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Robust half-metallicities of alkali-metal-based half-Heusler compounds
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This paper aims to perform a systematic density functional study on alkali-metal-based half-Heusler com-
pounds, namely ACrZ (A = Li, Na, and K; Z = As, Sb, and P), to identify the optimal half-metal (HM)
for practical applications. Unlike most HMs proposed so far, the majority of ACrZ compounds in our study
exhibit a wide band gap (1.60-2.38 eV) and retain robust half-metallicity even at the surface. Furthermore, the
half-metallicity is robust under severe strain, up to 10%. Because of their stability, robust half-metallicity at the
surface and under strain, and good lattice mismatch with zinc-blende semiconductors, we propose LiCrZ and
NaCrZ (Z = As and Sb) as promising compounds for practical applications to spintronics.
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I. INTRODUCTION

Half-metals (HMs) are materials whose one spin chan-
nel behaves as a semiconductor and the other behaves as a
metal [1,2]. The charge current in only one spin channel en-
hances the efficiency of spintronic devices, such as magnetic
tunnel junctions [3,4]. Although HMs have been theoretically
proposed in various materials, only a few have been confirmed
experimentally [1]. Among the proposed HMs, Heusler com-
pounds have attracted significant interest since their chemical
composition can be altered for diverse functionalities [5,6].
Most of them also have high Curie temperature T¢ [7].
There are two types of Heusler compounds, half-Heusler
and full-Heusler, conventionally denoted as XY Z and X,YZ,
respectively. Herein, we focus on the half-Heusler com-
pound XY Z and discuss its possible practical applications to
spintronics.

The first theoretically predicted HM is the half-Heusler
compound NiMnSb [2], with an estimated band gap of
~0.48 eV in the minority spin channel [2,8]. A few years later,
the 100% spin polarization (SP) of NiMnSb was confirmed
at a low temperature (10 K) [9]. However, its SP dropped
significantly to nearly 50% at room temperature [10,11]. Sub-
sequently, systematic density functional studies on XY Z have
been performed intensively to find optimal HMs for practical
applications [8,12], where X and Y are the transition elements
and Z is an sp element. Even though some Co-based com-
pounds are predicted to have wider band gaps than that of
NiMnSb [8], most XY Z compounds have band gaps below 1
eV. HMs have also been predicted in certain XY Z compounds
(X = Co,Fe,Rh,and Ru; Y =Ti, V, Cr, Mn, and Fe; Z = Al,
Ga, In, Tl, Ge, Sn, and Pb) [13]. Although some Co-based
compounds were successfully synthesized [14,15], they failed
to achieve high SP at room temperature [16-18], except for
Co,MnSi [19]. The predicted narrow band gaps (0.2-0.5 eV)
are the plausible origin of the failure [20].
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The reduced SP has been attributed to thermal and sur-
face/interface effects [1]. Thermal fluctuation may lead to
spin depolarization at elevated temperatures [21-24]. At sur-
faces/interfaces, chemical composition and symmetry differ-
ent from bulk may also decrease SP [25-28]. Above all, mate-
rials with wide band gaps likely retain half-metallicities even
under high temperatures and at surfaces/interfaces [1,29].
Most studies are dedicated to transition-metal (7")-based
Heusler compounds. However, due to their relatively nar-
row band gaps they lose half-metallicity easily. Meanwhile,
alkali-metal(A)-based Heusler compounds have been rel-
atively overlooked, despite some meaningful theoretical
works [30-36] having been done previously. Hereafter, we
differentiate the A-based from the T-based compounds by de-
noting them as AYZ and TY Z (or T,Y Z), respectively. LiMnSi
is the first predicted AY Z to exhibit half-metallicity at a lattice
constant expanded by 14% [30]. Subsequently, other AYZ,
such as LiCrAs [31], NaCrAs [32], NaCrP [33], KMnP [34],
and NaZrZ (Z = P, As, and Sb) [35], were predicted to be
HMs. Broadly, AY Z tends to show much wider band gaps than
TYZ. For example, the band gap of NaCrP is 3.21 eV [33],
while that of CoCrP is 1.34 eV [8]. Furthermore, NaCrAs
preserves its half-metallicity at the (001), (010), and (111)
surfaces with hydrogen adsorption [32]. It is also notable that
CsCrS, where a VI element is employed for Z instead of a
V element of the present ACrZ, shows the wide band gap of
1.926 eV with the large magnetic moment of Sup [36].

Herein, we extend systematic density functional study on
the half-metallicities of alkali-metal-based half-Heulser com-
pounds, i.e., ACrZ (A = Li, Na, and K; Z = As, Sb, and P).
Most investigated ACrZ show half-metallicities with wide
band gaps (1.60-2.38 eV) at their equilibrium lattice con-
stants. The band gaps originate from the sublattice zinc-blende
(ZB) CrZ. An alkali-metal element serves to expand lat-
tice constant, widens the band gap, and provides one more
valence electron to the system. Further, the robustness of
half-metallicity against strain and at surface/interface is ana-
lyzed to suggest optimal HMs for real applications. Moreover,
formation energy is estimated and discussed for structural
stability.

©2022 American Physical Society
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TABLE I. The possible phases of half-Heusler compound XY Z.*

Structure X Y Z Rocksalt Zinc blende
o 4c 4b 4a Yz XY, XZ
B 4b 4a 4c XY YZ XZ
y 4a 4c 4b XZ XY, YZ

#The positions (4a, 4b, and 4c¢) are denoted in terms of the Wyckoff
notation and the sublattice structures are presented.

II. STRUCTURAL MODELS AND COMPUTATIONAL
METHODOLOGY

The half-Heusler and the regular full-Heusler compounds
crystallize in the noncentrosymmetric cubic C1;, structure
with the F43m (no. 216) space group and in the centrosym-
metric cubic L2; structure with the Fm3m (no. 225) space
group, respectively [37]. Regular X,YZ and «-phase XY Z are
based on the rocksalt (RS) sublattice of YZ. The additional
X in regular X,YZ (a-phase XY Z) occupy (every other) body
center of the RS sublattice. Unlike the regular X,YZ, in XY Z,
XY, or XZ it also forms the RS sublattice. Three possible
phases («, B, and y) of XY Z are listed in Table 1. The most
stable 8 phase is presented in Fig. 1(a) [30], where the element
Z is positioned in every other body-centered site of the RS
structure of ACr. From another viewpoint, the 8 phase is based
on the ZB structure of CrZ into which fcc A fits.

Figure 1(b) represents an asymmetric slab of 14 layers
exhibiting ACr termination (ACr-term) and Z termination
(Z-term) to simulate two nonequivalent bulk terminations.
Surface, subsurface, and center layer are denoted as (S),
(S-1), and (C), respectively. The vacuum spacing of 15 A
between adjacent slabs eliminates any spurious interactions.

(@) (b)

Half-Heusler C1, structure B-ACrZ

o e O
A Cr Z

ACr-term

FIG. 1. (a) The Cy, structure of the S-phase half-Heusler ACrZ
compound and (b) 14-ML slab to simulate ACr-term and Z-term
ACrZ (001) surfaces. Red, blue, and green spheres represent A, Cr,
and Z atoms, respectively. Surface, subsurface, and center layers are
denoted by (S), (S-1), and (C), respectively.

The increased number of layers changes the physical proper-
ties negligibly, including magnetic moments (<0.002u5) and
interlayer distances (<0.003 A), implying that the 14 layers
are thick enough to simulate the ACr- and Z-term surfaces.

Density functional calculations are performed using Vi-
enna Ab initio Simulation Package [38]. The generalized
gradient approximation of the Perdew, Burke, and Ernz-
erhof [39] is used for the exchange-correlation interaction
within the projector augmented-wave scheme [40]. An energy
cutoff of 550 eV is used for the wave function expansion.
For Brillouin zone integration, the k-point meshes of 15 X
15 x 15 and 21 x 21 x 1 in the Monkhorst-Pack scheme are
employed for the bulk and surface calculations, respectively.
Convergence for the number of k points is tested critically. In
the surface calculations, interlayer distances are relaxed with
the force criteria of 1 x 1073 eV/A.

III. RESULTS AND DISCUSSION

We first estimated the structural and magnetic phases of
ACrZ from total energy calculations as functions of lattice
constant. The results are presented in Figs. S1 and S2 of the
Supplemental Material [41]. Table II summarizes the stable
phase and energy difference between the antiferromagnetic
(AFM) and ferromagnetic (FM) states (AE = Expm — Epm)-
The FM state is more stable than the AFM state over a wide
range of lattice constants. Structurally, ACrZ in the 8 phase
is most stable, except for KCrSb, which prefers the y phase.
Even though the FM stability of a K-based compound is insen-
sitive to the atomic number, with an increasing atomic number
of Z, the FM state tends to stabilize further than the AFM
state (Table II). The estimated equilibrium lattice constants in
the FM states of ACrP are 5.69, 6.15, and 6.75 10\, of ACrAs
are 6.00, 6.37, and 6.94 A, and of ACrSb are 6.42, 6.78, and
7.29 A forA = Li, Na, and K, respectively. The larger atomic
numbers of A and Z result in the larger lattice constant.

A. Magnetic property

The magnetic moments are listed in Table II. As expected,
the magnetic moment of ACrZ corresponds mainly to the
transition element Cr, while the contributions from other el-
ements are negligible. Specifically, the magnetic moment of
the alkali-metal element A is too small to be listed in Ta-
ble II. The sp element Z has a negatively induced magnetic
moment. Notably, unlike ACrZ with a small lattice constant,
the one with a large lattice constant has an integer magnetic
moment (in wp). Since the integer magnetic moment indicates
half-metallicity, the lattice constant plays a crucial role in
determining the half-metallicity of ACrZ, as discussed in the
following subsections.

The Slater-Pauling rules can estimate the magnetic mo-
ment of HMs [37]. The Slater-Pauling rule for HM S-ACrZ
is the so-called “rule of 8,” expressed as my, = (Z; — 8)us,
where Z; is the total number of valence electrons. By this
rule, the magnetic moment of HM B-ACrZ is estimated as
4.00up, which is consistent with the observed first-principles
calculations. We remind here that the magnetic moment of
HM ZB-CrZ, a sublattice of S-ACrZ [Fig. 1(a)], is estimated
as 3.00up by the same rule [42]. Thus, presumably, the alkali-
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TABLE II. Energy difference AE (meV/f.u.) between AFM and EM states, equilibrium lattice constant a (A), atom-projected magnetic
moment (up), total magnetic moment per formula unit (), band gap (eV) of minority spin state E,, and k points of CBM and VBM of ACrZ.

The asterisk () indicates pseudo band gap.

Compound Phase AE a mey my Moy E, CBM-VBM
LiCrP B 27 5.69 3.35 —0.15 3.51 1.99* X-r
NaCrP B 161 6.15 3.82 —0.19 4.00 2.28 X-L
KCrP B 184 6.75 3.97 —0.25 4.00 2.38 X-X
LiCrAs B 142 6.00 3.62 —0.12 3.98 1.90* X-r
NaCrAs B 196 6.37 3.73 —0.18 4.00 2.18 X-L
KCrAs B 187 6.94 3.88 —0.26 4.00 2.13 r-x
LiCrSb B 231 6.42 3.67 —0.14 4.00 1.60 X-r
NaCrSb B 222 6.78 3.79 -0.20 4.00 1.88 X-r
KCrSb y 187 7.29 3.90 —0.24 4.00 2.17 X-L

metal element A provides one more valence electron to the
system to enhance the magnetic moment by 1up.

B. Band gap

Figure 2 shows the band structures of ACrZ, indicating the
half-metallicity character of ACrZ. Gray and black lines rep-

resent the majority and minority spin bands, respectively. The
blue horizontal line indicates the Fermi level Er set to zero.
Red lines mark the conduction band minimum (CBM) and the
valence band maximum (VBM) with an arrow suggesting the
band gap width. The minority spin bands have gaps at Ef,
except for LiCrP and LiCrAs, while the majority bands are
metallic. In other words, ACrZ are HMs, except for LiCrP and

A=Li A=Na A=K
ACrP | 3 % L AT
%0.0 _i
;—25- L | m = > >
ACrAs
%
o
ACrSb  ,s—"% | =<
s o e ——
mdj@%é ;Z ;@ \/\/\
sof | | |

FIG. 2. Majority and minority spin band structures of ACrZ (A = Li, Na, and K; Z = As, Sb, and P) at their equilibrium lattice constants.

Red lines mark CBM and VBM.
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LiCrAs. The estimated energy band gaps are listed in Table II.
The asterisk on the value implies a pseudo band gap located at
energy other than Er. Table II shows that the HM compound
has an integer magnetic moment (in (ip).

The investigated ACrZ have much wider band gaps (1.60—
2.38 eV) than previously reported HMs, including 7Y Z and
T,YZ; namely, NiMnSb (~0.48 eV) [2,8], Co,MnSi (0.41
eV) [14], Co,MnGe (0.21 eV) [14], CrO, (1.50 eV) [43], and
Fe;04 (0.50 eV) [44]. Most of the band gaps are indirect; the
CBM of ACrZ (except KCrAs) are located at the same k point
X, while their VBM are located at different k points (Table II).
Only KCrP has a direct band gap. Noteworthy, KCrSb almost
has a direct band gap because of the negligible difference
(~0.03 eV) between the maxima at the X and L points in the
valence band of KCrSb. The external factors, such as heat,
surface, and interface, may break the half-metallicity with a
narrow band gap, suggesting the wide band gaps of ACrZ
must be advantageous in real applications [1,29].

C. Origin of wide band gap

Now we discuss the origin of the relatively wide band
gaps of ACrZ other than those of the conventional TYZ. As
listed in Table II, most ACrZ stabilizes in the 8 phase, unlike
T CrZ, which stabilizes in the o phase [8]. This phase differ-
ence results in different band gap formation mechanisms, as
discussed in detail below. ZB-T Cr provides the band gap of
TCrZ [45,46], while the band gap of ACrZ will be seen to
originate from ZB-CrZ. Three key facts are established from
Table II: (i) a large A atom corresponds to a wide band gap
of ACrZ, (ii) a large Z atom indicates a narrow band gap, and
(iii) only ACrZ with a lattice constant larger than 6.00 A are
HMs. Therefore, the lattice constant plays a key role in de-
termining the half-metallicity of ACrZ. It is usually expected
that a band gap formed between bonding and antibonding
states is expected to narrow, as the lattice constant increases.
For example, a TCrZ compound, RuCrAs (a = 5.74 A, E, =
0.58eV) [8] has a considerably smaller band gap than FeCrAs
(a =548 A, E, =0.96¢V) [8,46]. However, the band gap of
the present ACrZ widens with the lattice constant expansion.

The origin of the wide band gap of ACrZ may be revealed
by comparing their band structure with that of the sublattice
7ZB-CrZ [Fig. 1(a)]. ZB-CrZ itself is known to be an HM at
or near its equilibrium lattice constant [47], which is evident
from our calculations presented in Fig. S3 [41]. Here NaCrAs
and CrAs are taken as representatives of ACrZ and ZB-CrZ,
respectively. The orbital-resolved minority spin band struc-
tures of NaCrAs and ZB-CrAs are presented in Fig. 3 for
comparison, employing the same lattice constant of equilib-
rium a for NaCrAs. The band structure of NaCrAs is similar
to that of ZB-CrAs but the band gap is slightly narrowed. It
shows clearly that the origin of the band gap formation of
NaCrAs is identical to that of ZB-CrAs. The d orbitals of Cr
are split into f,, and e, states in the tetrahedral environment,
where Cr (As) is surrounded by four nearest neighbor As (Cr).

Hence, it may be enough for disclosing of the wide band
gap of ACrZ to discuss the dependence of the band gap of
CrAs on the lattice constant. According to the band gap for-
mation of ZB-CrZ [42,47], the t,, states of Cr form bonding
and antibonding hybrid states with the p orbitals of As, while

(a) NaCrAs (b) ZB-CrAs

T

W L r X WK W L r X WK

— Cr(ty) =—Cr(e,) — As (p)

FIG. 3. Orbital-resolved minority spin band structure of NaCrAs
and ZB-CrAs at equilibrium lattice constant of NaCrAs a = 6.37 A.
Cr-ty,, Cr-e,, and As-p orbitals are denoted in red, blue, and green,
respectively. The symbol size is proportional to the weight of the
orbital. The Fermi level E is set to zero.

the e, states remain comparatively nonbonding. The band gap
is formed by As-p orbital (bonding) and Cr-t,, orbital (anti-
bonding) states, as seen in Fig. 3. The band gap of ZB-CrAs
increases monotonically with lattice constant a, as shown
in Figs. S4-S6 of the Supplemental Material [41]. When a
reaches 6.37 A (equilibrium lattice constant of NaCrAs) from
5.66 A, the band gap increases from 1.85 to 2.33 eV, which
is slightly larger than the 2.18 eV of NaCrAs. Two factors
compete in determining the width of the band gap. First,
the covalent bonding weakens as the lattice expands, thus
the band gap tends to reduce the width of the gap. Another
effect of the lattice expansion is to narrow the valence and
conduction bands themselves, which effectively widens the
band gap, as shown in Fig. S6 [41]. To see the effects, the
centers of the As-p VB and the Cr-,, and Cr-¢, CB are cal-
culated from the orbital-decomposed DOS presented in Fig.
S6 [41]. As expected, separation between the centers of VB
and CB decreases as the lattice increases due to weakened
covalent bonding, as listed in Table S1 [41]. However, sep-
aration between the edges of VB and CB increases because
CB and VB narrow down as the lattice increases. The band
gap widening by the narrowed bands is dominant over the
band gap narrowing by the weakened covalent bonding in
CrAs. Thus, the band gap of CrAs increases as the lattice
constant increases. The element A in ACrZ expands the lat-
tice constant and provides one extra valence electron, which
fills the spin-up bands but negligibly affects the spin-down
band. Consequently, the band gap is widened with increased
magnetic moment by 1up compared to ZB-CrZ.

D. Formation energy

The structural stability estimated by formation energy is of
crucial importance in practical applications. To investigate the
structural stability, the formation energy of ACrZ against the
decomposition into bcc A and ZB-CrZ is calculated using the
following equation:

Eform = EACrZ - (EA + ECrZ)a (1)
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FIG. 4. Formation energies of ACrP, ACrAs, and ACrSb (A = Li,
Na, and K). Left, middle, and right panel present ACrP, ACrAs, and
ACrSb, respectively. Negative (positive) formation energy denotes a
stable (unstable) structure.

where Eucrz, Ea, and Ecyz are the total energies of ACrZ,
bce A, and ZB-CrZ, respectively. The formation energy is
much more conservative against the decomposition into ele-
ments of A, Cr, and Z. The estimated formation energies of
ACrP, ACrAs, and ACrSb (A = Li, Na, and K) are presented

in Fig. 4, where the role of A and Z elements are evident.
The negative (positive) formation energy means that ACrZ is
energetically more stable (unstable) against the composition
into becc A and ZB-CrZ. From Fig. 4, it is learned that, first,
the atomic number of A plays a key role in determining the
formation energy. The smallest Li and the largest K led to neg-
ative and positive formation energies, respectively. Second,
the larger Z element resulted in the more negative formation
energy of ACrZ. Consequently, LiCrSb and KCrP show the
most and the least stable against the decomposition into bcc A
and ZB-CrZ, respectively.

E. Strain effects

In practical applications to spintronics, magnetic materials
are usually exposed to thin-film under strain. Furthermore,
strain is also utilized to tailor the electronic and magnetic
properties of materials. Thus, investigating the in-plane strain
effect on the half-metallicity of ACrZ is crucial. Energy vari-
ations in CBM (Ecgm) and VBM (EvpMm) against the strain
are plotted in Fig. 5. The in-plane strain is given by n =
(a — ag)/ag, where ay and a are equilibrium and strained ab
plane lattice constants, respectively. The lattice constant c,
shown in Fig. S7 [41] as c/a ratio, is optimized from total
energy calculations. Figure 5 shows that the half-metallicity

20 LiCrP

NaCrP

KCrP

???aa&a'efﬂﬂ

E 00 — &
) -10 W C-6-0-0-0-000099°
20 o—o—e—©—"9
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20 LiCrAs NaCrAs KCrAs

|
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> ‘WE__E__E_—E—‘E"E
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= NUNDNPNI- . o g ®esoo00e®® >S-660o0000®
2.0
-5‘.0 0‘.0 50 10.0 -10.0 -50 0.0 5.0 10.0 -10.0 -5.0 0.0 50 100
1 (%) n (%) 1 (%)

FIG. 5. Ecpy (in red) and Eygy (in blue) of the minority spin states of ACrZ (A = Li, Na, and K; Z = As, Sb, and P) as a function of the

in-plane strain. Fermi level EF is set to be zero.
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of unstrained ACrZ is robust over a wide range of compressive
and tensile strains, implying that HM ACrZ has a flexible
advantage in forming hybrid systems with various semicon-
ductors. Even non-HM LiCrP and LiCrAs become HM under
specific tensile in-plane strain. LiCrAs also turns into HM
under small tensile strain, around +2%. Thus, the proper
choice of substrate can easily achieve the half-metallicity of
LiCrAs.

Ecgm and Evygy under in-plane strain are discussed for
practical device design. Figure 5 shows that Ecgy and Evpm
behave differently between the Li- and K-based compounds.
The Na-based compounds show mixed behavior. First, Ecpm
of the Li-based compounds (i.e., LiCrP, LiCrAs, and LiCrSb)
is located just below or just above Er at n = 0, while Evpm
is far below Er. On the other hand, Er of the K-based com-
pounds (i.e., KCrP, KCrAs, and KCrSb) are positioned near
the middle of Ecgym and Evgy. Second, Ecgym and Evgy of
the Li-based compounds increase monotonically with n. As
n increases, the Ecgy of LiCrP and LiCrAs shift above Ef
from just below Ep, while the Ecgy initially far below Ep
remain below Er. Consequently, non-HM LiCrP and LiCrAs
at their equilibrium turn to HM under specific tensile in-plane
strain. Meanwhile, Ecgy and Eyvgym behaviors of the K-based
compounds are parabolalike with negative and positive curva-
tures, respectively. Interestingly, their Ecgym and Eygy show
maxima and minima near n = 0 to have the widest band gaps
for the K-based compounds near unstrained states.

F. (001) surfaces

Practically, the magnetism and electronic structure at the
surface/interface are more significant than in bulk. In real
applications such as a magnetic tunnel junction, ACrZ is likely
utilized in a hybrid with a semiconductor [48,49]. We con-
sidered only the surfaces of LiCrAs, LiCrSb, NaCrAs, and
NaCrSb to examine the magnetism and the half-metallicity
at the (001) surface and excluded other ACrZ due to their
positive formation energies against the decomposition into bcc
A and ZB-CrZ or non-half-metallicities.

1. Atomic structure

Reasonably, InSb is a potential semiconductor for a hybrid
system with LiCrAs, LiCrSb, NaCrAs, and NaCrSb since the
experimental lattice constant (6.48 10\) [50] of InSb exhibits
rather good mismatches of +8.00%, +1.37%, +0.93%, and
—4.42%, respectively. For surface calculations, the lattice
constant of InSb is considered the in-plane lattice constant.

Two different terminations are plausible for the (001) sur-
face: Z-term and ACr-term. As shown in Fig. 1(b), a 14-layer
slab is used to simulate the Z- and ACr-term surface. The
bulk properties shown by the center layers confirm the suffi-
cient thickness of the slab. The interlayer spacings are fully
relaxed by minimizing total energy and force. The relaxed
structures are shown in Fig. S8 [41], and the numerical values
of interlayer spacings and corrugations near the surfaces are
presented in Table S2 [41]. The corrugation at ACr-term is
more severe than at Z-term. The severe corrugation might
be from the different valence electron characters of the Cr
and A elements, i.e., d and s characters. The less localized
A-s electron prefers spilling out into a vacuum to reduce its

TABLE III. Layer-resolved magnetic moment (in ug) of ACrZ
(A = Li, Na; Z = As, Sb) for (001) surface of both Z-term and ACr-
term.*

LiCrAs NaCrAs LiCrSb  NaCrSb

Z-term Z(S) —0.27 -0.37 —0.29 —0.38
Cr(S-1) 3.12 3.31 3.09 3.28

Center Z(C) —0.14 —0.18 —0.13 —0.17
Cr(C) 3.66 3.72 3.65 3.71

ACr-term Cr(S) 3.92 3.99 4.06 3.97
Z(S-1) —0.09 —0.11 —0.08 —0.13

“Experimental lattice constant (6.48 A) is employed for the two-
dimensional lattice constant of the surface.

kinetic energy, while the relatively directional character of the
Cr-d electron prefers staying inside to minimize energy at the
expense of coming from a dangling bond.

2. Magnetic moment

We present the magnetic moments of Cr and Z at the
surface (S) and subsurface (S-1) layers in Table III, with the
center layers (C) listed for comparison. Due to the reduced
coordination number at the surfaces, the corresponding mag-
netic moments of the atoms are generally enhanced compared
to those in the center layers. The magnetic moments of Cr(S)
at the ACr-term surfaces of LiCrAs(Sb) and NaCrAs(Sb) in-
creased by 7.10% (7.26%) and 11.23% (7.00%), respectively,
and the magnetic moments of the subsurface Cr(S-1) atoms of
the Z-term surfaces reduced by 14.75% (11.02%) and 15.30%
(11.59%), respectively, compared to those of the center Cr
layers. The magnetic moments of Z show a similar trend,

LiCrAs

T X M T T X M

|

=7 (S) ==Cr (S-1) == Z (S-1) == Cr (S)

FIG. 6. Atom-resolved minority spin band structure of ACrZ
(A =Li and Na; Z = As and Sb) at Z-term and ACr-term (001)
surfaces. The Fermi level Ef is set to zero.
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TABLE IV. The band gaps (ineV) of ACrZ (A = Liand Na; Z =
As and Sb) of the Z-term (001) surface, the bulklike center layer, and
the strained bulk.?

LiCrAs NaCrAs LiCrSb NaCrSb
Z-term 1.32 1.41 1.10 1.12
Center 1.82 2.10 1.58 1.76
Strained bulk 1.80 2.11 1.59 1.75

#The values of the strained bulk are estimated from Fig. 5.

enhanced, and reduced at the surfaces and the subsurfaces,
respectively, compared to those of the center Z layers.

3. Half-metallicity

The left and right columns in Fig. 6 represent the
two-dimensional minority spin bands of LiCrAs(Sb) and
NaCrAs(Sb), respectively, to investigate the half-metallicity
at the (001) surface. The bands originating from Z(S) and
Cr(S-1) of Z-term are indicated in green and blue, and those
from Cr(S) and Z(S-1) of ACr-term are shown in red and
orange, respectively. Other bands are plotted in gray. Figure 6
demonstrates a robust half-metallicity at Z-term but a broken
one at ACr-term. The severe corrugation at ACr-term shifts
down the Cr(S) band crossing the Fermi level Er. In practical
devices, the ACrZ compounds can be utilized an interfacial
structure with various semiconductors. For example, at an
interface ACrZ with InSb, naturally InZ and CrSb bonding
are expected to form at Z-term and ACr-term, respectively. In
the interfacial structures, the bulklike half-metallicities would
recover even for the broken half-metallicity at ACr-term.

Table IV lists the calculated band gaps at Z-term and
the center layer. For comparison, the band gaps of the
strained bulk LiCrAs (+8.00%), NaCrAs (+1.37%), LiCrSb
(4+0.93%), and NaCrSb (—4.42%) are also presented. The
band gaps of Z-term LiCrAs, NaCrAs, LiCrSb, and NaCrSb
are 1.32,1.41, 1.10, and 1.12 eV, respectively, slightly smaller

compared to the bulklike center layers (Table IV). The band
gap values of the center layers are very close to that of the
strained bulk ones. These findings reconfirm that the 14-layer
slab is sufficiently thick to describe a bulk surface.

IV. CONCLUSION

Using first-principles calculations, we have studied the
half-metallicity of alkali-metal-based half-Heusler, i.e., ACrZ
(A =Li, Na, and K; Z = P, As, and Sb), compounds. ACrZ,
except for LiCrP and LiCrAs, are predicted to be HMs with
wide band gaps in the range 1.60-2.16 eV, which would
be advantageous for their practical applications. HM ACrZ
have an integer total magnetic moment my, = 4.00up, larger
than the corresponding ZB-CrZ by 1up, achieved from one
more valence electron provided by the element A. Meanwhile,
LiCrP and LiCrA showed magnetic moments below 4.00up,
which is 3.51 and 3.99up, respectively, since their minority
spin CBM is positioned just below the Fermi level E.

The band gap formation mechanism of ACrZ is identified
to be similar to that of ZB-CrZ, i.e., the hybridization between
the Cr-d and Z-p states opens the band gap. The key role of the
A element is twofold. The first is to expand the lattice constant,
thereby widening band gaps, and the second is to achieve
structural stability through formation energy. Furthermore, the
half-metallicity is robust under severe in-plane strain and at
Z-term. Overall, considering all the features discussed so far,
including good lattice mismatch with ZB semiconductors, we
propose LiCrZ and NaCrZ (Z = As and Sb) as promising
compounds for real-life applications to spintronics.
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