnAl for six possible forms of atomic swap
disorder.
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Fig. 7: The isothermal magnetization curve M(H) of the NiFeMnAl alloy measured at 2 K. The inset shows
the expanded view of the M(H) curve near H =0 Oe.

The zero-field-cooled magnetic hysteresis curve M(H) recorded at 2 K is shown in Fig. 7.
As shown in the inset of Fig. 7, where the M(H) loop is expanded near H=0, we can see a coercivity
of about 0.5 kOe, which is unusually large for a cubic Heusler alloy. This is probably due to the
aforementioned tetragonal distortion seen in the XRD patterns. The saturation magnetization Ms
of the sample at 90 kOe field is about 67 emu/g (~2.3 ug/f.u.). This value of Ms is smaller than
the one predicted by our first principles calculations (4 ug/f.u.). We attribute this discrepancy in

the saturation magnetization to the observed disorder in the sample. The investigated sample

9



contains A2 type disorder, which may result in reduced magnetization. For example, we recently
demonstrated that in another quaternary Heusler compound, MnCrVAl, A2-type disorder leads to
reduced magnetization.*>*¢ To confirm this conclusion, we also simulated atomic disorder in
NiFeMnAl, by swapping a single atom of each element with an atom of another element. The
results are summarized in Table 2. As one can see, only Ni-Mn atomic swap results in a significant
decrease in the magnetization value. Since our samples exhibit A2 type disorder, where the Ni, Fe,
Mn and Al atoms randomly occupy the available sites in the cubic lattice, any combinations of the
situations considered in Table 2 may occur leading to a decrease in magnetization. Therefore, the
calculated values of decreased magnetizations in some atomic exchanges are in qualitative

agreement with the experimental observation.

1Vv. Conclusions

Here, we presented the results of a combined theoretical and experimental study of a
quaternary Heusler compound NiFeMnAl. It is shown that this material exhibits a half-metallic
electronic structure in the ground state and under a considerable range of external hydrostatic
pressure and biaxial strain. The magnetic alignment of NiFeMnAl is ferromagnetic in the entire
range of the considered pressure / strain. In addition, our calculations indicate that under
hydrostatic pressure NiFeMnAl may undergo a spin-gapless semiconducting transition at the
largest considered lattice constant. The practical feasibility of the considered alloy is confirmed by
synthesizing this material. In particular, the bulk ingot of NiFeMnAl synthesized using arc melting
crystallized in a cubic structure with A2 type disorder. The sample shows a high Curie temperature
of about 468 K and a saturation magnetization of 2.3 ug/f.u. The saturation magnetization is
smaller than that predicted for the half-metallic phase of this material, likely because of the
disordered atomic arrangement. We hope that the presented results may be useful for researchers

working on practical applications of spin-based electronics.
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