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High carrier mobility and a direct semiconducting band gap are two key properties of materials for elec-
tronic device applications. Using first-principles calculations, we predict two types of two-dimensional
semiconductors, ultrathin GeAsSe and SnSbTe nanosheets, with desirable electronic and optical prop-
erties. Both GeAsSe and SnSbTe sheets are energetically favorable, with formation energies of −0.19
and −0.09 eV/atom, respectively, and have excellent dynamical and thermal stability, as determined
by phonon dispersion calculations and Born–Oppenheimer molecular dynamics simulations. The rel-
atively weak interlayer binding energies suggest that these monolayer sheets can be easily exfoliated
from the bulk crystals. Importantly, monolayer GeAsSe and SnSbTe possess direct band gaps (2.56 and
1.96 eV, respectively) and superior hole mobility (∼ 20 000 cm2·V−1·s−1), and both exhibit notable
absorption in the visible region. A comparison of the band edge positions with the redox potentials
of water reveals that layered GeAsSe and SnSbTe are potential photocatalysts for water splitting.
These exceptional properties make layered GeAsSe and SnSbTe promising candidates for use in future
high-speed electronic and optoelectronic devices.
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1 Introduction

Two-dimensional (2D) layered materials with atomic
thickness, such as graphene, silicene, phosphorene, and
transition-metal dichalcogenides, have attracted exten-
sive interest because of their intriguing physical and
chemical properties and potential applications in future
electronics and optoelectronics devices [1–4]. Graphene
has been the most widely studied 2D material. However,
the gapless nature of graphene limits its practical appli-
cations in high-speed switching devices or photocatalysts
[5]. Transition-metal dichalcogenide monolayers possess
moderate band gaps suitable for field-effect transistors,
but their relatively low carrier mobilities are not as com-

*Special Topic: Graphene and other Two-Dimensional Materi-
als (Eds. Daria Andreeva, Wencai Ren, Guangcun Shan &
Kostya Novoselov).

petitive as those of the commonly used silicon [6, 7].
Phosphorene has a suitable band gap and high carrier
mobility [8]; however, phosphorus-based 2D materials
are unstable in air and tend to degrade very rapidly in
ambient air [9, 10]. It is thus desirable to explore novel
2D semiconductors with high carrier mobility, a moder-
ate direct band gap, and excellent stability.

Very recently, various ultrathin chalcogenide sheets
with superior chemical and physical properties have been
successfully synthesized [11–16]. For instance, group-
III and group-IV monochalcogenide monolayers exhib-
ited excellent air stability and high mobilities of up
to 12 700 cm2·V−1·s−1 [17–20]. Stable ternary bismuth
chalcogenide films [16], such as Bi2O2Se, have a band
gap of ∼0.8 eV and a high electron mobility of ∼ 29 000
cm2·V−1·s−1 at 1.9 K [21–24]. A ternary MnPSe3 mono-
layer exhibits strong absorption in the visible region,
photocatalytic activity for water splitting, and modest
carrier mobility (625.9 cm2·V−1·s−1) [25, 26]. Note that
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as a nanomaterial, GeAsSe is a semiconductor with a
moderate band gap of approximately 2.26 eV [27], which
is suitable for optoelectronic applications such as optical
amplification [28], nonlinear directional coupler switch
[29], and refractive index sensing [30]. Further, GeAsSe
is a layered crystal with weak interlayer interaction [31],
indicating that monolayer exfoliation from the bulk is
experimentally feasible. By using the strategy of atomic
transmutation [32], it should be possible to fabricate a
hypothetical SnSbTe structure that is similar to that of
GeAsSe, because the elements Sn and Ge, Sb and As,
and Te and Se belong to the same groups in the periodic
table.

In this work, our first-principles calculations predict
that monolayer GeAsSe and SnSbTe can possibly be
exfoliated from their layered bulk counterparts, like
graphene [33, 34]. Both GeAsSe and SnSbTe monolayers
exhibit excellent thermal and dynamical stability. More
importantly, layered GeAsSe and SnSbTe are predicted
to have a moderate band gap and ultrahigh hole mo-
bility, and their optical absorption spectra cover nearly
the entire incident solar spectrum. The band edge po-
sitions calculated using the accurate HSE06 functional
indicate that layered GeAsSe and SnSbTe could be effi-
cient catalysts for photocatalytic splitting of water. All
these results suggest excellent opportunities for future
(opto)electronic applications.

2 Computational methods

Density functional theory (DFT) calculations were per-
formed using the Vienna ab initio simulation package
(VASP 5.4) [35], using the plane-wave basis set with a
cutoff of 500 eV, the projector augmented wave poten-
tials [35, 36], and the generalized gradient approxima-
tion (GGA) parameterized by Perdew, Burke and Ernz-
erhof (PBE) [37] for the exchange-correlation functional.
The convergence criterion for the total energy was set
to 10−7 eV. The geometry optimization was considered
to be converged when the residual force on each atom
was less than 0.01 eV·Å−1. Uniform k-point meshes with
a spacing of ∼0.015 Å−1 were adopted to sample the
Brillouin zone of the unit cells [38]. A vacuum region
of 20 Å was added in the vertical direction to avoid
interactions between neighboring layers. Note that the
standard GGA functionals tend to underestimate the
band gap of a semiconductor; thus, a hybrid functional
(HSE06) [39, 40] was also used to compute the electronic
band structures of monolayer GeAsSe and SnSbTe with
the optimized geometries. The Grimme’s semi-empirical
DFT-D3 method [41] was adopted to describe the long-
range van der Waals (vdW) interactions. Phonon dis-
persion analysis was performed using the Phonopy code

based on density functional perturbation theory as im-
plemented in VASP [42]. Born–Oppenheimer molecular
dynamics (BOMD) simulations [43] using the PBE func-
tional were conducted to assess the thermal stability of
these monolayers. In the BOMD simulations, the initial
configuration of monolayers with a 4 × 2 × 1 supercell
was annealed under several selected temperatures. Each
BOMD simulation in the NVT ensemble lasted for 10
ps with a time step of 1.0 fs, and the temperature was
controlled by the Nosé-Hoover method [44].

3 Results and discussion

As shown in Fig. 1, monolayer GeAsSe and SnSbTe pos-
sess networks of puckered orthorhombic structures in the
xy plane. The structural parameters are given in Table
1. The puckered structures yield larger lattice constants
along the y direction than along the x direction. Mono-
layer GeAsSe has smaller lattice constants (5.14 Å along

Fig. 1 (a, b) are top and side views of the atomic struc-
tures of monolayer GeAsSe or SnSbTe. The unit cell is de-
noted by dashed lines. a and b represent the lattice constant
along x and y direction, respectively. The 2D Brillouin zone is
shown in (c), with high-symmetry points labeled. (d) Exfoli-
ation energy vs. separation distance d for monolayer GeAsSe
and SnSbTe in comparison with graphite, where d0 indicates
the van der Waals distance between adjacent layers in the
bulk crystal. The green, purple and orange balls represent
Ge/Sn, As/Sb and Se/Te, respectively.
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Table 1 Lattice constant (a, b), bond lengths of Ge-Se/Sn-Te (l1−2) and Ge-As/Sn-Sb (l1−3) and the angle (θ) of As-Ge-
Se/Sb-Sn-Te as shown in Fig. 1(a); formation energy of monolayers (∆H); electronic band gap (Eg); bond overlap population
for Ge-Se/Sn-Te and Ge-As/Sn-Sb bonds; The charge transfer from Ge/Sn to As/Sb and Se/Te atoms is also given for the
monolayer GeAsSe and SnSbTe by Hirshfeld charge analysis. “1-2” and “1-3” represent the bonds of Ge-Se and Ge-As for
monolayer GeAsSe, and Sn-Te and Sn-Sb for monolayer SnSbTe, respectively.

Material a b l1−2 l1−3 θ ∆H Eg Bond population Charge transfer

Å ◦ eV/atom eV 1-2 1-3 e

GeAsSe 5.14 10.40 2.39 2.52 114.77 −0.19 2.56 0.48 0.40 0.12

SnSbTe 5.87 11.89 2.78 2.89 113.82 −0.09 1.96 0.55 0.49 0.13

the x direction and 10.40 Å along the y direction) than
monolayer SnSbTe (5.87 Å along the x direction and
11.89 Å along the y direction). Population analysis [45]
reveals that monolayer GeAsSe is made of covalent bonds
with a bond overlap population of 0.48 for Ge–Se bonds
and 0.40 for Ge–As bonds, accompanied by a prominent
charge transfer of 0.12e from Ge to As and Se. Mono-
layer SnSbTe holds an even larger bond overlap popula-
tion (0.55 for Sn–Te bonds and 0.49 for Sn–Sb bonds)
and charge transfer (0.13e from Sn to Sb and Te). As
shown in Fig. 1, bulk GeAsSe is a natural pseudo-2D
crystal [31] possessing planar 2D networks of puckered
orthorhombic structures in the xy plane and vdW in-
terlayer stacking along the z direction. Hypothetically,
SnSbTe might possess a structure analogous to that of
GeAsSe. Furthermore, to examine the possibility of fabri-
cating monolayers from the layered crystal, we simulated
the exfoliation process and predicted the exfoliation en-
ergy with respect to the separation distance, as shown in
Fig. 1(d). The calculated exfoliation energy of graphite
is 0.30 J·m−2, which is consistent with an experimental
measurement (0.32±0.03 J·m−2) [34] and a previous the-
oretical value (0.32 J·m−2) [33]. For monolayer GeAsSe
and SnSbTe, the calculated exfoliation energies are 0.29
and 0.25 J·m−2, respectively, which are slightly smaller
than that of graphite. Hence, like graphene, monolayer
GeAsSe and SnSbTe can be prepared experimentally
from their bulk forms by mechanical cleavage or liquid-
phase exfoliation.

The stability of a 2D crystal is crucial for experimen-
tal fabrication and practical applications. To evaluate the
energetic stability of monolayer GeAsSe and SnSbTe, we
first calculated the formation energy ∆H, which is de-
fined as

∆H = (Etot − n1 × E1 − n2 × E2 − n3 × E3)/n, (1)

where Etot is the total energy of monolayer GeAsSe (SnS-
bTe), and E1, E2, and E3 are the energies per atom in
Ge (Sn), As (Sb), and Se (Te) solids, respectively. The
factors n1, n2, and n3 denote the number of Ge (Sn), As
(Sb), and Se (Te) atoms in the unit cell, respectively, and
the factor n represents the total number of atoms in the

unit cell. The calculated ∆H is −0.19 eV/atom for mono-
layer GeAsSe and −0.09 eV/atom for monolayer SnSbTe,
which are comparable to those of successfully synthesized
materials such as layered GeAs (−0.075 eV/atom) [46]
and GaTe (−0.37 eV/atom) [15]. The relatively low for-
mation energies reveal that the formation of monolayer
GeAsSe and SnSbTe is exothermic. The lattice dynami-
cal stability of monolayer GeAsSe and SnSbTe is assessed
by calculating the phonon dispersion curves, as shown in
Fig. 2(a). No imaginary phonon mode is observed, indi-
cating that the 2D GeAsSe and SnSbTe crystals are dy-
namically stable. We also performed BOMD simulations

Fig. 2 (a) Phonon dispersions of monolayer GeAsSe (left
panel) and SnSbTe (right panel). (b) Snapshots of the equi-
librium structures of monolayer GeAsSe at 1400 K (left
panel) and SnSbTe at 900 K (right panel) after 10 ps Born-
Oppenheimer molecular dynamic simulation. Ge, As, Se, Sn,
Sb and Te atoms are shown in blue, pink, orange, green, pur-
ple and yellow colors, respectively.
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to examine the thermal stability of these 2D structures
at elevated temperature. Even up to 1400 K (900 K),
monolayer GeAsSe (SnSbTe) can maintain its structural
integrity for at least 10 ps [Fig. 2(b)], indicating supe-
rior stability above room temperature. At 1500 K for
monolayer GeAsSe and 1000 K for monolayer SnSbTe,
the planar structures are highly distorted after 10 ps of
BOMD simulation (Fig. A1).

The electronic band structure and local density of
states (LDOS) of monolayer GeAsSe and SnSbTe are
computed using the HSE06 functional (Fig. 3). Mono-
layer GeAsSe and SnSbTe possess finite direct band gaps
of 2.56 eV and 1.96 eV at the Γ point, respectively. Tak-
ing monolayer GeAsSe as representative, the LDOS anal-
ysis reveals that the top valence bands stem mainly from
the 4p orbitals of Se atoms and partially from the 4p or-
bitals of Ge and As atoms, whereas the 4p orbitals of
Ge, As, and Se atoms together contribute to the bot-
tom conduction bands. The LDOS of monolayer SnSbTe
exhibits behavior similar to that of monolayer GeAsSe.
Further, the substantial overlap of the LDOS near the

Fermi level implies strong hybridization between the or-
bitals of Ge, As, and Se atoms. The effective masses
of electrons (me) and holes (mh) are calculated by fit-
ting parabolic functions to the conduction band mini-
mum (CBM) and valence band maximum (VBM), re-
spectively. The computed carrier effective masses are
generally in the range of 0.41m0–4.69m0 (m0 is the
electron rest mass) for monolayer GeAsSe and 0.42m0–
3.43m0 for monolayer SnSbTe (see Table 2). In particu-
lar, the effective electron mass could be as low as 0.41m0

along the y direction, indicating that the carriers in these
2D sheets are rather mobile. Moreover, the large longi-
tudinal/horizontal anisotropy of the mass makes them
promising candidates for carrier transport and rectifier
devices.

To examine the strain effect on the band gap, we com-
pute the electronic band structures of monolayer GeAsSe
and SnSbTe under various uniaxial and biaxial strains
up to ±3% (see Fig. A2 for details). The results indicate
that the band gap of monolayer GeAsSe (SnSbTe) de-
creases linearly from 2.76 to 2.39 eV (from 2.07 to 1.83

Fig. 3 (a, b) are the electronic band structures (left panel) and LDOS (right panel) for monolayer GeAsSe and SnSbTe,
respectively. Eg is the band gap denoted by the solid arrow. The representation of high-symmetry points of the first Brillouin
zone are illustrated in Fig. 1(c).

Table 2 Calculated carrier effective mass m, elastic modulus C, deformation potential constant (E1), and carrier mobility
(µ) along x and y directions for monolayer GeAsSe and SnSbTe at 300 K. NL represents the number of layers. m0 is the
electron rest mass.

Material NL Carrier mx my E1x E1y Cx Cy µx µy

m0 eV J·m−2 cm2·V−1·s−1

GeAsSe

1 h 4.69 1.39 0.45 0.10 31.53 32.96 275.92 18149.84

e 2.01 0.41 4.55 5.01 31.53 32.96 17.73 75.59

2 h 4.17 1.16 1.72 0.99 64.55 65.93 50.32 554.03

e 2.08 0.49 5.05 5.69 64.55 65.93 25.47 86.77

SnSbTe

1 h 3.43 2.33 0.31 0.05 17.46 18.68 389.31 21308.35

e 1.39 0.42 4.36 3.66 17.46 18.68 18.39 92.92

2 h 4.67 2.41 2.01 1.85 45.90 41.05 15.25 31.37

e 2.16 0.57 5.40 4.18 45.90 41.05 13.80 78.45
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eV) under uniaxial strains of −3% to 3%, and from 2.90
to 2.25 eV (from 2.15 to 1.69 eV) under biaxial strains of
−3% to 3%. For the multilayer sheets, as the layer thick-
ness increases, the band gap decreases monotonically (see
Fig. A3). Consequently, bilayer, trilayer, and bulk Ge-
AsSe preserve their semiconducting behavior, with indi-
rect band gaps of 2.39, 2.30, and 2.15 eV, respectively.
For SnSbTe, its bilayer, trilayer, and bulk systems also
remain semiconducting, with band gaps of 1.64 eV (indi-
rect), 1.25 eV (direct), and 0.89 eV (direct), respectively.

The band structures and LDOSs from the HSE06 cal-
culations yield band gaps of 2.56 eV for monolayer Ge-
AsSe and 1.96 eV for monolayer SnSbTe, which both
exceed the water redox potential (1.23 eV). In addition
to a band gap of the appropriate magnitude, band edges
that straddle the redox potential of water are necessary
for photocatalytic application. For the water splitting re-
action, the redox potential depends on the pH [47–50].
The standard reduction potential for H+/H2 was cal-
culated as EH+/H2 = −4.44 eV + pH ×0.059 eV, and
the oxidation potential for O2/H2O was calculated as
EO2/H2O = −5.67 eV + pH ×0.059 eV. Figure 4 shows
the band alignments of layered GeAsSe and SnSbTe with
respect to the redox potential of water splitting at pH =
0 and 7. The calculations show that the band edges of
monolayer, bilayer, and trilayer GeAsSe at pH = 0 and
7 all straddle the redox potential of water, indicating
that layered GeAsSe is a good candidate for use as a
photocatalyst without an external bias voltage in acidic
and neutral environments. The band edges of monolayer
SnSbTe satisfy the conditions for water splitting at pH
values of both 0 and 7. Bilayer SnSbTe is suitable for wa-
ter splitting in neutral environments, whereas its VBM
almost overlaps the oxidation potential of O2/H2O at
pH = 0. Thus, it has only limited capacity to split water

by producing oxygen in an acidic environment. Trilayer
SnSbTe may not provide sufficient potential to drive wa-
ter splitting owing to its small band gap. Therefore, our
calculations of the band gaps and band edge positions
using the accurate hybrid HSE06 functional predict that
layered GeAsSe and monolayer SnSbTe are suitable pho-
tocatalysts for water splitting.

Another important requisite for photocatalytic water
splitting is that the material should capture a significant
fraction of the visible spectrum, which accounts for more
than 40% of the solar spectrum [25]. To examine the per-
formance under light, the optical absorption coefficients
(defined as the decay of light intensity spreading in a unit
length of the medium) of monolayer GeAsSe and SnSbTe
are obtained by computing the complex dielectric func-
tions based on the HSE06 functional, as shown in Fig. 5.
Monolayer GeAsSe and SnSbTe exhibit obvious optical
absorption in the visible spectrum, with an absorption
coefficient of up to 105 cm−1, which is comparable to
those of bulk MoS2 [(0.1–0.6) × 106 cm−1] [51]. These
characteristics, along with the direct moderate gaps and
favorable band edges, should give monolayer GeAsSe and
SnSbTe satisfactory performance for photocatalytic wa-
ter splitting.

To further evaluate the performance of monolayer Ge-
AsSe and SnSbTe as photocatalysts and electronic ma-
terials, their carrier mobility µ is calculated for quan-
titative evaluation of the electron/hole transport along
specific directions. On the basis of the Takagi model
within the deformation potential approximation [52–54],
the acoustic phonon-limited carrier mobility µ can be
derived as

µ =
eℏ3C2D

kBTmmd(E1,i)2
, (2)

Fig. 4 The location of VBM and CBM relative to vacuum energy calculated with HSE06 functional of monolayer, bilayer
and trilayer GeAsSe and SnSbTe. The redox potentials of water splitting at pH = 7 (orange dashed lines) and pH = 0 (green
dashed lines) are shown for comparison.
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Fig. 5 Optical absorption coefficient for monolayer GeAsSe
(a) and SnSbTe (b). λ is the wave length. The area between
the red and the purple represents the visible range.

where e is the electron charge; ℏ is the reduced Planck
constant; kB is the Boltzmann constant; T is the tem-
perature; m is the effective mass along the transport
direction; md =

√
mm⊥ is the average effective mass

(m⊥ is the effective mass perpendicular to the trans-
port direction); and C2D is the elastic modulus of the
2D sheet, which is determined by varying the lattice pa-
rameter l along the transport direction via ∆E/S0 =
C2D(∆l/l)2/2 (∆E is the energy change of the system
under lattice deformation ∆l, and S0 is the area of the
2D sheet). E1,i represents the deformation potential con-
stant of the VBM for a hole or the CBM for an elec-
tron along the transport direction, which is defined as
∆V /(∆l⁄l) (∆V is the band edge shift under lattice de-
formation). All the data were calculated using a strain
step of 0.5%. A room temperature value of 300 K was
used in the mobility calculations. It has been demon-
strated that the present scheme for computing the car-
rier mobility is not only computationally efficient but
also physically reasonable [55, 56].

As shown in Table 2, the hole mobilities of monolayer
GeAsSe and SnSbTe, which are in the range of 275.92–
21 308.35 cm2·V−1·s−1, are much larger than those of
electrons (17.73–92.92 cm2·V−1·s−1). Furthermore, the
carrier mobility shows a rather pronounced anisotropy
with a large longitudinal/horizontal ratio of up to 65,
and it is thus essential to control the carrier transport di-
rectionally to enhance device performance. More impor-

tantly, the hole mobilities of these two monolayer materi-
als are very high, approximately 20 000 cm2·V−1·s−1 for
monolayer SnSbTe, which could be comparable with that
of phosphorene calculated by the same method [55, 57].
Our theoretical results suggest that monolayer GeAsSe
and SnSbTe should be promising candidates for 2D elec-
tronic and optoelectronic devices with highly efficient
carrier transport.

The high carrier mobility of both materials can be at-
tributed to their relatively small effective mass, large
elastic modulus, and small deformation potential con-
stant. These systems show large C2D values of up to 33
J·m−2, which is comparable to that of phosphorene (29
J·m−2) [55]. The deformation potential constant E1,i is
another important factor for carrier mobility. It reflects
the strength of electron–phonon coupling and is deter-
mined by the band edge shift under lattice variation
due to acoustic phonons. E1,i could be as low as 0.05
eV for monolayer SnSbTe (this value is much smaller
than that of phosphorene, 0.15 eV), which can signifi-
cantly enhance the carrier mobility. In addition to the
monolayer systems, we considered bilayer GeAsSe and
SnSbTe and calculated their carrier mobility. As shown
in Table 2, the carrier mobility of bilayer GeAsSe and
SnSbTe ranges from 13.80 to 554.03 cm2·V−1·s−1; the
values are substantially smaller than those of the mono-
layers but comparable to those of common 2D materials
such as MoS2. The relatively high carrier mobility of bi-
layer systems also results from the small effective mass
(∼0.42m0), low deformation potential constant (∼0.99
eV), and large elastic modulus (∼65.93 J·m−2). These
results imply that layered GeAsSe and SnSbTe materials
have excellent potential for use in 2D electronic devices.

Note that a recent work reported the electronic prop-
erties (band structure and carrier mobility) of monolayer
GeAsSe using a 2× 1 supercell [58]. After geometry op-
timization, however, the atomic structure of the super-
cell would differ from that of the 1 × 1 unit cell, so the
electronic properties might be inaccurate. Therefore, the
current calculations using a 1×1 unit cell might be more
reliable. Here we further investigated the water splitting
activity and optical properties of monolayer GeAsSe and
SnSbTe. Our calculations indicate that both 2D materi-
als not only have high carrier mobility but also are suit-
able for use as photocatalysts for water splitting, with
strong absorption in the visible region.

4 Conclusion

We predicted that two new 2D semiconductors, GeAsSe
and SnSbTe, possess excellent stability and various ex-
ceptional electronic properties. Monolayer GeAsSe and
SnSbTe sheets are energetically favorable and have ex-
cellent dynamical and thermal stability. The relatively
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weak interlayer binding energies of GeAsSe and SnSbTe
indicate that both 2D monolayers could be obtained ex-
perimentally by exfoliating the corresponding bulk crys-
tal. Importantly, monolayer GeAsSe and SnSbTe have
moderate direct band gaps (2.56 and 1.96 eV, respec-
tively) and superior hole mobility (18 150 and 21 308
cm2·V−1·s−1, respectively). The carrier mobility of the
bilayer systems could be as high as 554 cm2·V−1·s−1. The
calculated band gaps and band edge positions suggest
that these layered materials may be suitable photocat-
alysts for water splitting. In particular, both monolayer
GeAsSe and SnSbTe exhibit evident absorption in the
visible region. All of these findings suggest that mono-
layer GeAsSe and SnSbTe are promising candidate ma-
terials for high-speed electronics devices, optoelectronics
devices, and photocatalysis applications.
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Appendix A Supplementary information

Fig. A1 Structure snapshots of (a) monolayer GeAsSe at
1500 K and (b) monolayer SnSbTe at 1000 K from BOMD
simulations. Each simulation has been lasted for 10 ps.

Fig. A2 Strain effect on the band gap of monolayer Ge-
AsSe and SnSbTe based on HSE06 level.

Fig. A3 Electronic band structures of (a) Ge-
AsSe and (b) SnSbTe for bilayer (left panel), tri-
layer (middle panel) and bulk (right panel), re-
spectively. Eg is the band gap denoted by the
blue solid arrow. The Fermi levels are set to zero.
The representation of high-symmetry points of the
first Brillouin zone for bilayer and trilayer systems
are illustrated in Fig. 1(c). The high-symmetry
points of the first Brillouin zone for bulk sys-
tems Γ (0, 0, 0), Z (0, 0, 0.5), T (−0.5, 0, 0.5),
X (−0.5, 0, 0), S (−0.5, 0.5, 0), Y (0, 0.5, 0), U
(0, 0.5, 0.5), and R (−0.5, 0.5, 0.5).
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