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ABSTRACT: Thin films of rare-earth monopnictide (RE-V) semimetals are
expected to turn into semiconductors due to quantum confinement effects
(QCE), lifting the overlap between electron pockets at Brillouin zone edges
(X) and hole pockets at the zone center (I'). Instead, using LaSb as an
example, we find the emergence of the quantum spin Hall (QSH) insulator
phase in (001)-oriented films as the thickness is reduced to 7, S, or 3
monolayers (MLs). This is attributed to a strong QCE on the in-plane electron
pockets and the lack of quantum confinement on the out-of-plane pocket
projected onto the zone center, resulting in a band inversion. Spin—orbit

3D RE-V 2D RE-V

semimetal QSHI /RE-d
N

coupling (SOC) opens a sizable nontrivial gap in the band structure of
ultrathin films. Such effect is anticipated to be general in rare-earth monopnictides and may lead to interesting phenomena
when coupled with the 4f magnetic moments present in other members of this family of materials.

KEYWORDS: rare-earth monopnictide, quantum spin Hall insulator, even and odd band gap oscillation, quantum confinement effect,

thin film

are-earth monopnictides, with a simple rock-salt crystal
Ktmctnre shown in Figure la, are fully compensated
emimetals with electron pockets centered at three X

points and two hole pockets at I', as shown in Figure 1b for
LaSb. RE-V thin films have been epitaxially grown on III-V
semiconductors (I[I—Vs).'™ These films are sought as
structurally perfect, lattice-matched epitaxial contacts to III—
Vs,"" as well as nanoparticles embedded in III-Vs for
thermoelectric and terahertz applications.”™'° Some members
of this family of materials display other interesting properties
such as extremely large magnetoresistance and nontrivial
topological phase, including the recently observed Fermi arcs
due to magnetic splitting in the antiferromagnet NdBi.''~"*
The relatively small overlap in energy between the electron and
hole pockets results in modest carrier densities and has led
researchers to anticipate that this overlap could be lifted and a
band gap opened in structures with reduced dimensions, such
as nanoparticles or thin films, as a result of quantum
confinement effects.”*"’ However, to date, these expectations
have not been met, and the reasons for this remain unknown.
Through first-principles calculations for thin films of
LaSb(001) (used as a representative of this class of materials),
we show that an orbital-selective quantum confinement effect
ultimately leads to a quantum spin Hall phase for films that are
7, 5, or 3 monolayers thick, with an inverted band gap in the
bulk and helical spin-momentum locked edge states.
Calculations of the Z, topological invariant, spin-resolved
band structure of a nanoribbon and a semi-infinite ribbon
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confirm the nontrivial topology in these ultrathin films. Our
calculations reveal how quantum confinement selectively
affects the electron pockets lying along the plane of the film
(denoted by a and centered at X, and X, see Figure 1b—d)
and along the normal direction (centered at X.), and explain
the semimetallic behavior of thin films that ultimately
transform into a QSH phase as the thickness is reduced to
7-ML or less. These results contribute to advancing the
realization of intrinsic QSH phases in wafer-scale material
systems, adding to the demonstrations based on HgCdTe/
CdTe quantum wells””*" and monolayer transition-metal
dichalcogenides,”* *® as well as some other recent pro-
posals.”” >’

RESULTS AND DISCUSSION

The band structure of bulk LaSb using the 2-atom primitive
cell is shown in Figure 1d. More detailed orbital-resolved band
structures are shown in Figure S1—S3. There are three electron
pockets, centering at X,, X, and X, that are bands derived
from La Sd orbitals and two hole pockets (5 and &, centered at
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Figure 1. Structure and electronic properties of LaSb, representative of a typical semimetallic RE-V. (a) Conventional rock-salt crystal
structure, the green and cyan arrows representing the unit vectors of the bulk primitive unit cell and tetragonal unit cell, respectively. (b)
Fermi surface of semimetallic RE-V featuring two hole pockets at I and three equivalent electron pockets at X points. (c) 3D Brillouin zone
(BZ) of RE-V fec crystal structure and its projection onto (001) plane (yellow plane); also shown is the 3D BZ of the tetragonal unit cell
(blue square prism inside the BZ of the primitive fcc cell). (d) Band structure of bulk LaSb using a primitive unit cell exhibiting major
contribution from La d bands to electron pockets and Sb p bands to hole pockets, and (e) using a 4-atom tetragonal unit cell showing the
band folding (M and X points in blue in c). Visualization of the wave functions of the electron pockets centered at (f) X,, (g) X,, and (h) X,
(yellow and cyan lobes represent the + and — signs of the wave functions).

I') derived from Sb Sp orbitals crossing the Fermi level, and
leading to full compensation, ie., the total numbers of
electrons and holes are equal. This overlap is overestimated
in Generalized Gradient Approximation functionals of Density
Functional Theory (DFT-GGA), resulting in artificially higher
carrier concentrations compared to experimental values, while
the screened range-separated hybrid functional of Heyd—
Scuseria—Ernzerhof (HSE06) gives carrier concentrations in
better agreement with experiments.’’ As can be seen in Figure
1b, the electron pockets are highly anisotropic with each
ellipsoid’s semimajor axis along the corresponding Cartesian
axis, and the semiminor axis perpendicular to it. The hole
pockets, however, are more isotropic with the inner spherical-
like pocket # and the outer warped double pyramid pocket 8.
In the following, we show that the quantum confinement in
thin films selectively affects the electron and hole pockets,
according to their effective masses (band curvature) and the
directional distribution of the corresponding wave functions,
leading to band inversions and the emergence of the QSH
phase in ultrathin films.

The electronic band structure of a free-standing slab with 15
monolayers (15-ML) is shown in Figure 2a, along M—I'-X,
where I\_/Lis the projection of the two high symmetry points X,
and X, I is the projection of I" and X,, and X is the projection
of the L points onto the 2D BZ of the thin films (Figure lc).
We note that the electron pockets at M (corresponding to X,
and X,) are shifted upward in energy while the electron pocket
at I' (projected from X,) remains nearly unchanged. At the M
point, there are two sets of electron pocket subbands with
quite different dispersions: one set has low dispersion (high
effective mass), while the other set exhibits large dispersion
(low effective mass).

\\\\

(©)
7-ML

Energy (eV)

M r Xm r XM r X

Figure 2. Electronic structure of freestanding films of LaSb with
the thickness of (a) 15-ML, (b) 9-ML, (c) 7-ML, (d) 5-ML, (e) 3-
ML, (f) 1-ML. Due to the orbital-selective quantum confinement
effect on the electron pockets at M and I, a phase transition from
topologically trivial semimetal in 15-ML film to nontrivial
insulator in 7-, 5-, 3-ML films and eventually trivial insulator in
1-ML film can be observed. The inset in f shows a noninverted gap
of 44 meV in 1-ML film.

The electronic structure of the 9-ML thick slab is shown in
Figure 2b, indicating a semimetal on the brink of having an
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electron pocket at M above the Fermi level. For the 7-ML and
S-ML thick slabs, Figure 2¢,d show that the electron pockets at
M are above the Fermi level due to the QCE, and inverted
band gaps at I are opened in the presence of SOC, indicating
the emergence of a 2D (or quasi 2D) QSH insulator
phase.””*"”"> The gaps at M and T are larger in the 3-ML
thick film (Figure 2e). At the ultimate limit of 1-ML thick, the
LaSb film becomes a normal insulator thanks to the quantum
confinement lifting up the overlap (at ') between the
projected electron pocket from X, and hole pockets, leading
to a normal band ordering (Figure 2f, the inset shows a trivial
gap of 44 meV).

As described above, the electronic structure of LaSb films
evolves from a semimetal with trivial topology to a nontrivial
insulator as the film thickness decreases to a few MLs. The
topologically nontrivial electronic structure follows a band
inversion, as shown in Figure 3b for the case of 3-ML thick
film. To confirm the nontrivial topological nature of the 3-ML
LaSb film, we calculated the Z, topological invariant using the
Fu—Kane formula (parity criteria)*® as well as the Fukui—
Hatsugai method,” obtaining Z, = 1. The topological
characteristic is further corroborated by following the
evolution of the Wannier charge center (WCC) as a function
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Figure 3. Signature of the quantum spin Hall insulating phase in
the LaSb 3-ML thick film. (a) 2D BZ of the thin film and 1D BZ of
the corresponding ribbon (blue line) with the periodic direction
along x. (b) Projected band structure near the Fermi level (set at 0
eV) displaying an inverted band gap at I, and (c) the Wannier
charge center evolution of the 3-ML thick freestanding film
exhibiting the nontrivial topological property as the red dashed
reference line crossing the evolution line (represented by filled
blue circles) an odd number of times. (d) Electronic structure of
the ribbon made from the 3-ML thick film showing the presence of
edge states crossing at Fermi level as highlighted by red lines in the
inset, and (e) electronic structure of a semi-infinite wide ribbon
made from the 3-ML thick LaSb film obtained from Wannier
orbital-based Tight-binding Hamiltonian and the spin-resolved
edge states shown in the inset.

of momentum, shown in Figure 3c, indicating the topological
nontriviality as the red-dashed reference line cuts through the
WCC evolution line an odd number of times.

Based on the bulk-boundary correspondence, we expect the
existence of spin-momentum locked edge states in the QSH
insulator phase of LaSb(001) ultrathin films.*" We searched for
the presence of these spin-polarized edge states by calculating
the band structure of a nanoribbon cut from the 3-ML infinite
film along the [100] direction. We found that the nanoribbon
must be at least S0 MLs wide (~16 nm) to avoid interactions
between the two opposite edges of the ribbon. The electronic
structure of the 3-ML thick, 50-ML wide nanoribbon is shown
in Figure 3d, where the edge states cross at the 4-fold
degenerate Dirac point I', represented by a pair of red lines in
the vicinity of " in the inset. The corresponding spin-resolved
electronic structure in Figure 3e, obtained by the iterative
surface Green’s function method,* for a semi-infinite ribbon
structure, and the spatial distribution of spin-resolved wave
functions of edge states shown in Figure S4, clearly
demonstrate the helical spin-momentum locking of the edge
modes, thus confirming the presence of the QSH insulator
phase in the 3-ML thick film.

For 7-ML or 5-ML thick films, there are two sets of band
inversions (see Figure SSa,e), thus no time-reversal symmetry-
protected edge states are expected, ie., spin scattering from
spin-up to spin-down channels on the same edge is
possible.*®*” Therefore, they are classified as trivial band
insulators with the topological invariant Z, = 0. However, one
pair of inverted bands can be removed when a small biaxial
tensile strain is applied to films deposited on an appropriately
chosen substrate. Such an approach has been investigated
theoretically’® and recently demonstrated ex;)erimentally in the
case of RE-Vs grown on III-V substrates. ? This biaxial (or
epitaxial) strain allows for selective lifting of the overlap
between one pair of electron and hole subbands, resulting in an
odd number of band inversions so that a QSH insulator phase
can also be realized in 5-ML and 7-ML thick films (see Figure
SS¢,d,gh).

To understand the electronic structure of (001)-oriented
films, we turn to the band structure of LaSb in the tetragonal
unit cell, with two formula units, at k, = 0, as shown in Figure
le, since it has the same symmetry as that of the (001)-
oriented films, i.e, we can build an (001)-oriented film unit
cell from the tetragonal unit cell. Its corresponding BZ is
highlighted by the blue square prism inside the BZ of the
primitive cell in Figure Ic. The electron pocket at T
overlapping in momentum and energy with the hole pockets,
corresponds to the pocket at X, due to the folding of the BZ
along k, (see more details in the orbital-resolved band
structures in Figure S1—S3, especially Figure S1b, S2c, S3c).
It can also be viewed as the projection on the k,—k, plane of
the ellipsoid along k_ in the Fermi surface of the primitive cell
(Figure 1b).

At the M point in Figure le, there are two electron bands
with different dispersions: the lower dispersion band composed
of La d,, (Figure S1b and S2a), originally from the pocket at
X,, with the dispersion along the semimajor axis ['=X|, and the
higher dispersion counterpart originating from the projection
of the semiminor axis X,—W, of the pocket at X, from the
adjacent BZ (the path connecting X, to X, and highlighted in
blue in Figure 1c). Thus, the three electron pockets in the BZ
of the primitive cell reside in two locations in the BZ of the
tetragonal unit cell, ie, X, and X, at M, and X, at I, and
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ultimately dictate the effects of quantum confinement upon
reduction of the film thickness.

The two electron pockets at M in the bulk give rise to
subbands in the (001)-oriented thin films at M. The low-
dispersion set of subbands originates from the La d,, orbital
interaction taking place along the semimajor axis F—Xy, while
the high dispersion set of subbands originates from the
semiminor axis X,—W, due to the in-plane interaction of La
d,, featuring a stronger interaction and hence a smaller
effective mass. Thus, the gaps at the X, and X, points in the
bulk correspond to the gap at the M point in the thin film, and
the energy separation of the subbands at M is associated with
the dispersion, or effective mass, of the electron band at X,
(X,). At T, however, the electron pocket, projected from X,
overlaps with hole pockets. Since these electron bands are
composed of La d,, orbitals, the wave functions are distributed
in the plane of the film and, therefore, are not affected by the
reduction in the film thickness, maintaining its semimetallic
character until the thickness reaches 7 or fewer ML, at which
point a gap emerges due to the band inversion and SOC.

The transition from the trivial semimetal to the QSH phase
as the thickness is reduced in the thin films can be understood
by analyzing the effects of quantum confinement on the
electron pockets at X, X,, and X,. The spatial distribution of
the single-particle wave functions at the three X points is
shown in Figure 1f-h. At X, (Xy), the wave function is
composed of La d,, (d,,) orbitals (Figure S1b), resulting in a
low dispersion along the semimajor axis I'-X, (I'=X,) since
most of the orbital interaction occurs along the direction
normal to their charge distribution, as depicted in Figure 1f,g.
Meanwhile, the same band has a higher dispersion along the
perpendicular direction, i.e., the electron pocket’s semiminor
axis X—W, thanks to the strong orbital interaction in the plane
of their distribution (yz and xz planes for pockets at X, and X,,
respectively). At X,, on the other hand, the wave function is
composed of La dxy orbital, i.e,, lying in the xy plane and with
small overlap along the [001] or z direction (Figure 1h).
Therefore, the quantum confinement in (001)-oriented thin
films will affect mostly the electron pockets whose wave
functions are largely distributed in the planes perpendicular to
the film, i.e., the pockets centered at X, and X; the electron
pocket at X, will be marginally affected as the thickness of the
film is reduced because the corresponding wave function is
spread mostly in the plane of the film.***'

Taking a closer look at the thickness-dependence of the
electronic structure of the thin films, there is a striking
difference between films having even and odd numbers of
monolayers (Figure 4 and S6), particularly near the Fermi
level. As the thickness of the film decreases, the QCE is
stronger, resulting in gradually larger subband separations. The
quantum confinement also affects the size of the gap at the M
and I points, which oscillates when going from an odd to an
even number of ML, as shown in Figure S6 and Figure 4,
respectively.

The variation in the gap size of the thin films around the I'
point with odd and even numbers of MLs can be explained by
the difference in their symmetry. The films having an odd
number of MLs belong to a symmorphic symmetry group
(space group number 123 with point group P4/mmm) while
the films with an even number of MLs possess a non-
symmorphic symmetry group (space group number 129 with
point group P4/nmm). This leads to a distinction in the
symmetry of the bands around the Fermi level, as shown in

\,

M <~T—>XM <= T—>XM < T—X
Figure 4. Electronic structures in the proximity of the I' point of
LaSb freestanding thin films with an even/odd number of MLs.
Red dashed lines and blue lines indicate bands without and with
SOC, respectively. Irreps of relevant bands are denoted by
capitalized Greek letters.

Figure 4e,f taking 3-ML and 2-ML films as examples. For the 3-
ML film, one electron band and two hole bands overlap in the
proximity of I, leading to a band inversion at I in the absence
of SOC (represented by red dashed lines). Crucially, one of
the hole bands has the same symmetry as that of the electron
band (irrep %,, Figure 4e), leading to a gap opening due to
their mutual interaction. However, the other hole band with a
different irrep (X,) does not interact with the electron
counterpart, resulting in a semimetallic phase with a
degeneracy of the two hole bands at the I' point (see more
detail in Figure S7). This inverted band gap semimetal with a
degenerate point at the zone center is similar to bulk HgTe,*
giving rise to a topological semimetal phase. The degeneracy in
bulk HgTe is protected by its crystal symmetry and is stable
even in the presence of SOC; it is only lifted, and a tiny gap
opens when the bulk crystal symmetry is broken, i.e., in the
thin film structure (quantum well). For the 3-ML LaSb film,
however, the degeneracy is not stable under the influence of
SOC since it can be considered as a projection from the
original degeneracy of the top two hole bands at the X, point
of the bulk when SOC is not taking into consideration. As a
consequence, when turning on SOC, a sizable inverted gap
comparable to the SOC splitting between f and 6 bands at the
bulk X point is observed, resulting in a nontrivial topological
phase as described above.

On the other hand, for the 2-ML film, the two hole bands
and the electron band have different symmetries, characterized
by irreps X, Z,, and X, respectively (Figure 4f). Therefore, in
the absence of SOC, those bands would cross if they were
overlapping in energy since their interactions are prohibited by
symmetry, i.e, as in the case of the 4-ML thick film shown in
Figure 4d without SOC. When SOC is turned on, the highest
hole band and the electron band overlap in energy, leading to
an SOC-induced gap opening. However, this gap is tiny since
the SOC represents only a small perturbation, the relevant
orbital interaction is not allowed by symmetry. Similar
arguments can be applied to understand the sizable inverted
gaps in the other films with odd number of MLs such as the 5-
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ML and 7-ML, as well as the calculated essentially zero gaps in
the films with even number of MLs such as the 4-ML and 6-
ML films.

The effects discussed here are expected to occur for all
materials in the family of RE-Vs with RE = Sc, Y, La, ..., Lu and
V = As, Sb, Bi since they have the same crystal structure and
similar orbital composition of the bands near the Fermi level.
Note, however, that some of the Bi-based compounds already
show nontrivial topology in the 3D bulk due to the crossing of
the Bi 6p and the rare-earth 5d bands near the X point. '
The As- and Sb-based compounds are all topologically trivial
semimetals and hence are all expected to become topologically
nontrivial when made as few monolayers thick, (001)-oriented
ultrathin films. Apart from the case of Sc-, Y-, La-, and Lu-
based compounds, where the RE 4f orbitals are completely
empty or filled, other RE-Vs exhibit magnetic ordering at low
temperatures.””~* This creates an opportunity to combine
nontrivial topology with spin magnetism, potentially leading to
the emergence of novel phenomena such as 2D antiferro-
magnetic topological insulators,*~** the quantum anomalous
Hall effect in Chern insulators,*”* and the presence of Fermi
arcs resulting from an unconventional magnetic splitting.'®
Further discussion on the effect of partially filled 4f states is
provided in Supporting Information, Note S2.

Experiments have already demonstrated the epitaxial growth
of RE-Vs thin films on conventional III-V substrates down to
a few MLs thick. Scanning tunneling spectroscopy measure-
ments on GdSb/GaSb has explored the possibility of turning
GdSb semimetal into a semiconductor in ultrathin films, yet
failing.”’51 The authors, however, were not searching for edge
states at that time. We also note that the presence of metallic
interface states at the interface RE-Vs/III—Vs> might lead to
difficulties in identifying the spin-momentum locked edge
states and that perhaps a different substrate with different
bonding at the interface might be required. In the case of LaSb,
the utilization of rock-salt substrates such as MgTe, CaTe, or
SrTe is recommended, as these materials would help mitigate
the presence of interface metallic states, thereby facilitating the
observation of the spin-momentum locked edge states in the
RE-Vs thin films.

CONCLUSIONS

In conclusion, we investigated the electronic structure of
nonmagnetic RE-Vs thin films at various thicknesses using first-
principles calculations employing the hybrid functional HSE06,
taking LaSb as a case study. At the limit of 3-ML, we find the
emergence of the QSH insulator phase characterized by the
nontrivial Z, topological invariant and the presence of helical
spin-momentum locked edge states. Similar results can be
obtained for 5-ML and 7-ML films with an applied small
biaxial tensile strain. The quantum confinement in (001)-
oriented thin films has dissimilar effects on the electron
pockets centered at equivalent X points at the zone edges,
owing to their orbital composition. The directional nature of
the wave function associated with the electron pocket at X,
point, distributed mainly in the plane of the film, with weak
out-of-plane interactions, makes this pocket resistant to finite
size effects, leading to a band inversion, and a gap that opens
due to SOC, in the limit of very thin films. Our results indicate
that this effect is general for the RE-Vs, with a possibly
interesting combination of 4f magnetism with nontrivial
topological band structures in ultrathin films.

COMPUTATIONAL METHODS
53,54

First-principles calculations based on density functional theory as
implemented in the VASP code®>® have been performed for
structural optimization and electronic structure calculations. The
projector augmented-wave (PAW) method was used to describe the
ion core and valence electrons interaction.””*® The screened hybrid
exchange-correlation functional of Heyd—Scuseria—Ernzerhof
(HSE06)*”® was employed in all cases except the calculations of
the electronic structures of nanoribbons because these calculations
required very large unit cells. In that case, the generalized gradient
approximation (GGA) functional of Perdew—Burke—Ernzerhof
(PBE)®"** was used instead. A plane-wave basis set with up to
kinetic cutoff energy of 400 eV, and 12 X 12 X 12 k-point mesh for
bulk LaSb and 10 X 10 X 1 k-point mesh for thin films were used,
respectively. Due to large unit cell sizes of the LaSb nanoribbons, first-
principles calculations searching for the Jpresence of edge states were
performed using the OpenMX code.”*”® The code employs a linear
combination of pseudoatomic orbitals (LCPAO) as a basis set to
describe the electronic wave functions and reliable fully relativistic
norm-conserving fseudopotentials to accurately model the electron—
ion interaction.’® In addition, OpenMX achieves computational
efficiency by utilizing efficient algorithms such as fast Fourier
transforms and density matrix techniques to solve the Kohn—Sham
equations. We have used La8.0-s3p2d2f1 and Sb7.0-s3p2d2 basis sets
to expand the electronic wave functions, and sampled the BZ of
nanoribbons with a regular k-point mesh of 8 X 1 X 1. Cutoft energy
value up to 220 Ry was used in numerical integrations and the
solution of Poisson's equation. Spin—orbit coupling was self-
consistently considered in all calculations, unless otherwise stated.
To efficiently evaluate the bulk-edge correspondence, maximally
localized Wannier functions (MLWFs) based effective Hamiltonians
were constructed by wannierizing the HSEO06 first-principles
calculations, taking La d and Sb p as projectors, using Wannier90
code.”” A high-quality effective Hamiltonian was obtained by an
almost perfect matching of electronic band structures from an
MLWEF-based Hamiltonian and first-principles calculations as well as
the observation that the obtained Wannier functions are well
localized. Edge state spectra were then calculated by using the
surface Green’s function in iterative approach for semi-infinite
systems35 as implemented in WannierTools.*® Using MLWFs in
iterative calculations of the surface Green’s function offers several
advantages such as providing a compact basis set that reduces
computational complexity while allowing for an accurate representa-
tion of surface electronic states. Their exponential localization aids
convergence in the iterative technique, leading to faster and more
accurate calculations. Given a set of Wannier functions, their charge
centers are defined as the average positions of charge of the Wannier
functions that reside in the home unit cell. The winding of Wannier
charge centers in momentum space and the winding of Wannier
functions in real space are geometrically linked. When the Wannier
charge centers wind around a momentum direction in the Brillouin
zone, this implies that the corresponding Wannier functions are
undergoing a spatial winding or rotation in real space. The spatial
winding of Wannier functions can indicate the presence of nontrivial
topological properties in the material, such as the emergence of edge
states or the presence of a nonzero Chern number.®””° Within the
context of a 2D topological insulator, the displacement of WCC can
be used to describe the topological property of an electronic band
structure since it is relevant to the change in the Berry phase, i.e., both
quantities can be expressed in terms of Berry connection.’””"
Furthermore, in systems preserving both time reversal symmetry
and space inversion center, the topological invariant Z, number can
be obtained using the Fu—Kane formula (the parity criteria) by taking
the product of parity eigenvalues of all occupied bands (take one for
each Kramers pair) at time reversal symmetry momenta.”® The
eigenvalue of the parity operator and symmetry irreducible
representations (irreps) of electronic bands were determined using
the irvsp code.”” The method developed by Fukui and Hatsugai for
computing Z, invariants, which integrates the formula established by
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Fu and Kane and incorporates advancements in computing Chern
numbers within a lattice Brillouin zone through the utilization of
lattice gauge theory, was also employed to confirm the material’s
topological property.>*

The calculated lattice parameter of bulk LaSb is 6.547 A using
DFT-GGA and 6.518 A using the HSE06 hybrid functional, in good
agreement with previous calculations®® and the experimental value of
6.488 A;” the latter was adopted in the present study. Thin films were
simulated by using the supercell approach. The film structures were
built based on the tetragonal unit cell of bulk LaSb and adjusting the
number of single layers (or monolayers). A vacuum spacing larger
than 20 A was added along the [001] direction to avoid spurious
interactions between periodically repeated image cells along that
direction. In the case of 5-ML and 7-ML films, we also applied (001)
biaxial tensile strain of (1% to 3%, and 3% to 5%, respectively) to tune
the band gap and the topology. Nanoribbon structures were built by
selecting a single periodic dimension, i.e., the [100] direction, and a
finite width in the perpendicular direction within the film plane, i.e.,
the [010] direction. All of the atoms in the supercells were allowed to
relax until the forces on each atom converge to a threshold smaller
than 0.01 eV/A while keeping the lattice constants of the supercell
fixed.
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