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Abstract

We have analyzed the surface stability of different orientations(111, 001, 011) of Fe,CoAl (FCA) slabs.
Among all the slabs, the orientation with 111-surface is found to be most stable with minimum energy.
The surface electronic and magnetic properties along with the atomic orbital resolved magneto-
crystalline anisotropy energy (MAE) has been performed by using first principles density functional
theory (DFT). We have reported the surface metallicity with dispersed electronic bands around the
fermi energy (Ef) in all the three terminals Fe/Co/Al. This may be the result of translational broken
symmetry in which metallic bonds are broken with the release of free conducting electrons on the
surface. We have observed the presence of both the in-plane MAE and the out-plane MAE
characterized by the distribution of total MAE over an atomic sites for each Al-, Co- and Fe-terminal.
The total MAE favors in-plane magnetization in case of antiferromagnetic configured Al-terminal
(MAE = 0.034 meV) and Fe-terminal (0.68 meV) whereas out-plane total MAE is observed in
ferromagnetic configured Co-terminal.

1. Introduction

The magnetic materials with half-metallic, large perpendicular magnetic anisotropy, high thermal stability and
low critical current, magnetic damping etc, always fascinates the scientific research due to their potential
application in spintronics. They also possess high magnetization density, high density spin transfer torque under
applied magnetic field which are crucial for implementation in magnetic random access memory (STT-MRAM)
and logic devices [1-4]. For materials to device applications size compatibility with preserving the functional
properties are always an issue. In most cases, the half-metallicity and other physical properties are destroyed
when cleaveged to low dimension surface slab and 2D thin film from the bulk materials. The nano-scale object
loses its magnetic stability with the lowering of size scaled [5]. The stabilization of surface magnetization and
magnetic crystalline anisotropy of the magnetic materials at its nano-scale, thin film and surface level for
successful device application is an outmost challenge. In tetragonal Heusler compounds large magneto-
crystalline anisotropy can be easily produced by positioning the Fermi energy at the van Hove singularity in one
of the spin channels, while the ferromagnetic cubic Heusler alloys exhibit small magneto-crystalline anisotropy
energy (MAE) mainly due to the higher dominating magnetization [6]. So for that reason, the usage of low
magnetization materials such as ferrimagnetic and antiferromagnetic materials with large MAE preferred over
highly magnetized ferromagnetic materials to reduce critical current density and enhanced the thermal stability
in magnetic tunnel junctions (MTJs) [7, 8]. Several results of high values of MAE has been reported in the metal-
semiconductor hetero-junction. For example, full Heusler alloy and semiconductor heterostructure
(Co,FeAl)|MgO have been found to exhibit large interfacial perpendicular magnetic anisotropy energy (PMA)
value of 1.31 mJ m™2[3], 1.28m]J m 2 [9] for Co-terminated in Co,FeAl|MgO interfaces and a PMA value of
0.428 erg cm 2 for FeAl-terminal [10]. Wen etal [11] experimentally achieved PMA densities around

© 2020 The Author(s). Published by IOP Publishing Ltd
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Figure 1. Conventinal slab model (Top-view and Side-view) for (a) Antiferromagnetic (AFM1) Al-terminal (b) Ferromagnetic
Co-terminal and (c) Antiferromagnetic(AFM2) Fe-terminal.

2-3 x 10%rg cm > within CFA|MgO and MgO|CFA structures. Interestingly, a large negative perpendicular

uniaxial anisotropy has also been observed in CFA|Mgo(001) [12].

In this paper, we have presented the surface electronic and perpendicular magnetic anisotropy energy (PMA)
for non-periodic slab (111) of inverse (XA-type) cubic full Heusler alloy Fe,CoAl To the best of our knowledge,
neither experimental nor theoretical studied have been performed for PMA of free standing Fe,CoAl 111-
surface. However, numbers of work on the analogous composite L2, structured Co,FeAl have already been
reported. For electronic structure calculation, we have treated strongly correlated electron-electron interaction
by including Hubbard parameter (U) [13] (Ug, = 3.82 eVand U¢, = 3.89 eV) as GGA+U calculation in
addition to GGA.

2. Computational detail

Different FCA surface slabs with orientations [(001), (110), (111)] have been cleavage from the cubic bulk
Fe,CoAl with lattice constanta = 5.703 A[14]. A vacuum of 15 (A) is applied along the z-axis to avoid periodic
layer interactions. We have performed the first principles DFT [15] calculation using Quantum Espresso (QE)
[16] package considering the electron exchange energy within the generalized gradient approximation (GGA)
proposed by Perdew—Burke—Ernzerhof(PBE) [17]. We used 250 Rydberg for the kinetic cut off energy and a
meshof 16 x 16 x 1 within Monkhorst pack [18] for K-point to integrate the first Brillouin zone. Stuctural
relaxation was achieved with a force tolerance of 0.0136eV/A. We deployed the force theorem [5] as
implemented in QE; by performing the self-consistent-field calculation (SCF) without the spin—orbit coupling
(SOC) within the scalar pseudopotentials method we obtained the charge density and spin magnetic moment.
Then, two types non-SCF calculation are executed with the spin polarized fully relativistic pseudopotentials
(with SOC). In which we have considered spin moment with angle 0° in xy-plane for parallel and 90° in z-axis for
perpendicular direction. The difference of the band energy between the two spin moment directions (90° and
0°)is the the total MAE.

3. Results and discussion

Among the three different slab orientations (001, 110 and 111) the 111-surface slab with thirteen atomic
monolayers have been found to be the most stable with the minimum ground state energy. We have performed
the magnetic configuration dependent ground state energy calculation from the 111-surface slab. The
111-surface slabs of Fe,CoAl are again categorized with three different terminal atoms like Fe-, Co- and
Al-terminals as shown in figure 1. The seven magnetic configurations are considered including one
ferromagnetic (FM) and six types of antiferromagnetic (AFM) orientations (see tables 1, 2, 3) for each Fe-, Co
and Al-terminal, respectively. In terms of their minimum ground state energy with corresponding magnetic
configurations; Al-terminal is stable with AFM1-configuration, Fe-terminal with AFM2 configuration and
Co-terminal with FM configuration (see tables 1, 2, 3).

3.1. Electronic and magnetic properties

In figures 2, 3, we have presented the spin-resolved partial density of states (DOS) and energy band stuctures of
111-surface slab of Fe,CoAl, calculated from GGA and GGA+U (Up, = 3.82eVand U, = 3.89 eV)[13] to
study the electronic properties. For each terminal, we considered the surface-, subsurfacel- and subsurface2
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Figure 2. Calculated partial DOS of Fe,CoAl from GGA and GGA+U: (a) Al-terminal, (b) Co-terminal and (c) Fe-terminal.

Table 1. Magnetic Configuration on magnetic atomic sites (six Fe- and three Co-atoms) and energy difference
(Epa-Eara) in Ry for Al-terminated surface.

Config. Fel Fe2 Fe3 Fe4 Fe5 Fe6 Col Co2 Co3 Ernv-Earm(Ry)
EM T T 1 T T 1 1 T 1 0.00
AFM1 T 7 7 T 7 7 1 1 1 0.009
AFM2 T 1 1 ! 7 1 T ! 1 —0.040
AFM3 T T ! ! T 1 T T ! —3.889
AFM4 1 1 7 T 1 1 1 1 7 —2.438
AFM5 T 1 1 7 1 1 T ! 1 —0.004
AFMo6 ! 7 1 ! 7 1 ! T 1 —0.004

Table 2. Magnetic Configuration on magnetic atomic sites (six Fe- and four Co-atoms) and energy difference (Ega-Eapag) in Ry for
Co-terminated surface.

Config. Fel Fe2 Fe3 Fed Fe5 Fe6 Col Co2 Co3 Co4 Erv-Earm(Ry)
FM T T T T T T 1 T T T 0.000
AFM1 T T 1 T T T ! ! ! ! —4.762
AFM2 T ! T 1 T ! T ! T 1 —6.889
AFM3 T T ! ! T T T T ! ! —5.101
AFMA4 ! ! 1 T ! ! ! ! T ! —3.690
AFM5 T ! 1 T ! ! T 1 ! T —4.798
AFM6 ! T T ! 7 T ! T T ! —4.797

Table 3. Magnetic Configuration on magnetic atomic sites (seven Fe- and three Co-atoms) and energy difference (Egy-E4pg) in Ry
for Fe-terminated surface.

Config. Fel Fe2 Fe3 Fe4 Fe5 Fe6 Fe7 Col Co2 Co3 Erv-Earm(Ry)
FM T T 7 T T T 1 T T 1 0.000
AFM1 T T 7 T T T 7 1 1 1 —0.314
AFM2 T ! 1 1 T ! 7 T ! 7 3.551
AFM3 T T 1 1 T T 1 T T 1 —0.678
AFM4 1 1 7 T 1 1 7 1 1 T 2.586
AFM5 T ! 1 T 1 ! 7 T ! 1 3.520
AFM6 ! T 7 1 T T 1 1 T 1 —2.105

atomic layer to reveal the electronic properties. We observed a metallic behaviour in both the spin channels with
dispersed bands around the fermi level due to the breaking of metallic bonding when the non-periodic surface
slab is cleavaged from the periodic bulk system and also the DOS decreases from GGA to GGA+U calculation in
all cases (See figures 2(a), (b) and (c)). In Al-terminated surface, as shown in figure 2(a), all the Fel-d, Al-p and
Fe4-d spin-up and spin-down states are dispersed around the Fermi level (Ep) within GGA and GGA+U
calculation. The higher occupation of Fe4-d states prior to Fel-d states around the Erin the spin-down channel
may be due to the absence of d — dhybridization between Fe4-d and Fel -d states. A higher peak of Fe4-d spin
down states likely reveals the surface reconstruction [19, 20]. Interestingly, we observed a small spin-down band
gap (0.19 eV) between 0.55 eV—-0.74 eV in the conduction band from GGA calculation. By treating electron-
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Figure 3. Calculated band structures:(a) Al-terminal(GGA), (b) Al-terminal(GGA+U), (c) Co-terminal(GGA), (d) Co-terminal(GGA
+U), (e) Fe-terminal(GGA) and (f) Fe-terminal(GGA+U).

Table 4. Comparision between surface/subsurface
atomic sites magnetic moment with their corresponding
moment in the bulk Fe,CoAl.

Atomic 153 1B
site (GGA) (GGA+U)

Al-terminal Fe4 2.45 2.68
Fel 2.43 2.53

Co-terminal Col 1.80 1.90
Fe4 2.67 2.77

Fel 2.25 2.48

Fe-terminal Fel 3.00 3.01
Col 0.83 1.35

Bulk Fel 2.56 2.76
Fe2 1.64 2.16

Co 1.18 0.89

electron interactions in GGA+U calculation, free electrons abruptly reduced which results lesser population
states. The presence of small hybridization between Col-d and Fel-d in spin-down states results in coupled
states at the Epin FM Co-terminated surface, the similar trend of results are obtained for AFM1 Al-terminated
and AFM?2 Fe-terminal electronic structure. We have calculated the total spin polarization degree for each
terminal using the relation equation (1) [21]

P Ni(Ep) — N (Ep)

- (1
N;(Ep) + N (Ef)

where N;(Er) and N, (Er) are the densities of states at Ex for spin-up and spin-down channels respectively. We
estimated the polarization degree 65% (GGA) and 21.7% (GGA+U) for Al-terminal, 62.4% (GGA) and 36.5%
(GGA+-U) for Co-terminal, where a comparatively low polarization degree with 40% (GGA) and 5% (GGA+U)
for Fe-terminal.

The calculated total magnetic moments are found to be 18.9 5 (GGA) and 20.46 115 (GGA+U) for
ferromagnetic Co-terminal and comparatively higher than antiferromagnetic Al-terminal [5.32 p5 (GGA) and
9.73 115 (GGA+U)] and Fe-terminal [0.03 113 (GGA) and 3.5 113 (GGA+U)]. The calculated values of magnetic
moment of the surfaces, sub-surfaces atoms in each terminals along with the partial magnetic moments of the
corresponding magnetic moment of the bulk Fe,CoAl [14] is shown in Table 4. The moment of Fe4 atoms in
sub-surfacel for Al- and Co-terminals are comparable with the moment of Fel site in the bulk whereas, the Fel
moment of the sub-surface2 are likely within the range of Fel and Fe2 sites in the bulk stucture. But, the values of
magnetic moment of Col atom in Co-terminal surface is fractionally higher as compared to that of the Co1l atom
at sub-surfacel of the Fe-terminal and the bulk within both GGA and GGA+U calculation. The atomic sites
magnetic moment from GGA and GGA+U calculation are also presented in figure 4. The anti-parallely
configured three Co-atoms of Al-terminal experienced parallel magnetization along with Fe-atoms from GGA
calculation, this may be due to the strong coupling between Co-atoms and Fe-atoms within the core-region of
the slab. The magnetic atoms (Fe and Co) in the FM Co-terminal shows parallel magnetization as expected
where the moment of magnetic atoms in the AFM2 Fe-terminal oscillate around zero.

4
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Figure 4. Calculated Atomic site magnetic moment(a) Al-terminal and (b) Co-terminal and (c) Fe-terminal.
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Figure 5. Calculated Atomic resolved MAE (a) Al-terminal and (b) Co-terminal and (c) Fe-terminal.

3.2. Perpendicular Magnetocrystalline anisotropy

We calculated the energy required to switch the magnetization direction from easy(xy)axis to the perpendicular
direction(z) of the crystal axis for each terminal, which is usually termed as perpendicular magnetocrystalline
anisotropy energy (MAE). We estimated the total in-plane MAE values 0.034 meV /cell and 0.68 meV /cell for
the two antiferromagnetic AI(AFM1)- and Fe-(AFM2)terminated surfaces respectively, whereas the out-plane
total MAE —0.087 meV /cell for ferromagnetic Co-terminated surface. The distribution of total MAE over an
atomic sites 7 is given by equation (2) [5]

El EZ
MAE, = f "(E - Epyn)(E)dE — f "(E — Epyn2(E)dE )
where Eris the Fermi energy of obtained from non-SCF calculation with SOC and subtracted from all the eigen
values to produce correct local decomposition of MAE. Figure 5 shows the atomic resolved MAE for different
terminals. In case of antiferromagnetic Al-terminal(AFM1) and Fe-terminal(AFM2), we have noticed the
dependence of total MAE on the atomic resolved surface and sub-surfaces. Incase of Co-terminal, the out-plane
favours the surface, whereas the sub-surfaces are ferromagnetic. The major contribution to the total out-plane
MAE is neither dominated by surface nor by sub-surface atoms rather from the core-region. This may be due to
the cancellation between surface and sub-surface atomic moments [5]. Usually the cubic bulk structure exhibit
negligibly small MAE per atom, but it is possible to get higher measurable values of MAE (more likely inmeV) in
nanostructures [22, 23] due to reducibility of dimension or miniature in sizescale. Unfortunately, we do not have
sufficient reported data to compare our results.

4, Conclusion

We have studied the surface electronic and perpendicular magnetocrystalline anisotropy of 111-surface slab of
inverse Heusler alloy Fe,CoAl using the first principles calculation. Adopting the different atomic terminals we
have calculated the minimum ground state energy for various magnetic configurations (FM and AFM). The slab
with different atomic-terminals and energetically stable ground states are AFM1:Al-terminal, FM:Co-terminal
and AFM2:Fe-terminal. All the terminals are magnetic metals with finite value of total magnetic moments and
dispersed bands around Erin both the spin channels from GGA as well as GGA+U approaches. We have
observed the decrease in the degree of the total spin polarization from the GGA to GGA+U calculation in all
cases. This may be due to the large number of free conducting charges dispersed on the surface and another
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reason might be the irrelevant choice of the Hubbard potential (U) to incorporate the surface atoms. In fact, we
have observed a small spin-down energy gap (0.19 eV) between 0.55 eV—-0.74 eV in Al-terminal within GGA
calculation. By varying the cell parameters it may be possibly tuned the Fermi level in the spin band gap to get the
surface half-metallicity. The perpendicular magnetocrystalline anisotropy energy (PMA) calculation were
performed using force theorem as implemented in Quantum Espresso. We observed both in-plane and out-
plane mixed-up character for atomic-layer resolved MAE. However, Al- and Fe-terminal favor the in-plane
while Co-terminal is subjected to out-plane total MAE.
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