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Spin-polarized two-dimensional electron/hole gas at the interface of nonmagnetic semiconducting
half-Heusler compounds: Modified Slater-Pauling rule for half-metallicity at the interface
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Half-Heusler compounds with 18 valence electrons per unit cell are well-known nonmagnetic semiconduc-
tors. Employing first-principles electronic band-structure calculations, we study the interface properties of the
half-Heusler heterojunctions based on FeVSb, CoTiSb, CoVSn, and NiTiSn compounds, which belong to this
category of materials. Our results show that several of these heterojunction interfaces become not only metallic
but also magnetic. The emergence of spin-polarization is accompanied by the formation of two-dimensional
electron gas or hole gas at the interface. A qualitative analysis of the origin of the spin polarization at the
interfaces suggests that strong correlations are responsible. For the cases of magnetic interfaces where half-
metallicity is also present, we propose a modified Slater-Pauling rule similar to the one for bulk half-metallic
half-Heusler compounds. Additionally, we calculate exchange parameters, Curie temperatures, and magnetic
anisotropy energies for magnetic interfaces. Our study, along with recent experimental evidence confirming
the presence of two-dimensional electron gas at CoTiSb/NiTiSn heterojunctions, may motivate future efforts to
explore and realize device applications using these heterojunctions.
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I. INTRODUCTION

Heusler compounds, named after Fritz Heusler [1,2], are
ternary and quaternary intermetallic compounds that crystal-
lize in close-packed lattice structures [3-5]. In particular, the
discovery of half-metallicity (the electronic band structure
is metallic for one spin channel and semiconducting for the
other [6]) in Heusler compounds, which was followed by
other exotic behaviors like spin-gapless semiconductors and
spin-filter materials [7], led to the proposal of novel devices
[8—12]. An important role in the rapid growth of this research
field was played by first-principles electronic band-structure
calculations. On the one hand, they successfully explained the
origin of half-metallicity and linked it to the magnetic prop-
erties through the so-called Slater-Pauling rules [13-18], and
on the other hand, extended databases built using such calcu-
lations resulted in the prediction of hundreds of new Heusler
compounds that were later grown experimentally [19-26].

Heusler compounds are categorized into various families
depending on the number of atoms in the unit cell and their
ordering [3,4]. The ones with the chemical formula XYZ,
where X and Y are transition-metal atoms and Z is a metalloid,
are named half-Heusler (or semi-Heusler) compounds. When
the number of valence electrons in the unit cell exceeds 19 and
goes up to 22, most of them are half-metals [13]. As shown
by Galanakis et al., the half-metallicity is directly connected
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to the total spin magnetic moment through the Slater-Pauling
rule M, = Z, — 18, where M, is the total spin magnetic mo-
ment in the unit cell expressed in up, and Z; is the total
number of valence electrons in the unit cell. The number 18
expresses the fact that there are exactly nine occupied states
in the minority-spin electronic band structure, which exhibits
semiconducting behavior. There is a single s and a triple p
band low in energy stemming from the Z atom. The d valence
orbitals of the X and Y atoms hybridize creating five occupied
bonding orbitals, which are separated by an energy gap from
the five unoccupied antibonding orbitals.

The Slater-Pauling rule correctly predicts that half-Heusler
compounds with exactly 18 valence electrons should be non-
magnetic semiconductors with a gap in both spin-channels
[13]. This “18-electron rule” for semiconducting half-Heusler
compounds was also derived by Jung er al. based on
ionic arguments [27]. Among the 18-valence-electron half-
Heusler compounds, CoTiSb, NiTiSn, FeVSb, and CoVSn
have attracted most of the attention. Pierre and collaborators
confirmed experimentally the nonmagnetic semiconducting
character of NiTiSn [28]. Tobola et al. have shown experi-
mentally that CoTiSb is also a nonmagnetic semiconductor
[29]. The experimental findings for both NiTiSn and Co-
TiSb have also been confirmed by ab initio calculations in
Ref. [29]. Recently, Ouardi ef al. synthesized CoTiSb and
investigated it both theoretically and experimentally [30]. Lue
and collaborators grew samples of CoVSn, and their findings
were consistent with a nonmagnetic semiconducting behavior
[31]. Finally, Mokhtari and collaborators have shown theo-
retically that FeVSb is also a nonmagnetic semiconductor
[32], followed by the experimental observation by Shourov

©2023 American Physical Society


https://orcid.org/0000-0002-5443-4838
https://orcid.org/0000-0002-6204-5760
https://orcid.org/0000-0002-1701-528X
https://orcid.org/0000-0002-5845-4318
https://orcid.org/0000-0002-3687-4223
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevMaterials.7.054405&domain=pdf&date_stamp=2023-05-30
https://doi.org/10.1103/PhysRevMaterials.7.054405

EMEL GURBUZ et al.

PHYSICAL REVIEW MATERIALS 7, 054405 (2023)

et al. [33]. Ma et al. studied using first-principles calculations
a total of 378 half-Heusler compounds [19]. Among them,
there were 27 compounds with 18 valence electrons, including
the aforementioned ones, which were all found to be non-
magnetic semiconductors [19]. Doping these compounds with
transition-metal atoms [34-42] or vacancies [43] leads to a
half-metallic behavior.

Recently, Sharan et al., employing ab initio calculations,
studied the formation of a two-dimensional electron gas
(2DEG) or hole gas (2DHG) at the interface between CoTiSb
and NiTiSn compounds [44]. To model the heterojunction,
they assumed a superlattice along the [001] direction. Along
the [001] direction, CoTiSb is nonpolar and NiTiSn is polar
[44]. Similarly to the complex oxides’ polar/nonpolar inter-
faces [45-47], a 2DEG is formed at the (TiSb)-Ni interface
while a 2DHG is formed at the Co-(TiSn) interface [44]. A
2DEG (2DHG) is a type of electronic system in which a
large number of electrons (holes) are confined to a very thin,
two-dimensional layer like the one occurring at an interface
of a heterojunction. Electrons (holes) are free to move in the
two dimensions, but they are strongly confined in the third
dimension leading to many potential applications, including
high-speed electronic devices and quantum computers [48].
We should note here that usually the two-dimensional electron
gas in the case of surfaces is referred to as “2D electron liquid”
[49]. Experimentally, Harrington has grown heterostructures
made up of alternating 25-nm-thick CoTiSb and NiTiSn [50].
Although the structure of the interface has not been stud-
ied, interface transport measurements suggest that 2DEG is
present at the interface giving indirect evidence for its forma-
tion [50]. The characterization of Heusler interfaces is a hard
task, and in our opinion no concluding results exist. But as
discussed in a recent article by Kawasaki entitled “Heusler
interfaces—Opportunities beyond spintronics?” the manipu-
lation of Heusler interfaces with a variety of other materials
will lead to exciting new phenomena [10].

The goal of this study is to provide a comprehensive
understanding of the electronic and magnetic properties of in-
terfaces formed by various combinations of CoTiSb, NiTiSn,
FeVSn, and CoVSn nonmagnetic semiconducting Heusler
compounds along the [001] growth direction by employ-
ing state-of-the-art first-principles electronic band-structure
calculations. We find that for all heterojunctions except for
CoTiSb/CoVSn, the emergence of 2DEG or 2DHG at the
interfaces is accompanied by the occurrence of magnetism.
We qualitatively discuss the origin of interface magnetism
on the basis of the Stoner model. In some cases, our calcu-
lations suggest that also half-metallicity is present, and we
formulate a modified version of the Slater-Pauling rule to
connect the magnetic properties to half-metallicity and the
total number of valence electrons at the specific interface.
Finally, we present the exchange constants for the magnetic
interfaces, and we use them to predict the Curie temperature,
which is important for applications. We should mention at
this point that according to the Mermin-Wagner theorem, the
long-range magnetic order does not exist in one-(1D) or two-
dimensional (2D) isotropic magnets. But as shown recently
in Ref. [51], short-range exchange interactions even in the
absence of magnetic anisotropy can induce magnetic order in
finite-size 2D magnets even for samples of millimeters size.

TABLE 1. Equilibrium lattice parameters (a) taken from
Ref. [19], number of valence electrons per unit cell (Z,), and energy
band gap E,,, for FeVSb, CoTiSb, CoVSn, and NiTiSn half-Heusler
compounds.

Compound a(A) Z Eqyp (eV)
FeVSb 5.78 18 0.34
CoTiSb 5.88 18 1.09
CoVSn 5.79 18 0.63
NiTiSn 5.93 18 0.47

Thus, the magnetic interfaces discussed in the present study
are feasible and can be realized in realistic spintronic devices.
The rest of the manuscript is organized as follows: In Sec. II
we present details of our calculations, in Sec. III we present
our results, and finally in Sec. IV we summarize our results
and present the conclusions of our study.

II. COMPUTATIONAL METHOD

The bulk half-Heusler compounds XYZ crystallize in the
cubic Cly lattice structures shown in the upper panel of
Fig. 1(a). The space group is the F43m and actually consists
of four interpenetrating fcc sublattices; one is empty and the
other three are occupied by the X, Y, and Z atoms. The
unit cell is a fcc one with three atoms as a basis along the
long diagonal of the cube: X at (000), Y at (% i i), and
Z at (% % %) in Wyckoff coordinates. The cube presented in
the figure contains exactly four unit cells. In our interface
calculations, we need a supercell along the [001] direction.
To construct the simulation cell for the supercell calculations,
we do not need to use the bulk cube as the basis for the
construction, but the tetragonal cell presented in the lower
part of Fig. 1(a) is sufficient. This tetragonal cell has half
the volume of the cube and contains two unit cells. Along the
[001] direction, the consecutive layers are made up of pure
X and mixed YZ layers and the in-plane lattice parameter
equals the Lz of the cube’s lattice parameter. For all four

compounds FeVSb, CoTiSb, CoVSn, and NiTiSn, we adopted
the equilibrium lattice parameters calculated in Ref. [19] us-
ing the Vienna Ab-initio Simulation Package (VASP) [52,53]
in conjunction with the generalized gradient approximation
(GGA) to the exchange-correlation potential [54]. We present
the lattice parameters of the bulk compounds adopted in our
study in Table 1.

To carry out the spin-polarized density functional theory
(DFT) calculations, we employ the QUANTUMATK software
package [55,56]. We use linear combinations of atomic or-
bitals (LCAQO) as a basis set together with norm-conserving
PseudoDojo pseudopotentials [57] with the Perdew-Burke-
Ernzerhof (PBE) parametrization of the GGA functional
[54]. For the determination of the ground-state properties
of the bulk compounds, we use a 15x15x15 Monkhorst-
Pack k-point grid, while for periodic supercell calculations a
20x20x2 Monkhorst-Pack k-point grid is adopted [58].

When we form heterojunctions using FeVSb, CoTiSb,
CoVSn, and NiTiSn compounds, we get six possible
combinations, and for each combination there are two possible
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FIG. 1. (a) Upper panel: Schematic representation of the conventional cubic cell of XYZ half-Heusler compounds. Lower panel: Minimal
bulk tetragonal unit cell used to construct the simulation cell for the superlattice calculations (see the text for details). (b) and (c) Cross-
section views along the (100) plane of the superlattice structure for the two different possible interface terminations in the case of the
FeVSb/CoTiSb heterojunction, using the twice repeated tetragonal bulk cell as the basis.

interface terminations, denoted as Termination-1 and
Termination-2 in Table III and shown in Fig. 1 using
FeVSb/CoTiSb as an example (the two possible interfaces
are made up of Fe-TiSb and VSb-Co layers, respectively). If
one of the two interface terminations generates a 2DEG, the
other will be 2DHG, as we will discuss in the next section. To
simulate the heterojunction, we assume a supercell consisting
of 29 (27) layers of FeVSb and 27 (29) layers of CoTiSb for
the first (second) termination. We construct the simulation
supercell by stacking the tetragonal unit cell presented in
the lower panel of Fig. 1(a) along the out-of-plane direction.
Specifically, our heterojunctions are formed by a 14-fold
repetition of the tetragonal Heusler unit cell with the atoms
assigned to the atomic planes as described below, giving a
supercell of 42 atomic planes containing in total 84 atoms.
To construct the supercell, we fix for the first material,
for instance in the FeVSb/CoTiSb supercell, the lattice
parameter of FeVSb is the cubic one shown in Table I. For
the second compound, CoTiSb in our example, we consider
as an in-plane lattice parameter the one of FeVSb, and we
relax the out-of-plane lattice parameter along the [001]
direction; in Table II we present the c/a ratio for the second
compound of the heterostructure in the supercell. We expect
that our choice of lattice parameters for the two Heusler
compounds only marginally affects the calculated results.
The maximum difference in the lattice constants between the
four bulk compounds is 2.5%, and as shown by Block and
collaborators, moderate values of tetragonalization do not
alter significantly the properties of Heusler compounds [59].
In Table II we also provide the relative stability energy Ej,
which is the energy difference between the two interfaces
using device-type calculations. In each case, we set the energy
of the termination with the larger total energy as zero, and
thus the one with the negative E; is the most stable. There
is no clear trend in which one of the two terminations is
more stable and the results are heterojunction-dependent. We
should note here that in device-type calculations, contrary to
the supercell approach, we have exactly the same number of
atoms in the scattering region as well as in electrodes and thus
we can compare the energy of the two different terminations.
In the present study, we adopted the supercell approach in-
stead of a two-terminal device model implemented in QUAN-

TUMATK and adopted in previous studies [8,9,11,12] since
the band-structure calculations using the device model are
computationally extremely demanding. For FeVSb/NiTiSn
heterojunction, we performed also calculations using the de-
vice model with two semi-infinite leads by employing the
nonequilibrium Green’s function (NEFG) approach combined
with DFT. For these DFT+NEGF calculations, we used a
20%x20x 115 k-point mesh. The results were identical to the
ones obtained by the supercell approach and thus the use of
the latter is completely justified.

To study finite-temperature properties of the interfaces, we
map the complex multi-sublattice itinerant electron problem
onto a classical effective Heisenberg Hamiltonian

Hep = — Y Y JIVSI -8V,

ij M

ey

where u and v denote different sublattices at the interface, i
and j indicate atomic positions, and S!" is the unit vector of the
i site in the p sublattice. The Heisenberg exchange constants
J!*" are calculated by employing the Liechtenstein formalism
[60] within the full-potential linear muffin-tin orbital (FP-
LMTO) code RSPt [61]. The crystalline structure information
for the studied interfaces obtained with the LCAO is used
as input for the electronic structure calculations by the FP-
LMTO approach. According to our tests, both QUANTUMATK
and FP-LMTO methods provide a very similar electronic
structure for the systems under study.

To estimate the Curie temperature 7¢ of the magnetic
interfaces, we use the mean-field approximation for a multi-
sublattice system [62—64], which is given by

2

— g

T = ,
€7 3 L

@

where J{" is the largest eigenvalue of Jy" =3~ J5". Note

that in the calculation of the Curie temperature, we take into
account exchange interactions between atoms at layers around
the interface which have a spin magnetic moment magnitude
per layer exceeding 0.1up.
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TABLE II. Six possible half-Heusler heterojunctions made up of the four considered compounds. The c¢/a ratios are provided for the
second half-Heusler compound in the heterojunction. E stands for the relative stability energy of the two possible terminations for each
studied heterojunction (the negative value corresponds to the most stable interface, and the zero value to the less stable one). For each studied
interface, we provide the calculated atomic spin magnetic moments for the transition-metal atoms at the two interface layers: My stands for
the transition-metal atom at the left interface layer, and My denotes the transition-metal atom at the right interface layer. We also present the
calculated total spin magnetic moments MM at the interface, taking into account the two interface layers, the ideal value for half-metallicity
predicted by the MS? = % — 9 Slater-Pauling rule, and the total spin magnetic moment M ! in the simulation unit cell used for the calculations.
Column 2DEG describes the character of each interface termination with respect to the two-dimensional electron gas (2DEG). SPHG stands
for spin-polarized hole gas, HG for hole gas, SPEG for spin-polarized electron gas, and EG for electron gas. The last column contains the
spin-polarization values at the Fermi level (see the text for the definition).

Semi-Heusler Interface E, Interface My My  Mlmerface o pgSP o pgCel SP
heterojunction cla termination V) composition Z, () (uB) (uB) (uB) (1) 2DEG (%)
FeVSb/CoTiSb  1.03 T-1 0.00 Fe|TiSb 17  —-049 0.08 —0.42 -05 —036 SPHG 67
T2 —0.17 VSb|Co 19 —-0.10 0.76 0.64 0.5 043 SPEG 175
FeVSb/CoVSn 1.01 T-1 —0.57 Fe[VSn 17 —0.81 0.29 —0.54 —-05 —046 SPHG 100
T2 0.00 VSb|Co 19 -0.03 0.18 0.15 0.5 0.09 SPEG 12
FeVSb/NiTiSn 1.05 T-1 —0.21 Fe|TiSn 16 —1.12 0.17 —0.99 —-1.0 —-090 SPHG 74
T-2 0.00 VSb|Ni 20 0.01 1.26 1.23 1.0 0.85 SPEG 43
CoTiSb/CoVSn  0.98 T-1 —0.42 Co|VSn 18 0.00 0.00 0.00 0.0 0.00
T2 0.00 TiSb|Co 18 0.00  0.00 0.00 0.0 0.00
CoTiSb/NiTiSn ~ 1.02 T-1 —0.18 Co|TiSn 17 0.00  0.00 0.00 —-0.5 0.00 HG 0
T2 0.00 TiSb|Ni 19 0.00  0.00 0.00 0.5 0.00 EG 0
CoVSn/NiTiSn  1.05 T-1 0.00 Co|TiSn 17 0.00  0.00 0.00 —0.5 0.00 HG 0
T-2 —0.66 VSn|Ni 19 —-0.01 0.58 0.53 0.5 037 SPEG 71
III. RESULTS AND DISCUSSION the experimental value of 1.8 eV. Finally, the experimentally

determined lattice constant was 5.884 A in perfect agree-
ment with their own PBE calculations as well as the PBE
calculations in Ref. [19]. Thus, one can safely conclude that
the PBE functional is the appropriate one to study semicon-
ductors like the half-Heusler compounds under study, and
the semiempirical hybrid functionals overestimate the band
gap in these materials. Moreover, as was shown in the case
of transition-metal-based full-Heusler semiconductors, many-
body correlations calculated using the GW approximation
have minimal effect on the PBE calculated electronic band
structure, and the energy gaps increase by less than 0.2 eV
in all cases [68]. We should finally note that, as shown in
Ref. [69], the use of the more elaborated meta-GGA func-
tionals for semiconductors leads to energy gaps that are less
accurate with respect to the PBE calculated ones when com-
pared to experimental data.

Prior to presenting our results, we should comment on
our choice to use PBE, which is a GGA functional in our
study. GGA functionals are well known to underestimate the
band gap of semiconductors, and in this regard, more elabo-
rated functionals like the hybrid ones, which are much more
demanding in computer sources, have been developed. The
latter are semiempirical combining the exact Hartree-Fock ex-
change with the GGA and accurately reproducing the energy
band gaps in usual semiconductors [65]. In Ref. [44], the au-
thors employed such a hybrid functional, the so-called Heyd,
Scuseria, and Ernzerhof hybrid functional (HSE06) [66,67] as
implemented in the VASP code [52,53]. They calculated for
NiTiSn an energy band gap of 0.65 eV and for CoTiSb a value
of 1.45 eV. These values are considerably larger than the 0.44
and 1.06 eV, respectively, calculated using PBE in Ref. [19]
(as we will later discuss, our PBE values are in excellent
agreement with these values, although we used a different
electronic structure code). But, Sharan and collaborators have A. Electronic structure of bulk semiconducting
ignored that Heusler compounds like CoTiSb and NiTiSn are half-Heusler compounds
not usual semiconductors since they contain transition-metal
atoms and thus the accuracy of the semiempirical hybrid func-
tionals is not granted [44].

To clarify the above point, we have to compare the above
ab initio calculations with experimental results. In Ref. [30],
Ouardi and collaborators have determined the energy band
gap of CoTiSb both experimentally as well as using ab initio
calculations employing the PBE functional. Their calculations
have shown that CoTiSb exhibits an indirect gap of 1.06 eV,
identical to the PBE-derived value in Ref. [19], in excellent
agreement with their experimental value of about 1.0 eV.
Moreover, calculations produced an optical gap (direct gap
at the I' point) of 1.83 eV also in perfect agreement with

The starting point of our study is the calculation of the
electronic properties of bulk materials. As mentioned above
for all four compounds FeVSb, CoTiSb, CoVSn, and NiTiSn,
we have adopted the equilibrium lattice constants calculated
in Ref. [19], and we present them in Table I together with
the band-gap values. All four compounds were found to
be nonmagnetic semiconductors, in agreement with previous
first-principles calculations [19,28,29,31,32], and in Fig. 2
we present the calculated electronic band structure along
the high-symmetry directions in the Brillouin zone. As the
band-structure plots reveal, they are indirect band-gap semi-
conductors since the valence-band maximum (VBM) and the
conduction-band minimum (CBM) do not occur at the same
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FIG. 2. Band structure of the bulk FeVSb, CoTiSb, CoVSn, and NiTiSn half-Heusler compounds along the high-symmetry lines
in the Brillouin zone. With blue, we denote the topmost valence and lowest conduction bands. The zero energy is set as the Fermi

level.

high-symmetry points for all compounds. The character of
the bands follows the discussion on the minority-spin band
structure in half-Heusler compounds [13]. There are exactly
nine occupied bands below the Fermi level, and each band
accommodates two electrons due to the spin-degeneracy. The
lowest band, not shown in Fig. 2, stems from the s states of
the Sn (Sb) atoms. The lowest shown bands, which are triply
degenerate at the I' point, come from the valence p bands of
the Sn (Sb) atoms. Afterward, there are two almost flat bands,
which are degenerate at the I" point and stem from the bonding
d states between the transition-metal atoms. These bonding
orbitals are of e, character. Just below the Fermi level, the
bands are triply degenerate at the I" point and stem from the
bonding f,, orbitals between the neighboring transition-metal
atoms. These last are separated with a gap from the antibond-
ing d states stemming from the hybridization between the d
states of the transition-metal atoms.

In Table I, we also present the calculated band-gap Eg,p
values, in eV units. The calculated values are, in ascending or-
der, 0.34,0.47, 0.63, and 1.09 eV for FeVSb, NiTiSb, CoVSn,
and CoTiSb, respectively. These values are very close to the
ones calculated for the same lattice constants by Ma et al.
in Ref. [19] (their values were 0.38, 0.44, 0.65, and 1.06,
respectively). This shows that the adopted electronic band-
structure method for the calculations is not crucial to calculate
the properties, and the results depend strongly on the choice of
the exchange-correlation functional; in both studies (ours and
the study of Ma et al.), the PBE parametrization of the GGA
functional has been used. Moreover, our result for CoTiSb
agrees well with the experimental value of about 1 eV [30].

B. Spin-polarized 2DEG and 2DHG at the interfaces

The study of the bulk systems is followed by a calcu-
lation of the interface properties of heterojunctions. First,
in Fig. 3, we present the band alignment of all considered
heterojunctions. Our four compounds result in six possible
heterojunctions, and among them only FeVSb/CoTiSb and
CoTiSb/NiTiSn possess type-I band alignment, meaning that
the CBM of FeVSb (NiTiSn) is higher than the CBM of
CoTiSb, and the VBM of both FeVSb and NiTiSn is lower
in energy than the VBM of CoTiSb. All four of the other

heterojunctions are of type-II character. Note that the band
alignment of the heterojunctions is calculated according to
the procedure presented in Ref. [44]. We have simulated the
interfaces as discussed in detail in Sec. II, and in Table II
we summarize all our results. First, we should note that for
each heterostructure, there are two possible terminations at the
interface, denoted as Termination-1 when the first compound
ends at a pure X layer and Termination-2 when it ends at
a mixed YZ layer. As we discussed above in Sec. II, the
second compound adopts the in-plane lattice constant of the
first compound, and its out-of-plane lattice constant changes
accordingly in order to preserve the unit-cell volume as shown
by the c/a ratios presented in Table II.

With the exception of the CoTiSb/CoVSn case, in all other
studied heterojunctions, the number of valence electrons at
the interface is no more 18, but there is either an excess of
electrons (Z;, taking into account the two layers that form
the interface, is larger than 18) or a deficit of electrons (Z; is
smaller than 18) and the interface is metallic. In the first case
of electron excess, we should have the creation of a 2DEG,
while electron deficit can be translated to an excess of holes
leading to 2DHG. But as the band structures projected on the

8866 $ 3 3 5 % 3
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FIG. 3. (a) Calculated position of the valence and conduc-
tion bands of bulk Heusler compounds in absolute energy values.
(b) Band alignment for the various interfaces under study. Type-I and
type-II denote the two possible types of band alignment (see the text
for details).
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FIG. 4. Band structure for all considered heterojunctions along the X-I"-M high-symmetry directions of the 2D Brillouin zone.

(001) plane and presented in Fig. 4 reveal, the situation is
more complex. In most cases, the metallic interface is also
magnetic and the 2DEG (2DHG) is spin-polarized. In Table 11
we present also the spin magnetic moments of the atoms at the
two interface layers as well as the total spin magnetic moment,
taking the sum of the spin moments of all interface atoms.

The heterojunctions where FeVSb is one of the two junc-
tion materials are the most interesting cases. When Fe is at
the interface, there is a deficit of electrons and we have a
2D spin-polarized hole gas (SPHG). In the band structures
shown in Fig. 4 this is reflected in the conduction bands, which
are crossed by the Fermi level. When the interface layer is
VSb and not Fe, there is an excess of electrons leading to
2D spin-polarized electron gas (SPEG) and now the Fermi
level crosses the valence bands. Moreover, the Fe and V
atoms of FeVSb at the interface and subinterface layers are
the ones responsible for the spin-polarized character of the
electron (hole) gas. This is depicted clearly in Fig. 5 [panels
(a), (b), and (c)], where we present a schematic representation
of the layers around the interface for all three heterojunctions
containing FeVSb and for both terminations. Arrows show
the direction of the atomic spin magnetic moments, and their
magnitude is proportional to the values of the spin magnetic
moments. In all three heterojunctions presented in the figure, it
is easily observed that the magnetic moments reside primarily
at the Fe and V atoms at the interface and subinterface layers
irrespective of whether we have Fe (Termination-1) or VSb
(Termination-2) interface layers.

In the case of Termination-I interfaces, the Fe atoms at
the interface layer carry sizable magnetic moments which
are antiparallel to the spin magnetic moments of the Ti (V)

interface atoms as shown in Table II and schematically in
Fig. 5. In the case of Termination-2 interfaces, the Co (Ni)
atoms carry very small spin magnetic moments, and it is the V
atom at the interface layer of FeVSb which carries again the
main portion of the spin magnetic moment. CoVSn/CoTiSb
is a particular case due to the presence of Co in both

(a) FeVSb/CoTiSb

T1

FIG. 5. For both possible interface structures (denoted as T1 and
T2) for each system, we show the structure of the interfaces. Arrows
denote the direction of the spin magnetic moments of the atoms at the
interface, and their magnitude is proportional to the absolute value of
the atomic spin magnetic moments presented in Table II.
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FIG. 6. (a) Projected device density of states (DDOS) for the spin-up (upper panel) and spin-down (lower panel) electrons for the first
termination of the FeVSb/NiTiSb junction (the atomic structure for the interface region is given in Fig. 5). The white dashed lines display the
Fermi level, while the vertical yellow dashed lines denote the interface. (b) The same as (a) for the second termination.

materials of the heterojunction, and the resulting interface
remains semiconducting for both terminations (see Fig. 4). In
the case of CoTiSb/NiTiSn interfaces, the interface is metal-
lic but non-spin-polarized and thus we have either a usual
2DEG or 2DHG behavior at the interface as shown in Table II
and as can be deduced from Fig. 4. Finally, in the case of
the CoVSn/NiTiSn, termination-II is spin-polarized and the
2DEQG is also spin-polarized, while termination-I is simply
metallic, as deduced also from the band structure in Fig. 4,
and there is a usual 2DHG at the interface. The magnetic
behavior of the CoVSn/NiTiSn interfaces is also shown in
the picture of the atomic spin magnetic moments presented in
Fig. 5(d).

To confirm our conclusions, we have also performed de-
vice calculations for both possible terminations in the case
of the FeVSb/NiTiSn heterostructure. As discussed in Sec. II,
device calculations are much more demanding in computer
resources than the supercell calculations presented up to now.
In this case, we have a 120 A heterojunction (i.e., the scat-
tering region) with two semi-infinite leads. The obtained spin
magnetic moments are similar to the ones obtained using the
supercell approach shown in Table II. In Fig. 6 we present
for both terminations the spin-up and the spin-down device
density of states (DDOS) as a function of the distance. For
the spin-up DOS (upper panels) there is a finite DOS around
the interface layers which quickly vanishes as we move away
from the interface. In the case of the spin-down DOS for both
terminations (lower panels) there is a negligible DOS around
the Fermi level around the interface region of the device.
Thus at the interface, we have a nearly half-metallic magnetic

behavior, and as we move away from the interface we get
nonmagnetic semiconducting behavior.

The results discussed in the previous paragraph agree well
with the conclusions in Ref. [44] regarding the confinement of
the electrons and holes at the interface. In Ref. [44] the authors
have studied the case of the CoTiSb/NiTiSn heterojunction.
At the TiSb-Ni interface, which accommodates a 2DEG, elec-
trons are confined in a region of about 1.5 nm (15 A) around
the interface layer. At the Co-TiSn interface, there is a 2DHG
and the holes are confined in a slightly larger region of about
20 A around the interface. In our case of the FeVSb/NiTiSn
heterojunction, as shown in Fig. 6, the change in the DDOS
around the interface layer occurs in a region of about 20 A
around the Fermi level in the case of the Fe-TiSn interface and
a slightly thicker region in the case of the VSb-Ni interface.
Thus the electron and hole gas are confined in a similar region
as in Ref. [44].

C. Origin of the spin polarization at the interface

The emergence of interface spin polarization is not
straightforward to explain. In most ferromagnetic materials,
the Stoner theorem is enough to explain the occurrence of
ferromagnetism. Therefore, we will start our discussion based
on the Stoner model, even though it was developed for bulk
systems.

In materials where the Stoner criterion is fulfilled
[IN(Er) > 1, where I is the Stoner parameter and N(Er) is
the non-spin-polarized DOS at the Fermi level], the occur-
rence of magnetism is favored. To examine whether the Stoner
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FIG. 7. Atom-resolved nonmagnetic total density of states (DOS) of the transition-metal atoms at the two interface layers around the Fermi

level of the heterojunctions.

model can be applied to the interfaces, one should first esti-
mate the value of I and N(EF). For the latter in Fig. 7 we have
plotted the non-spin-polarized DOS around the Fermi level
for the atoms at the interface of heterojunctions except the
CoTiSb/CoVSn one, which is a nonmagnetic semiconductor.
One can easily see that the FeVSb/NiTiSn heterojunction for
both terminations presents a significantly larger DOS at the
Fermi level than all other cases which approach the value
of leV™".

To estimate the value of the Stoner parameter /, we can
use the relationship / = % proposed by Stollhoff ez al. [70]
for bulk materials, where U is and J are the Hubbard on-site
Coulomb repulsion and the exchange parameters, respec-
tively. These parameters are hard to extract experimentally
and their ab initio calculation is very demanding. In Ref. [71],
their values have been calculated for several Heusler mate-
rials including also some half-Heusler compounds using the
constrained random-phase approximation. For the transition-
metal atoms of half-Heusler compounds, the U parameters
calculated in Ref. [71] vary between 3 and 4 eV and the
J parameter is around 0.7 eV. We expect that since these
values are for bulk systems, in the case of 2D systems like
the ones studied here, the U values will be slightly larger
due to reduced screening stemming from the out-of-plane
atoms in the heterojunctions. Thus, using the U and J values
from Ref. [71], the relation mentioned above gives for the /
parameter a value of 1-1.4 eV. According to this, we should
expect that only the two terminations of the FeVSb/NiTiSn
heterojunction should present a spin-polarized electronic band
structure at the interface. But the Stoner model for itiner-
ant magnetism is a mean-field treatment missing the effect
of strong electronic correlations. The latter can induce also
magnetic order [72] as it seems to be the case for all the
other interfaces which present a low DOS at the Fermi level
as shown in Fig. 7 and do not fulfill the Stoner criterion.

D. Modified Slater-Pauling rules for interfaces

Slater-Pauling rules in the case of Heusler compounds were
initially formulated in the case of half-metallic Heuslers crys-

tallizing in the Cl1,, lattice as the one adopted by the present
compounds [13]. These rules connect the half-metallicity and
the magnetic properties in the case of Heusler compounds. It
was shown in Ref. [13] that the total spin magnetic moment
in the unit cell M; in up units is just the total number of
valence electrons in the unit cell, Z; minus 18 for half-metals
(M, = Z, — 18). This rule expresses the fact that in the spin-
down band structure, where the energy gap exists, there are
exactly 9 completely occupied bands. When Z; equals 18,
the total spin magnetic moment is zero. Since in the Heusler
compounds crystallizing in the Cly lattice, conventional an-
tiferromagnetism cannot occur due to symmetry reasons, the
18 valence electron Heusler compounds have to be semicon-
ductors or completely compensated ferrimagnetic half-metals.
This prediction is in agreement with the behavior of FeVSb,
CoVSn, CoTiSb, and NiTiSn compounds.

The question that rises is whether it is possible to formu-
late the Slater-Pauling rule in a way to connect the magnetic
properties of the studied heterojunctions with the total number
of valence electrons at the interface. To answer this question,
one should consider the (001) planes of the lattice shown in
Fig. 1, and we will use FeVSb as the example. The (001)
planes are made up either of pure Fe or mixed V-Sb atoms.
The FeVSb unit cell has in total 18 valence electrons; Fe
contributes 8 valence electrons, and the V-Sb atoms 10. In
a representation like the one shown in Fig. 8, each Fe plane
contributes 4 electrons to the bonds with the VSb plane on
its right and another 4 electrons to build up bonds with the
VSb plane on its left. Following the same reasoning, each
VSb plane contributes 5 electrons to each one of its two sides.
Thus in total 9 electrons contribute to the bonding between the
atoms in two consecutive layers. The same reasoning stands
also for NiTiSn, but now Ni planes contribute 5 electrons to
the bonds with each one of the neighboring TiSn layers, and
each TiSn layer contributes 4 electrons to the corresponding
bonds. At the VSb-Ni or TiSn-Fe interfaces shown in Fig. 8
we have now 10 or 8 electrons, respectively, contributing to
the bonding between the atoms at the interface layers. The
total number of these electrons is Z;/2, where Z; refers to
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FIG. 8. Schematic representation of the bonding in the two pos-
sible FeVSb-NiTiSn interfaces. For the half-metallic materials from
both sides of the interface, the bonds between the atoms at two
consecutive layers are built up from nine valence electrons. The
numbers on top of the arrows show the valence electrons contributed
by each layer (e.g., VSb has ten valence electrons which are split
for the bonds at the two sides of the VSb layer). At the interface,
the electrons contributing at the bonding are % (see Table II for the
definition). Thus the excess or shortage of valence electrons at the
interface with respect to the nine within the rest of the material is
% — 9. To achieve half-metallicity, these extra (less) valence elec-
trons should occupy (vacate) spin-up states leading to a modified
Slater-Pauling rule for the total spin magnetic moment at the inter-
face: MSP = 4 — 9, where MP" is in .

the compound built up from the atoms at the interface (e.g.,
NiVSb or FeTiSn in our case) and thus the difference with
the nine electrons of the perfect semiconducting interface
is Z;/2 — 9. This means that at the VSb-Ni interface there
is a surplus of one electron, while at the TiSn-Fe interface
there is a shortage of one electron. Thus the prerequisite for
half-metallicity at the interfaces is that the total spin magnetic
moment at the interface follows a modified Slater-Pauling rule
of the My = Z;/2 — 9 form.

To verify the validity of the proposed modified Slater-
Pauling rule, in Table II we present the calculated total spin
magnetic moment for all interfaces taking into account either
the two interface layers only or the whole cell used for the
calculations with respect to the ones predicted by the Slater-
Pauling rule. For the discussion, we take into account the
electronic character of the interface as presented in Fig. 4
where the (001) projected band structures for all interfaces
are presented. The calculated total spin magnetic moments
are very close to the ones predicted by the Slater-Pauling
rule for half-metallic behavior (deviation less than 0.05ug)
in the case in which FeVSb is part of the heterojunction and
Fe is at the interface as well as for the VSn-Ni interface.
If we examine the band structures presented in Fig. 4, the
Fe-VSn interface is a perfect half-metal. But even in the case
of the Fe-VSn interface, the calculated total spin magnetic
moment in the simulation cell is —0.46up, slightly deviat-
ing from the ideal —0.5up predicted by the Slater-Pauling
rule. This is due to the numerical accuracy of the Mulliken
population method in the QUANTUMATK code, which we
have employed when calculating the atomic spin magnetic

(@) FeVSb/CoTiSb __ (b) FeVSb/NiTiSn

T

FIG. 9. (a) Calculated intra-sublattice (Fe-Fe and V-V) and
inter-sublattice (Fe-V) Heisenberg exchange parameters as a func-
tion of distance for the interface and subinterface layers of the
FeVSb/CoTiSb heterojunction for both possible T-1 and T-2 interface
terminations. (b) The same as (a) for the FeVSb/NiTiSn heterojunc-
tion. For the definition of T-1 and T-2, see Figs. 1 and 5.

moments. In the case of the Fe-TiSb interface, the Fermi
level slightly crosses the spin-down valence band, while in
the case of VSb-Co and VSn-Ni interfaces, the Fermi level
slightly crosses the spin-down conduction band. Both types
of interfaces between the CoTiSb and CoVSn compounds are
semiconducting, in agreement with the Slater-Pauling rule.
For the rest of the interfaces, the Slater-Pauling rule is not
obeyed and the electronic character of the interfaces is no
longer half-metallic. The above discussion is reflected on the
calculated spin-polarization SP presented in the last column

of Table II. It is defined as Z&Zj , where n') is the density of
states at the Fermi level for the spin-up (-down) electrons. A
value of 100% means a half-metallic interface, while values
larger than 70% mean that more than 85% of the electrons at

the Fermi level are of spin-up character.

E. Exchange interactions and Curie temperature

In the last part of our study, we compute the Heisenberg
exchange parameters as discussed in detail in Sec. II. We have
chosen the FeVSb/CoTiSb and FeVSb/NiTiSn heterojunc-
tions since in their case atoms at the interface carry sizable
spin magnetic moments for both terminations. We present our
results in Fig. 9. The upper panels refer to Termination-1,
where the interface is Fe-TiSb (TiSn), and the lower panels
refer to Termination-2, where the interface layers are VSb-
Co(Ni). We restrict ourselves to FeVSb only, since only the
Fe and V atoms at the interface present significant spin mag-
netic moments, and we present the exchange constants as
a function of the distance for the Fe and V atoms at the
interface and subinterface layers. The first striking charac-
teristic feature in all cases is the strong negative exchange
parameters between the nearest-neighbor Fe-V atoms. This
is reflected in the antiparallel Fe-V spin magnetic moments,
which stabilize the magnetic order at the interface. In the
case of Termination-1, the V atoms are at the subinterface
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TABLE III. Calculated magnetic anisotropy energy (MAE)
provided per supercell simulation cell and the interface Curie tem-
perature T for the FeVSb/CoTiSb (NiTiSn) heterojunctions for both
possible interface terminations. In square brackets, we include the
MAE values in the case of the FeVSb/CoTiSb heterojunction assum-
ing that CoTiSb keeps its bulk lattice constant and relaxing FeVSb
lattice.

Semi-Heusler Interface MAE = (E| —E})
heterojunction termination (neVicell) Tc (K)
FeVSb/CoTiSb Fe|TiSb —121.3 [—209.8] 78
VSb|Co —76.6 [—104.9] 101
FeVSb/NiTiSn Fe|TiSn 8.5 187
VSb|Ni —24.9 248

layer, the V has negligible spin magnetic moments, and
the V-V exchange constants are vanishing. In the case of
Termination-2, the V atoms are at the interface layer and they
carry a sizable spin magnetic moment, as shown in Table II
(see also Fig. 5), and the V-V exchange interactions are
all positive, favoring the ferromagnetic alignment of the V
spin magnetic moments. For Termination-2, the interactions
between the Fe atoms located at the subinterface layer are
negligible as expected. Interestingly in the Termination-1
cases, the Fe-Fe exchange parameters are sizable for both
FeVSb/CoTiSb and FeVSb/NiTiSn heterojunctions favoring
the ferromagnetic alignment of the Fe spin magnetic moments
at the interface layers. =~ We used the calculated exchange
parameters to estimate the Curie temperature 7¢ within the
mean-field approximation (MFA), and we present our results
in Table III. In our calculation, we took into account exchange
interactions between atoms at six to seven layers around the
interface accounting for the interactions between atoms at
all layers having a spin magnetic moment larger than 0.1up.
The obtained values range from about 78 K to about 248 K,
being larger for the FeVSb/NiTiSn heterostructure and for
Termination-2 with respect to Termination-1. These values are
relatively small when compared to room temperature. Unfor-
tunately, no experimental data on the Curie temperatures exist
in the literature for comparison to establish the accuracy of
our calculations. Such a comparison would be necessary since
(i) MFA ignores spin-fluctuations, which are important, espe-
cially for low-dimensional magnets tending to overestimate
Tc, and (ii) for systems with small spin magnetic moments
(less than 1 ug), the exchange parameters J;; are underesti-
mated when using the linear-response theory (as is the case
here) and thus the 7¢ is also underestimated [73]. These two
phenomena induce competing errors, and this explains the
behavior of calculated 7¢ in bulk half-ferromagnetic Heusler
compounds; in the case of NiMnSn where the Mn spin mag-
netic moment is very large, the MFA overestimates the T by
about 400 K, while in Co,CrAl and Co,MnSi full-Heusler
compounds due to the much smaller spin magnetic moments,
MFA is much more accurate and underestimates 7¢ by about
50-100 K only [74]. In the case of the studied interfaces due
to the small spin magnetic moments at the interface, we expect
that the errors induced by the two competing phenomena will
almost cancel each other out, and the agreement with the ex-
periment will be even better than in full-Heusler compounds.

Finally, in Table III we also present the calculated values
of the magnetic anisotropy energy (MAE) for FeVSb in ueV
per simulation supercell. All systems possess small values of
MAE of the order of 0.1 meV. As shown in Ref. [75], even
very small values of the MAE lead to finite values of the
Curie temperature. In all cases, the easy magnetization axis
is parallel to the interface with the exception of Termination-1
in the FeVSn/NiTiSn system, where the easy magnetization
axis is perpendicular to the interface but the MAE is almost
vanishing. The magnetization easy axis is determined from the
interplay between the magnetoelastic, magnetosurface, and
shape anisotropies. The first two in the case of Fe layers at
the interface usually favor a perpendicular magnetization axis,
while shape anisotropy, which is the dominating contribution
in most cases, favors an in-plane magnetization axis [76]. As
discussed above, when we considered our supercells, FeVSb
adopted in all studied cases a cubic lattice, and we relaxed
the cell only of the other material in the heterojunction. This
explains the very small calculated MAE values. If the opposite
procedure takes place and now FeVSb is grown on top of the
other material (e.g., CoTiSb), the latter will adopt a cubic lat-
tice, and FeVSb will adopt the same in-plane lattice constant.
This will lead to a tetragonal structure for the FeVSb material
and much larger MAE values [12] since materials tend to
keep their unit-cell volume almost constant and change their
lattice parameters accordingly. We performed such MAE cal-
culations assuming the cubic lattice for CoTiSb and relaxing
the structure for FeVSb. We include our calculated results in
Table III. CoTiSb has a larger lattice constant in its bulk phase
with respect to FeVSb (see Table I). Thus FeVSb is consid-
erably strained, and with respect to the heterojunction where
it keeps its cubic lattice, MAE is considerably increased. The
increase of the absolute value of the MAE is 37% in the case
of the second termination, and almost double, 73%, in the case
of the first termination.

IV. SUMMARY AND CONCLUSIONS

Half-Heusler compounds, which have 18 valence electrons
per unit cell, like FeVSb, CoTiSb, CoVSn, and NiTiSn, are
well-known for their nonmagnetic semiconducting properties.
In the present study, we employed first-principles electronic
band-structure calculations and examined the properties of
the interfaces of the heterojunctions based on these four
half-Heusler compounds. First, we confirmed the nonmag-
netic semiconducting character of these compounds in their
bulk form. Then we used a supercell approach to study
the heterojunction interfaces considering the [001] axis as
the growth direction. Our results suggest the formation of
a two-dimensional electron (2DEG) or hole (2DHG) gas at
the interfaces. Several of these interfaces exhibit not only
metallic behavior but also magnetic behavior in some cases.
These unique characteristics make these structures potentially
useful for spintronic applications. To further understand the
magnetic properties of the interfaces of heterojunctions, we
developed a modified Slater-Pauling rule that is similar to
the corresponding rule for the bulk half-metallic half-Heusler
compounds. This rule connects the altered number of valence
electrons at the interface to the total spin magnetic moment
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at the interface and is a prerequisite for half-metallicity to
occur. We also calculated other properties of interest, such
as exchange parameters, Curie temperature, and magnetic
anisotropy energies.

Overall, our study adds to the growing body of knowl-
edge on the properties of half-Heusler heterojunction in-
terfaces and their potential for use in spintronic and
magnetoelectronic devices. We hope that our findings, com-
bined with recent experimental evidence for the presence of
2DEG at CoTiSb/NiTiSn heterojunctions [50], will increase
interest in these materials and their potential applications. We
expect our study to motivate future efforts and studies toward
the experimental realization of devices using the proposed
heterojunctions.
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