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We have studied the structural, electronic and magnetic properties of non-polar 110-surface of half-Heusler
NaCrAs alloy (110-SHH NaCrAs) using the density functional theory and Korringa-Kohn-Rostoker Green’s
function method. Our results show that ferromagnetic half-conductivity (FHC) is exhibited by both the bulk
and 110-SHH NaCrAs with a large spin-down energy gap of 2.61 eV and 1.70 eV respectively. The bulk high
Curie temperature of 1223 K originates from the direct ferromagnetic exchange between nearest-neighbor
(NN) Cr and As atoms as well as the Ruderman—Kittel-Kasuya-Yosida-type interaction between NN Cr atoms.
Magnetic moment of 3.92 yj per formula unit was obtained for both the bulk and 110-SHH NaCrAs structures.
We used biaxial strain to model the lattice mismatch between deposited thin film and the substrate. Our
results reveal that FHC is retained in 110-SHH NaCrAs structure with —3% to 10% strain. Our phase diagram
suggests that the 110-SHH NaCrAs composed of NaNaAs, NaCrNa, NaCrCr, CrCrAs, AsCrAs and NaAsAs can be
synthesized under appropriate conditions. Additionally, electronic structure calculations show that the surface
FHC is preserved only in NaNaAs, VcCrAs, CrCrAs, NaCrCr, NaVcAs and AsCrAs terminated surfaces. Overall,
our results demonstrate that the half-Heusler NaCrAs alloy is a potential viable spin filter and spin source in
spintronics devices.

1. Introduction with those of relevant semiconductors for layered heterostructure fab-

rication [13-17]. Additionally, their properties can be easily tuned

The quest for more compact and efficient digital devices has led to
the integration of spin functionality into traditional electronics, giving
rise to the field of spintronics. In spintronic devices, spin-polarized
carriers are injected through a nonmagnetic metal, superconductor,
nonmagnetic semiconductor or 2D electron gas channel barrier from
a spin source into a drain layer. This introduction of spin-based func-
tionality in electronics holds great promise for the future of technology
and represents a significant area of current research [1]. Ferromagnetic
half-conductors (FHCs) are a promising class of materials for efficient
spin-polarized carrier transport due to their ability to allow only car-
riers with a specific spin state to cross the Fermi level, resulting in
minimized spin-dependent scattering and ~100% spin polarization [2-
7]1. The discovery of FHCs in 1983 in the half-Heusler NiMnSb alloy [8]
has sparked a significant amount of research on Heusler compounds,
which are preferred over other materials such as metal oxides [9], fer-
rites [10,11], and perovskites [12] due to their high Curie temperature,
large magnetic moments, and lattice constants that are well-matched

through defects, strains, and chemical compositions [18,19]. A major
challenge with Heusler and half-Heusler compounds is that the FHC
present in the bulk structure often disappears at the surfaces. How-
ever, recent theoretical investigations have shown that certain Heusler
compounds such as Co,MnSi [20], Co,MnX (X = Si, Ge, Sn) [21],
Ti,FeSn [22] among others [23-26] exhibit FHC at the 100-surface
while Co,VAI [27], and Fe,MnP [28] show FHC at specific surfaces
and have a broader minority spin gap, which is less susceptible to the
loss of FHC due to defects and thermal fluctuations.

Half-Heusler (HH) compounds, composed of a transition metal, an
alkali metal/alkaline-earth metal, and a main group element, have
recently gained attention in the field of spintronics due to their ability
to exhibit ferromagnetic half-conductivity.[29-34] For example, recent
studies have demonstrated mechanical stability and FHC in HH NaCrAs
alloy (HH-NaCrAs) and other similar compounds [30,33,35]. However,
their successful application as a spin filter or source in magnetic
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tunneling junctions (MTJs) requires the preservation of the FHC at
the surface and interface with non-magnetic semiconductors. The 220-
surface is the most prominent peak in the X-ray diffraction spectra of
these compounds [36-40], and non-magnetic substrates like KC1(110)
or MgO(110) have been proposed for deposition. However, the sur-
faces of deposited films are often imperfect and the lattice mismatch
between half-Heusler compound and the semiconductor substrate leads
to in-plane strain at the interface in MTJs. Therefore, a thorough
understanding of how FHC in HH-NaCrAs responds to mechanical strain
and defects is crucial for realizing its potential as a spin filter and spin
source in spintronics.

In this paper, we investigate the electronic and magnetic properties
of half-Heusler NaCrAs and explore its potential for spintronics appli-
cations. Specifically, we study ferromagnetic half-conductivity in the
pristine 110-surface of HH-NaCrAs (110-SHH NaCrAs) and the effects of
biaxial strain and surface point defects, including antisite and vacancy
defects, on the FHC. We use ab-initio thermodynamics to construct a
detailed phase diagram of the defect surface. Our results demonstrate
that the FHC in 110-SHH NaCrAs remains even with biaxial strain and
surface defects, highlighting its promise for spintronics.

2. Computational details

The properties of HH-NaCrAs were studied using first-principles
density functional theory (DFT) as implemented in Quantum-
ESPRESSO [41-44]. The exchange—correlation energy is approximated
using the modified generalized gradient approximation of Perdew,
Burke and Ernzerhof (PBEsol) [45]. The calculations were performed
using a planewave basis set with a kinetic energy cut-off of 80 Ry
and norm-conserving pseudopotentials [46]. The Monkhorst-Pack [47]
method was used to sample the Brillouin zone for the bulk and 110-
surface structures, with 12 x 12 x 12 and 12 x 8 x 1 k-points,
respectively. For these choice of k-points, the total energy is converged
to 1072 eV/atom. The bulk structure was modeled using the most
stable g-phase primitive unit cell of the Cl, crystal structure, space
group F43 m (225). The non-polar 110-SHH NaCrAs was modeled using
the bulk optimized lattice parameters with 1 x 1 cell size along the
periodic a, b axes and a 45-atom (containing 15 NaCrAs formula units)
stoichiometric symmetric slab that is non-periodic along ¢ axis, with
17 A vacuum separating the two faces.

Biaxial strain was simulated by applying strain simultaneously along
the a and b axes, perpendicular to the 110 direction. Strains along a and
b axes were applied from —10 to 10% in 1% increments. Two types
of point defects were also considered, antisite defects and vacancies,
in order to examine the effect of defects on FHC. All the atoms in
both clean and disordered 110-SHH NaCrAs were fully relaxed while
keeping only the three central atoms fixed. The spin polarization P
was calculated for all the structures using the formula P = (NE;'-
NE)/(NE;'+NE;") x100%, where N1: denotes the density of states
at the Fermi level. The results of these calculations provide a deeper
understanding of the behavior of FHC in HAH-NaCrAs under different
conditions and can guide the design of spintronic devices using this
material.

3. Results
3.1. Bulk and clean 110 surface

3.1.1. Structural and phonon properties

We obtained and optimized lattice constant of 6.28 A for bulk HH-
NaCrAs (see Figure S1(a) [48]), which is numerically the same as the
value of 6.36 A reported by Rostami [30]. The slight difference may
be due to different functional we used in our calculations. We also
modeled the 110-SHH NaCrAs from the optimized bulk structure as
shown in Figure S1(b) [48]. Our calculations led to a lattice parameter
of 444 A and 6.28 A in the a and b directions, respectively. The
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Fig. 1. The crystal structure of 110 surface of half-Heusler NaCrAs alloy (space group
F43 m) (a) Top view of the entire slab (b) Top view of only the surface layer (c) Top
view of only the sub-surface layer (d) Side view of the first three top layers of the
unrelaxed structure (e) Side view of the first three top layers of the relaxed structure.
The atoms labeled ‘1’, 2’ and ‘3’ denote atoms in the first, second and third layers
respectively.

structure of the 110-SHH NaCrAs consists of two alternating NACrAs
layers with specific atom placement, as shown in Figs. 1(a—c). After
full relaxation of the slab, significant changes were observed in the
surface structure, as seen in Fig. 1(e). All the atoms except the atoms
around the middle of the slab were displaced along the c-direction. The
vertical distance between Na(Cr) and As in the surface layer (A-layer)
is 0.97 A (0.42 ;\), increasing (decreasing) the length of the Na-As
(Cr-As) bond from 2.72 A to 3.01 A (2.47 A). Also, vertical distance
between Na and Cr atoms at the surface is 1.39 A . The pattern of
atomic displacement decreases from the surface to the center of the
slab, with no displacement in the 7th layer, indicating that the slab
size is sufficient.

We calculated the lattice dynamical properties of the bulk HH-
NaCrAs alloy using the density functional linear response theory [49,
50], and 4 X 4 x 4 g-mesh in the Brillouin zone; our result is presented
in Fig. 2. The calculated full zone phonon dispersion and atomic
projected phonon density of states do not incorporate negative frequen-
cies signifying that HH-NaCrAs is dynamically stable in the p-phase.
The phonon spectra display three acoustical branches and six optical
branches which is consistent with the three atoms contained in the
primitive unit cell of HH-NaCrAs. Each of the two distinct optical modes
region as well as the acoustical branch in the spectra is threefold
degenerate at the zone center. The Na atom contributes significantly
to the distinct high frequency (~240 cm~!) optical phonon modes, Cr
atom contributes most to the optical mode around 150 cm~! while
the As atom with highest atomic mass contributes majorly to the
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Table 1

Vertical intra/inter layer distance between Na and As (dy,_,,), Cr and As (d¢,_,,), Na
and Cr (dy,_¢,) in half-Heusler NaCrAs 110 surface slab; atomic magnetic moment of
Na (My,), Cr (M(,), As (M,,), total magnetic moment per layer and bulk (Mq,,).

Layer/ dg_\la-As dgr-As dya-Cr My, M, My Moy
bulk (A) (A) A) (up) (up) (ug) (ug)
Ist 0.97 0.42 1.39 0.03 4.08 -0.35 3.77
2nd 1.14 0.31 0.84 0.05 3.90 -0.32 3.63
3rd 0.15 0.52 0.87 0.04 4.41 -0.27 4.18
4th 0.12 0.48 0.17 0.04 4.31 -0.29 4.06
7th 0.00 0.00 0.00 0.03 4.21 -0.33 3.91
Bulk 0.03 4.22 -0.33 3.92
3.80° -0.23% 4.00°
3.73" -0.18" 4.00
Ist — 2nd 2.47 1.80 2.78
2nd—3rd 271 2.55 2.24
3rd — 4th 2.41 1.74 2.36
aRef.[30].
bRef.[35].
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Fig. 2. Full zone phonon dispersion relation along the high symmetry points in the
Brillouin zone (b) Atomic projected phonon density of states of HH-NaCrAs alloy in
the p-phase.

transverse acoustical modes around frequency of 75 cm~!. The phonon
dynamical stability of HH-NaCrAs alloy lends considerable credence to
the stability and synthesizability of the half-Heusler phase.

3.1.2. Electronic properties

To better understand the physical properties of HH-NaCrAs, we
calculated the electronic band structure, the density of states, and the
atomic projected density of states of the bulk as well as that of the
110-surface. Our calculations show that bulk NaCrAs is ferromagnetic
with metallic spin-up channel and an energy band gap, E, of ~ 2.61 eV
in the spin minority channel (Fig. 3(a) & (b)). From the electronic band
structure, we observe that the spin minority E, is indirect along the X —
L of the high symmetry zone with the Cr-d split into triply degenerate
tyg (dyy, dy; and d,.) and doubly degenerate e, (d,»_,» and d) sub-
orbitals. The atomic projected density of states (Fig. 3(c)) show that
there is strong hybridization between the As-p and Cr-d orbitals. From
the analysis of the electronic structure, the we observe that there is
strong hybridization between the As-p orbital and the Cr-1,, sub-orbital
to form a triply degenerate p-like bonding states and a triply degenerate
antibonding states, resulting to energy gap in the spin-down electronic
states. The 4p and 4s orbitals are filled as a result of apparent charge
transfer from the Cr-1,, orbitals, leading to covalent bond between them
and leaving only the spin-up orbitals of the Cr-e, filled. This view
is further expressed by the charge density difference plot shown in
Figure S2. The primitive unit cell of the HH-NaCrAs therefore contains
total of eight occupied spin-up states and four occupied spin-down
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Fig. 3. Electronic properties of bulk half-Heusler NaCrAs alloy (a) electronic energy
structure for the spin-up states (b) electronic energy structure for spin-down states
(c) density of states projected on the atomic orbitals where the dotted black line,
continuous red line, and continuous green line represent the atomic orbitals of Na, Cr
and As respectively while the dotted blue line represent the total density of states of
the bulk structure. The left panel of (c) is the spin-up states while the right is the
spin-down. The horizontal dotted line denote the Fermi level. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)
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Fig. 4. Electronic structure of clean 110-surface of half-Heusler NaCrAs alloy (a)
spin-up states (b) spin-down states. The horizontal dotted line denote the Fermi level.

states. This predicts magnetic moment of 4up/fu in accordance with
the amended Slater-Pauling rule, M, ,,=N,-8 [51], where M,,, and N,
are the magnetic moment and valence electron content per formula unit
respectively. Figs. 4 and 5 depict the calculated electronic structure of
110-SHH NaCrAs. Our calculations show a metallic solution in the spin-
majority channel with semiconducting behavior characterized by an
indirect E, ~1.71 eV along the I" and X’ in the spin-minority channel.
Our calculated data show that the difference between the bulk and
surface minority spin gap is primarily caused by states belonging to
the first and second layer of Na and As atoms (Fig. 5(a)&(c)).

3.1.3. Magnetic moments and exchange parameters

We conducted a detailed analysis of the magnetic properties of
HH-NaCrAs alloy by computing the magnetic moment of the bulk
and 110 surface as well as the exchange parameters of the bulk (
Table 1). The Cr atoms were found to be the dominant contributors
to the magnetic moment in both the bulk and 110 surface structures,
while the contribution from the Na atoms was found to be negligible.
However, the magnetic moment of the As atoms was found to be
antialigned with that of the Cr and Na atoms. Our result for the bulk is
largely in agreement with other theoretical results [30,35] performed
with different exchange-correlation functional. When considering the
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Fig. 5. Density of states projected (PDOS) on (a) Na atomic orbitals (b) Cr atomic
orbitals (c) As atomic orbitals of the 110-surface of half-Heusler NaCrAs alloy (110-
SHH NaCrAs). We have presented only atoms in the first, second and seventh layers (d)
Total density of states (DOS) of 110-SHH NaCrAs. The upper panel of each subfigure
is the spin-up while the lower panel is the spin-down. The vertical dotted line across
the Figure denote the Fermi level.

BT y — T T 1
- -] 0.06F— T T 71 1T 7 |
12k : oosf ¢ =& Na-Na | ]
B 3 @0 As-As | 1
s . oo4f — As-Na |7 |
10 L% 003 17
L g 3 1
= 0.02 B
8 —_ L 4
" oo . 1
E oL B 0.00 \k==--!—l-l-¢¢¢1¢7
- : 20.01 I T R R
I . 040 0.80 120 1.60 2.00
4r- B R/a, e
i L o8 CrCr| |
2+ B --ANa-Cr|
i - L 0 0AsCr| |
of S 04+ B:0:.0.0:: 4y 0 B 00 -4 B0 -HO-HO0-HO: -
| L | L | L | L | L | L | L | L |

04 06 08 10 12 14 16 18 20 22 24
R/a;

Fig. 6. Dependence of magnetic exchange parameter on the distance between the atoms

normalized by the lattice constant of the bulk half-Heusler NaCrAs alloy.

surface layer, a notable trend was observed where the total magnetic
moment per layer increases from the first layer, peaks in the third
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layer, and then decreases to the value of the bulk magnetic moment
per formula unit. In the second layer, a similar pattern was observed.
These findings support the conclusion that the 110-SHH NaCrAs sample
is sufficiently large to accurately reflect the magnetic properties of the
bulk structure around the center of the slab.

In addition to calculating the magnetic moments, we also calcu-
lated the exchange parameters in order to study the magnetic interac-
tion. This was accomplished using the spin-polarized scalar-relativistic
potential mode within the Green’s function-based Korringa-Kohn-
Rostoker (KKR) approach [52,53]. We employed the generalized gradi-
ent approximation to parametrize the exchange—correlation potential.
The KKR muffin-tin radii for Na, Cr, and As were set at 2.02, 1.44, and
1.52 A, respectively. A dense and evenly distributed grid with 1000
points was used to sample the irreducible Brillouin zone, and a 30-point
mesh on the energy plane was used to evaluate the energy integral
along a semicircular path. The angular momentum expansion cutoff
was set at 3 for the multipole expansion of the Green’s function. We
note that due to the computational complexity of the Green’s function
approach, it is not feasible to apply it to the surface structures. How-
ever, since our optimal surface termination is known to have similar
electronic and magnetic properties as the bulk, we can assert that
the magnetic exchange interactions reported for the bulk can provide
useful insights into the magnetic properties of the surface. Within the
Heisenberg model, the magnetic exchange interaction is [54,55]
H=-2% 7SS, €}

i>j
where J;; is the exchange interaction between spin moments on atoms
with unit vector S; and S; located at i and j, respectively. The spatial-
dependent magnetic exchange constant J;; is estimated as [56],
1 Er Sij i
=3 dE ir(A Y AT, 2
where A, = ti_(j]')T - ti})i’ tT_(ll) is the differential in inverse of the
scattering r-matrix of the magnetic species at various sites for the
spin channels, Y9 s the scattering path operator between i and j
sites for the ground state, and ¢r is the trace over the orbital compo-
nents of the scattering matrices. We calculated the exchange parameter
by assuming that a Cr atom is at the center of a cluster of radius
Re=maxIRi=R;l 4,50 A, as presented in Fig. 6. Our results indicate that
the most significant exchange interactions occur between neighboring
Cr and As atoms, with Jij® ~ 7.18 meV and between nearest neighbor Cr
atoms, Jij® ~ 13.13 meV. However, when the Cr and As atoms are not
immediate neighbors, the exchange interaction between them becomes
negligible.

Our results suggest that the Cr-As exchange is a direct exchange
interaction, which is mediated by the overlap of their electronic wave-
functions. However, the large distance between nearest neighbor (NN)
Cr atoms (4.44 1°\) does not allow for direct exchange between them.
Instead, the NN Cr atoms are able to interact via mediation by con-
duction electrons from As and Na atoms, which results in a large
magnitude of exchange interaction similar to the Ruderman-Kittel-
Kasuya-Yosida (RKKY) interaction. As our analysis has shown, this
RKKY interaction is only significant between the nearest neighbor Cr
atoms, and quickly diminishes beyond them. This could be attributed
to the substantial localization of the As electrons and ferromagnetic
coupling between the atoms (as seen in the inset of Fig. 6) as well as
the limited number of conduction electrons provided by the Na atoms.
The small magnetic moments observed on the Na and As atoms are
the result of the spin-polarization of their conduction electrons. Using
the computed exchange interaction parameter, we compute the Curie
temperature (T.) within the mean-field approximation by obtaining
the largest eigenvalue of (€2 — TI)p = 0, which is an eigenvalue matrix
representation of the coupled mean-field approximation as [54]

SRR WHCHS &)
J
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Fig. 7. Variation of the energy of valence band maximum (VBM), conduction band
minimum (CBM), and the Fermi level with biaxial strain in the 110-surface of half-
Heusler NaCrAs alloy spin-down electronic structure. Negative (positive) values of
the strain depict compressive (tensile) biaxial strain. The energy difference between
the CBM and VBM for a value of strain is the spin-down energy band gap of the
corresponding value of strain. Note that below —3% strain, the Fermi level shifts outside
the VBM-CBM gap and the ferromagnetic half-conductivity is destroyed.

where I is a unit matrix, Q; = (2/3)k313., o is the matrix rep-
resentation of (Sj>, kp is the Boltzmann constant, and (S;) is the
average projection of S; in the z direction. We also note that the MFA
overestimates the Curie temperature due to some excluded magnetic
effects [57,58]. The calculated Curie temperature is 1223 K, which is
significantly above room temperature, making it a highly viable ma-
terial for spintronic applications. The high Curie temperature ensures
that the magnetic properties of the material remain stable even at
elevated temperatures, which is essential for the proper functioning
of spintronic devices. Additionally, having a Curie temperature above
room temperature also means that the material can be used in a wide
range of environments and conditions without losing its magnetic prop-
erties, which further increases its potential for practical applications in
spintronics. Unfortunately, we do not have any experimental data to
correlate our results with.

3.2. Biaxial strain in 110 surface

It is important to study the effects of strain on layer-by-layer depo-
sition of thin films as it can have a significant impact on the electronic
and magnetic properties of the material. To investigate this, we mod-
eled the strains inherent in layer-by-layer deposition of thin film due to
lattice mismatch between the film and the substrate by applying biaxial
strain on the two periodic sides of the 110-SHH NaCrAs. During our
structural optimization, all the atoms in the 110 surface were allowed
to fully relax upon application of the strain, in order to simulate the
epitaxial strain inherent in deposited films. The results of this analysis
are presented in Fig. 7. The details of the electronic density of states and
the atomic projected density of states of the strained structures are pre-
sented in the Supplemental Materials (Figure S3 and S4) [48]. We found
that the FHC in 110-SHH NaCrAs is retained up to a compressive strain
of —3%, beyond which it is lost. Conversely, the FHC is retained for
all values of tensile strain studied, which suggests that the HH-NaCrAs
alloy is more compelling for spintronic applications when deposited on
a substrate with a slightly higher lattice constant. We observed that
the energy of the valence band maximum (VBM) and conduction band
minimum (CBM) of 110-SHH NaCrAs both increased with tensile strain
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Fig. 8. Dependence of spin polarization of half-Heusler NaCrAs alloy 110-surface on
biaxial strain. Negative (positive) values of the strain depict compressive (tensile)
biaxial strain.

43—
<&
42} 000000000000_
a1} 600 ]
~ 40} o ]
239} 0000000000000000Q
S 3.8 OONYO ’}O.l T
£ <
: ¥poo £ 00] I
o 3.6¢f QE) o1l 1§
= . Na
S 35r|Q Ful 2 A As| 1
D a4l L& O] 5025, 1]
$3 2 Asaaa,
3.3t £-03F Adaua,,, i
1ol g gl ihaasag]
31k -10-8-6-4-20 2 4 6 8 10]
3'0 o Strain (%) .
Y0 8 6 4 2 0 2 4 6 8 10
Strain (%)

Fig. 9. Variation of the average magnetic moment of Na atoms, Cr atoms, As atoms,
and the per NaCrAs formula unit (FU) of 110-surface half-Heusler NaCrAs alloy with
biaxial strain. Negative (positive) values of the strain depict compressive (tensile)
biaxial strain.

and decreased with compressive strain. The Fermi energy also increased
with tensile strain and decreased with compressive strain. Both the
VBM and CBM increased at about the same rate, thus keeping the
spin-minority energy band gap of the 110-SHH NaCrAs almost constant
between 10 and -2% strain. The application of compressive strain lifts
the degenerate energy states, which pushes the Fermi level to higher
energies. This results in some finite states appearing around the Fermi
level in the spin-down component. High values of compressive strain
completely lift the degeneracy in the Cr-d states, which in turn lowers
the spin configuration of these states by partially filling the spin-down
Cr-d states.

The results of our spin polarization calculations for various strains
on 110-SHH NaCrAs are presented in Fig. 8. We found that between a
strain of 10 and —3%, the material maintains 100% spin polarization.
However, at ~—4% strain, the spin polarization drops to ~92%, and
then slightly increased to ~93% at —6% strain before decreasing con-
tinuously to ~66% at —10% strain. Notably, even at a strain of —9%, the
material still retains a spin polarization as high as 74%. The response
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Fig. 10. Phase diagram of half-Heusler NaCrAs alloy 110-surface with respect to the
various surface compositions represented by various color shadings. NaNaAs connote
a surface with Na at Cr site; NaCrNa connote a surface with Na at As site; NaCrCr
connote a surface with Cr at As site; CrCrAs connote a surface with Cr at Na site;
AsCrAs connote a surface with As at Na site; NaAsAs connote a surface with As at Cr
site. The dashed lines depict the upper and lower limits of the Na chemical potential
(uy,) and Cr chemical potential (uc,).

of the magnetic moment to biaxial strain is presented in Fig. 9. We
observed that tensile strain increases the distance between the atoms
and reduces the magnetic interaction between them, allowing each
atomic species to exhibit a magnetic moment much closer to that of
the isolated atom. The average magnetic moment of Na atoms increases
gently but continuously from 10% to —10% strain. The average mag-
netic moment per atom of Cr decreases gradually from 10% to —7%
strain. Similarly to the average magnetic moment of Na atoms, the
average magnetic moment per atom of As increases progressively but
with a higher gradient from 10% to —10% strain. The overall effect
is that the average magnetic moment per formula unit of 110-SHH
NaCrAs remains constant between 10 and —3% strain and decreases
discontinuously between —6 and —8% strain. The discontinuity in the
decrease of magnetic moment per formula unit in 110-SHH NaCrAs
suggests a transition from high-spin to low-spin Cr-d configuration. For
example, the magnetic moment of the eighth layer Cr atom at —7%
and -8% strains are 3.84 up and 3.14 ujp, respectively, while that of
the first layer remains at ~ 4.0 up at both strains. Our interpretation
is that compressive biaxial strain (< —8%) transforms the half-Heusler
tetrahedral field to square planar field and lifts the degenerate energy
states in the Cr-d orbital leading to a low-spin configuration of the d
orbital.

3.3. Point defects on 110 surface

In this section, we investigated the effects of point defects on the
electronic and magnetic properties of 110-SHH NaCrAs, which often
occur during thin film deposition. To model these defects, we substi-
tuted one atom with another atom of the same compound or created
a vacancy at the surface by removing an atom without replacement.
In our model, for example, we referred to the structure with Cr atoms
replaced by Na atoms as NaNaAs, and the structure with a Na vacancy
as VcCrAs, where Vc denotes a vacancy. We studied a total of nine
different defect structures, each with only one defect at the surface
while maintaining the slab’s symmetry.

We employed ab-initio thermodynamics [59] to map the phase
diagram of different surface compositions of 110-SHH NaCrAs when
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Table 2

Strain and defect modeling in half-Heusler NaCrAs. MM}*, MM and MM, symbolize
magnetic moment of the surface layer Na, Cr and As atoms respectively in 110-SHH
NaCrAs with surface point defects. The symbol “*” is used to label magnetic moment
atoms in antisite positions. MM, and P symbolize the magnetic moment per formula
unit and spin polarization of defect structures respectively while E, connote the energy
band gap in the spin-down electronic structure. Vc is used to represent a vacant site.

Defect MM MM MM, MM, E, P
structure (up) (up) (ug) (ug) (eV) (%)
NaCrAs 0.033 4.079 -0.319 3.920 1.71 100
NaNaAs 0.031 -0.311 3.264 1.16 100
0.023*
NaCrNa 0.034 4.898 4.116 0.00 85
0.008*
VcCrAs 3.857 -0.512 3.792 1.25 100
CrCrAs 3.535 -0.319 3.268 0.34 97
—2.500¢
NaCrCr -0.035 3.917 3.527 0.51 100
-0.163*
NaVcAs 0.006 —-0.343 3.136 1.05 100
AsCrAs 3.230 -0.168 3.658 0.48 100
—0.243¢
NaAsAs 0.013 —-0.164 3.444 0.00 87
0.128¢
NaCrVc —-0.068 4.889 4.086 0.00 84

they have bulk HH-NaCrAs as a thermodynamic reservoir. The surface
free energy (y) of symmetric 110-SHH NaCrAs is obtained as

P(T ) = £ 1G \ (T.p.N) = T Ny (T ), @

1

where A4, G;;:lér as Nis and y; denote the total area of the slab surface
perpendicular to the growth direction, Gibbs free energy of 110-SHH
NaCrAs, number and chemical potential of i atoms in the 110-SHH
NaCrAs respectively; i denote Na, Cr and As elements. Since experimen-
tal conditions affect the surface free energy and surface stability via the
chemical potentials, we express the surface free energy in terms of the
chemical potential of Na and Cr only since they crystallize out more
readily in experiments than As. The chemical potentials of Na and Cr
are related by

bulk
HNa T Her + Has = GNl;CrAs’ (5)

if the slab is in thermodynamic equilibrium with the bulk HH-NaCrAs
alloy, where G2 . is the Gibbs free energy of the bulk HH-NaCrAs.
Combining Egs. (4) and (5) and eliminating u,, gives

1
7(T.p) = 21Gyieoa TP N = Nyabtng = Nechics ]

- NAS [G'Izll;l(lj(rAs ~ HNa — l"Cr]’ (6)

where the surface compositions with lower y(T,p) are more stable.
The lower limit of uy, is given by G — G while the upper
limit is the Gibbs free energy of bulk hcp-Na. The lower limit of
Hc, is determined by the difference between the Gibbs free energy
of bulk NaCrAs and bulk NaAs, while the upper limit is the Gibbs
free energy of bulk bce-Cr. Below the lower limit of uy, (uc.), Na
(Cr) will crystallize out of the slab, forming CrAs (NaAs) compound.
However, under certain experimental conditions, regions of the phase
diagram outside these limits can be realized. In our calculations, we
assumed that the net vibrational contribution to y(T, p) is zero and used
DFT total energy differences alone. Our result of the phase diagram,
presented in Fig. 10, includes six different surface terminations. The
phase diagram shows that NaAsAs, AsNaAs, NaNaAs and CrCrAs are
the most attainable surface compositions of the defect structures. It is
worth noting from the phase diagram that under As-rich conditions,
NaCrNa and NaCrCr surface compositions can also be realized. All the
surfaces with vacancies are missing in the phase diagram, possibly due
to the higher energy required to create these vacancies relative to the
other defects.
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To understand the electronic properties of the surface defect struc-
tures, we examined their various density of states (DOS) and partial
density of states (PDOS); our results are presented in Table 2. Further
details of the DOS and PDOS are presented in Figures S5-S10 [48]. Of
the defect structures that appear in the phase diagram, the NaNaAs,
NaCrCr, and AsCrAs surface compositions have 100% spin polarization,
with spin-down energy band gaps of 1.16 eV, 0.51 eV, and 0.48 eV,
respectively. The NaCrNa, CrCrAs, and NaAsAs surface compositions
have very high spin polarizations of 85%, 97%, and 87%, respectively.
With respect to the three compositions with vacancies, the VcCrAs and
NaVcAs exhibit 100% spin polarization with minority spin gaps of 1.25
eV and 1.05 eV, respectively, while NaCrVc exhibits 84% spin polar-
ization. Out of the nine different surface defect structures considered
in this work, six exhibit ferromagnetic half-metal characteristics while
four out of the six with FHC appear in the phase diagram. The loss
of FHC in some of these structures is due to the presence of antisite
atoms or vacancies at the surface which disrupt the Cr-As hybridization.
The loss of FHC in NaCrNa is as a result of spin-down electronic states
originating from the first and second layer atoms crossing the Fermi
level which are stimulated by the presence of antisite Na atom in the
As site. In NaAsAs, FHC is destroyed by spin-down electronic states
originating from the Na in the first and second layer as well as the
two As atoms in the first layer. In NaCrVc, the loss of FHC is due to
spin-down states originating from Na and Cr in the first layer as well
as Na and As in the second layer. In all the defect structures where FHC
is lost, the Cr-As hybridization is interrupted either by an antisite atom
or vacancy at the surface.

The magnetic properties of the various defects are revealed by
analyzing their magnetic moments (see Table 2). In our discussions, we
refer to the surface atomic moment (surface atom) as simply atomic
moment (atom). The magnetic moment per formula unit (MMg,) of
NaVcAs is much smaller than that of the clean slab due to the vacancy
created by the missing Cr atom, which has a dominant magnetic
moment. The same reason applies to the lower MMy, of NaNaAs
and NaAsAs where the Cr atom has been substituted by Na and As,
respectively. Similarly, all the Cr atoms in antisite position in CrCrAs
and NaCrCr are antiferromagnetically aligned to the Cr atom in the
normal Cr site, resulting in smaller MM, in comparison with that of the
defect-free surface. In NaCrVc and NaCrCr where the As site is vacant or
substituted by a Cr atom, the Na atom becomes antiferromagnetically
aligned to the Cr atom, unlike the case in the defect-free surface
where they are ferromagnetically aligned. The As atom in the Cr site
is antiferromagnetically aligned to the As atom in the normal site.
It is noteworthy that MM, of the surface defect compositions that
exhibit 100% spin polarization are less than that of the clean slab while
the defects with MM, greater than that of the clean slabs have spin
polarization below 100%.

4. Conclusions

In conclusion, we have studied the structural, phonon, electronic,
and magnetic properties of the bulk and 110-surface of the half-Heusler
NaCrAs alloy using ab-initio methods. Our results indicate that the
dynamically stable bulk structure has a lattice constant of 6.28 A and
the symmetric non-polar 110-surface structure exhibits relative vertical
displacement among the surface atoms upon relaxation. Both the bulk
and surface structures exhibit ferromagnetic half-conductivity with
large electronic energy band gaps of 2.16 eV and 1.70 eV, respec-
tively. We also investigated the magnetic exchange interaction in the
bulk structure and found significant ferromagnetic direct exchange
interaction between nearest neighbor Cr and As atoms, as well as
Ruderman-Kittel-Kasuya-Yosida interaction pattern between nearest
neighbor Cr atoms enhanced by conduction electrons from As and Na
atoms. Using a mean-field approximation, we obtained a HH-NaCrAs
Curie temperature of ~1223 K. The magnetic properties of the bulk and
110-SHH NaCrAs show a magnetic moment per formula unit of 3.92 g,
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with a significant portion of the magnetic moment residing on the Cr
atoms. We also examined the robustness of the 110-SHH NaCrAs FHC
by subjecting the structure to biaxial strains and point defects on the
surface. Our results showed that the FHC is preserved up to 10 to —3%
strains and the FHC is preserved in six out of the nine different defect
structures. This study provides a comprehensive understanding of the
electronic and magnetic properties of the bulk and 110-SHH NaCrAs
alloy, which can be useful in the design and development of spintronic
devices.
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