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Abstract
Wehave analyzed the surface stability of different orientations(111, 001, 011) of Fe2CoAl (FCA) slabs.
Among all the slabs, the orientationwith 111-surface is found to bemost stable withminimumenergy.
The surface electronic andmagnetic properties alongwith the atomic orbital resolvedmagneto-
crystalline anisotropy energy (MAE)has been performed by usingfirst principles density functional
theory (DFT).We have reported the surfacemetallicity with dispersed electronic bands around the
fermi energy (EF) in all the three terminals Fe/Co/Al. Thismay be the result of translational broken
symmetry inwhichmetallic bonds are brokenwith the release of free conducting electrons on the
surface.Wehave observed the presence of both the in-planeMAE and the out-planeMAE
characterized by the distribution of totalMAEover an atomic sites for eachAl-, Co- and Fe-terminal.
The totalMAE favors in-planemagnetization in case of antiferromagnetic configuredAl-terminal
(MAE=0.034meV) and Fe-terminal (0.68meV)whereas out-plane totalMAE is observed in
ferromagnetic configuredCo-terminal.

1. Introduction

Themagneticmaterials with half-metallic, large perpendicularmagnetic 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 highmagnetization density, high density spin transfer torque under
appliedmagnetic fieldwhich are crucial for implementation inmagnetic randomaccessmemory (STT-MRAM)
and logic devices [1–4]. Formaterials to device applications size compatibility with preserving the functional
properties are always an issue. Inmost cases, the half-metallicity and other physical properties are destroyed
when cleaveged to low dimension surface slab and 2D thinfilm from the bulkmaterials. The nano-scale object
loses itsmagnetic stability with the lowering of size scaled [5]. The stabilization of surfacemagnetization and
magnetic crystalline anisotropy of themagneticmaterials at its nano-scale, thin film and surface level for
successful device application is an outmost challenge. In tetragonalHeusler compounds largemagneto-
crystalline anisotropy can be easily produced by positioning the Fermi energy at the vanHove singularity in one
of the spin channels, while the ferromagnetic cubicHeusler alloys exhibit smallmagneto-crystalline anisotropy
energy (MAE)mainly due to the higher dominatingmagnetization [6]. So for that reason, the usage of low
magnetizationmaterials such as ferrimagnetic and antiferromagneticmaterials with largeMAEpreferred over
highlymagnetized ferromagneticmaterials to reduce critical current density and enhanced the thermal stability
inmagnetic tunnel junctions (MTJs) [7, 8]. Several results of high values ofMAEhas been reported in themetal-
semiconductor hetero-junction. For example, fullHeusler alloy and semiconductor heterostructure
(Co2FeAl)|MgOhave been found to exhibit large interfacial perpendicularmagnetic anisotropy energy (PMA)
value of 1.31 mJ m−2 [3], 1.28mJ m−2 [9] for Co-terminated inCo2FeAl|MgO interfaces and a PMAvalue of
0.428 erg cm−2 for FeAl-terminal [10].Wen et al [11] experimentally achieved PMAdensities around
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2–3×106erg cm−3 within CFA|MgOandMgO|CFA structures. Interestingly, a large negative perpendicular
uniaxial anisotropy has also been observed inCFA|Mgo(001) [12].

In this paper, we have presented the surface electronic and perpendicularmagnetic anisotropy energy (PMA)
for non-periodic slab (111) of inverse (XA-type) cubic fullHeusler alloy Fe2CoAl. To the best of our knowledge,
neither experimental nor theoretical studied have been performed for PMAof free standing Fe2CoAl 111-
surface.However, numbers of work on the analogous composite L21 structuredCo2FeAl have already been
reported. For electronic structure calculation, we have treated strongly correlated electron-electron interaction
by includingHubbard parameter (U) [13] (UFe=3.82 eV andUCo=3.89 eV) as GGA+Ucalculation in
addition toGGA.

2. Computational detail

Different FCA surface slabswith orientations [(001), (110), (111)] have been cleavage from the cubic bulk
Fe2CoAlwith lattice constant a=5.703Å[14]. A vacuumof 15 (Å) is applied along the z-axis to avoid periodic
layer interactions.We have performed thefirst principles DFT [15] calculation usingQuantumEspresso (QE)
[16] package considering the electron exchange energy within the generalized gradient approximation (GGA)
proposed by Perdew–Burke–Ernzerhof(PBE) [17].We used 250Rydberg for the kinetic cut off energy and a
mesh of 16×16×1withinMonkhorst pack [18] for K-point to integrate the first Brillouin zone. Stuctural
relaxationwas achievedwith a force tolerance of 0.0136eV/Å.We deployed the force theorem [5] as
implemented inQE; by performing the self-consistent-field calculation (SCF)without the spin–orbit coupling
(SOC)within the scalar pseudopotentialsmethodwe obtained the charge density and spinmagneticmoment.
Then, two types non-SCF calculation are executedwith the spin polarized fully relativistic pseudopotentials
(with SOC). Inwhichwe have considered spinmoment 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 spinmoment directions (90° and
0°) is the the totalMAE.

3. Results and discussion

Among the three different slab orientations (001, 110 and 111) the 111-surface slabwith thirteen atomic
monolayers have been found to be themost stable with theminimumground state energy.We have performed
themagnetic configuration dependent ground state energy calculation from the 111-surface slab. The
111-surface slabs of Fe2CoAl are again categorizedwith three different terminal atoms like Fe-, Co- and
Al-terminals as shown infigure 1. The sevenmagnetic configurations are considered including one
ferromagnetic (FM) and six types of antiferromagnetic (AFM) orientations (see tables 1, 2, 3) for each Fe-, Co
andAl-terminal, respectively. In terms of theirminimumground state energywith correspondingmagnetic
configurations; Al-terminal is stable withAFM1-configuration, Fe-terminal withAFM2 configuration and
Co-terminal with FMconfiguration (see tables 1, 2, 3).

3.1. Electronic andmagnetic properties
Infigures 2, 3, we have presented the spin-resolved partial density of states (DOS) and energy band stuctures of
111-surface slab of Fe2CoAl, calculated fromGGAandGGA+U (UFe=3.82 eV andUCo=3.89 eV) [13] to
study the electronic properties. For each terminal, we considered the surface-, subsurface1- and subsurface2

Figure 1.Conventinal slabmodel (Top-view and Side-view) for (a)Antiferromagnetic (AFM1)Al-terminal (b) Ferromagnetic
Co-terminal and (c)Antiferromagnetic(AFM2) Fe-terminal.
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atomic layer to reveal the electronic properties.We observed ametallic behaviour in both the spin channels with
dispersed bands around the fermi level due to the breaking ofmetallic bondingwhen the non-periodic surface
slab is cleavaged from the periodic bulk system and also theDOS decreases fromGGA toGGA+Ucalculation in
all cases (See figures 2(a), (b) and (c)). In Al-terminated surface, as shown infigure 2(a), all the Fe1-d, Al-p and
Fe4-d spin-up and spin-down states are dispersed around the Fermi level (EF)withinGGA andGGA+U
calculation. The higher occupation of Fe4-d states prior to Fe1-d states around the EF in the spin-down channel
may be due to the absence of d−d hybridization between Fe4-d and Fe1 -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 fromGGA calculation. By treating electron-

Table 1.Magnetic Configuration onmagnetic atomic sites (six Fe- and three Co-atoms) and energy difference
(EFM-EAFM) in Ry for Al-terminated surface.

Config. Fe1 Fe2 Fe3 Fe4 Fe5 Fe6 Co1 Co2 Co3 EFM-EAFM(Ry)

FM          0.00

AFM1          0.009

AFM2          −0.040

AFM3          −3.889

AFM4          −2.438

AFM5          −0.004

AFM6          −0.004

Table 2.Magnetic Configuration onmagnetic atomic sites (six Fe- and fourCo-atoms) and energy difference (EFM-EAFM) in Ry for
Co-terminated surface.

Config. Fe1 Fe2 Fe3 Fe4 Fe5 Fe6 Co1 Co2 Co3 Co4 EFM-EAFM(Ry)

FM           0.000

AFM1           −4.762

AFM2           −6.889

AFM3           −5.101

AFM4           −3.690

AFM5           −4.798

AFM6           −4.797

Table 3.Magnetic Configuration onmagnetic atomic sites (seven Fe- and three Co-atoms) and energy difference (EFM-EAFM) in Ry
for Fe-terminated surface.

Config. Fe1 Fe2 Fe3 Fe4 Fe5 Fe6 Fe7 Co1 Co2 Co3 EFM-EAFM(Ry)

FM           0.000

AFM1           −0.314

AFM2           3.551

AFM3           −0.678

AFM4           2.586

AFM5           3.520

AFM6           −2.105

Figure 2.Calculated partial DOS of Fe2CoAl fromGGAandGGA+U: (a)Al-terminal, (b)Co-terminal and (c) Fe-terminal.
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electron interactions inGGA+Ucalculation, free electrons abruptly reducedwhich results lesser population
states. The presence of small hybridization betweenCo1-d and Fe1-d in spin-down states results in coupled
states at the EF in FMCo-terminated surface, the similar trend of results are obtained for AFM1Al-terminated
andAFM2Fe-terminal electronic structure.We have calculated the total spin polarization degree for each
terminal using the relation equation (1) [21]

=
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N E N E

N E N E
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F F

F F

( ) ( )
( ) ( )
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where N EF( ) and N EF( ) are the densities of states at EF 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 totalmagneticmoments are found to be 18.9μB (GGA) and 20.46μB (GGA+U) for
ferromagnetic Co-terminal and comparatively higher than antiferromagnetic Al-terminal [5.32μB (GGA) and
9.73μB (GGA+U)] and Fe-terminal [0.03μB (GGA) and 3.5μB (GGA+U)]. The calculated values ofmagnetic
moment of the surfaces, sub-surfaces atoms in each terminals alongwith the partialmagneticmoments of the
correspondingmagneticmoment of the bulk Fe2CoAl [14] is shown inTable 4. Themoment of Fe4 atoms in
sub-surface1 for Al- andCo-terminals are comparable with themoment of Fe1 site in the bulkwhereas, the Fe1
moment of the sub-surface2 are likely within the range of Fe1 and Fe2 sites in the bulk stucture. But, the values of
magneticmoment of Co1 atom inCo-terminal surface is fractionally higher as compared to that of the Co1 atom
at sub-surface1 of the Fe-terminal and the bulkwithin bothGGA andGGA+Ucalculation. The atomic sites
magneticmoment fromGGAandGGA+Ucalculation are also presented infigure 4. The anti-parallely
configured three Co-atoms of Al-terminal experienced parallelmagnetization alongwith Fe-atoms fromGGA
calculation, thismay be due to the strong coupling betweenCo-atoms and Fe-atomswithin the core-region of
the slab. Themagnetic atoms (Fe andCo) in the FMCo-terminal shows parallelmagnetization as expected
where themoment ofmagnetic atoms in the AFM2Fe-terminal oscillate around zero.

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 sitesmagneticmomentwith their corresponding
moment in the bulk Fe2CoAl.

Atomic μB μB

site (GGA) (GGA+U)

Al-terminal Fe4 2.45 2.68

Fe1 2.43 2.53

Co-terminal Co1 1.80 1.90

Fe4 2.67 2.77

Fe1 2.25 2.48

Fe-terminal Fe1 3.00 3.01

Co1 0.83 1.35

Bulk Fe1 2.56 2.76

Fe2 1.64 2.16

Co 1.18 0.89
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3.2. PerpendicularMagnetocrystalline anisotropy
Wecalculated the energy required to switch themagnetization direction from easy(xy)axis to the perpendicular
direction(z) of the crystal axis for each terminal, which is usually termed as perpendicularmagnetocrystalline
anisotropy energy (MAE).We estimated the total in-planeMAE values 0.034 meV/cell and 0.68 meV/cell for
the two antiferromagnetic Al(AFM1)- and Fe-(AFM2)terminated surfaces respectively, whereas the out-plane
totalMAE−0.087 meV/cell for ferromagnetic Co-terminated surface. The distribution of totalMAE over an
atomic sites i is given by equation (2) [5]

ò ò= - - -MAE E E n E dE E E n E dE 2i

E

F i

E

F i
1 2F F

1 2

( ) ( ) ( ) ( ) ( )

where EF is the Fermi energy of obtained fromnon-SCF calculationwith SOCand subtracted from all the eigen
values to produce correct local decomposition ofMAE. Figure 5 shows the atomic resolvedMAE for different
terminals. In case of antiferromagnetic Al-terminal(AFM1) and Fe-terminal(AFM2), we have noticed the
dependence of totalMAEon the atomic resolved surface and sub-surfaces. Incase of Co-terminal, the out-plane
favours the surface, whereas the sub-surfaces are ferromagnetic. Themajor contribution to the total out-plane
MAE is neither dominated by surface nor by sub-surface atoms rather from the core-region. Thismay be due to
the cancellation between surface and sub-surface atomicmoments [5]. Usually the cubic bulk structure exhibit
negligibly smallMAEper atom, but it is possible to get highermeasurable values ofMAE (more likely inmeV) in
nanostructures [22, 23] due to reducibility of dimension orminiature in sizescale. Unfortunately, we do not have
sufficient reported data to compare our results.

4. Conclusion

Wehave studied the surface electronic and perpendicularmagnetocrystalline anisotropy of 111-surface slab of
inverseHeusler alloy Fe2CoAl using thefirst principles calculation. Adopting the different atomic terminals we
have calculated theminimumground state energy for variousmagnetic configurations (FMandAFM). The slab
with different atomic-terminals and energetically stable ground states are AFM1:Al-terminal, FM:Co-terminal
andAFM2:Fe-terminal. All the terminals aremagneticmetals with finite value of totalmagneticmoments and
dispersed bands around EF in both the spin channels fromGGAaswell asGGA+Uapproaches.We have
observed the decrease in the degree of the total spin polarization from theGGA toGGA+Ucalculation in all
cases. Thismay be due to the large number of free conducting charges dispersed on the surface and another

Figure 4.Calculated Atomic sitemagneticmoment(a)Al-terminal and (b)Co-terminal and (c) Fe-terminal.

Figure 5.Calculated Atomic resolvedMAE (a)Al-terminal and (b)Co-terminal and (c) Fe-terminal.
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reasonmight be the irrelevant choice of theHubbard 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 inAl-terminal withinGGA
calculation. By varying the cell parameters itmay be possibly tuned the Fermi level in the spin band gap to get the
surface half-metallicity. The perpendicularmagnetocrystalline anisotropy energy (PMA) calculationwere
performed using force theorem as implemented inQuantumEspresso.We observed both in-plane and out-
planemixed-up character for atomic-layer resolvedMAE.However, Al- and Fe-terminal favor the in-plane
while Co-terminal is subjected to out-plane totalMAE.
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