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Using first-principle calculations, we predict a new family of stable two-dimensional (2D) topological insulators (TI),
monolayer BezX; (X = C, Si, Ge, Sn) with honeycomb Kagome lattice. Based on the configuration of Be3C,, which has
been reported to be a 2D Dirac material, we construct the other three 2D materials and confirm their stability according to
their chemical bonding properties and phonon-dispersion relationships. Because of their tiny spin—orbit coupling (SOC)
gaps, Be3C, and BesSi, are 2D Dirac materials with high Fermi velocity at the same order of magnitude as that of graphene.
For Be3Ge; and Be3Snjp, the SOC gaps are 1.5 meV and 11.7 meV, and their topological nontrivial properties are also
confirmed by their semi-infinite Dirac edge states. Our findings not only extend the family of 2D Dirac materials, but also

open an avenue to track new 2DTI.
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PACS: 71.15.Mb, 73.20.At

1. Introduction

Two-dimensional (2D) Dirac materials, with a linear band
dispersion around the Fermi level and massless carriers that
can be described by Dirac equations,!!:?! displaying ballistic
charge transport and enormously high carrier mobility, ex-

311 will offer potential

hibiting special topological phases,!
applications for high performance electronic and spintronic
devices. However, the Dirac cores in most of these 2D ma-
terials can only exist in the absence of spin—orbit coupling
(SOC)."?I The SOC will open a gap at the Dirac point and
lead to a topological insulating phase, especially when the
SOC strength is very strong.[”-!3] The 2D topological insula-
tors (TI) exhibit the quantum spin Hall effect with spin-filtered
edge states in their bulk SOC gaps.[!*13] In general, if the SOC
gap is very small (< 1 meV, e.g., the SOC gap for graphene
is about 0.0008 meV),!1% the influence of the SOC will be
neglected, and it will be considered that the 2D material is a
“real” 2D Dirac material with linear band dispersion around
the Fermi level.l'”! If the SOC gap is large (> 1 meV), the 2D
Dirac materials will be 2DTIL U819 Then, the 2D Dirac mate-
rials are more likely composed of light elements (e.g., B, C,
N) and the 2DTT are more likely constructed by heavy ele-
ments (e.g., Sn, Pb, Bi). Up to now, lots of 2D Dirac materi-
als (or 2DTI) have been predicated and investigated, which
include graphene,!! silicene,!'®2%] germanene,!'®?° several
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kinds of graphynes,?'=2%! topological insulators on semicon-

4-69-111 2D organic TL%81 and so on. Espe-

ductor surfaces,|
cially for graphene, as the only 2D Dirac material that has been
truly confirmed in experiment, it has attracted intense interest
over the past decade.[!?4]

Graphene, graphynes, and silicene are all single-element
materials. Compare to these single-element materials, bi-
element materials have more complex structures and more
potential to be modulated. Up to now, lots of bi-element
2D Dirac materials and 2DTI have been predicted and in-
vestigated, e.g., polyaniline (C3N),[25] C4N-1,[23] C4N-11,[23]
TiB,, 201 and MC¢ (M = Mo, W).m] Recently, Wang et al.
have predicted a new 2D Dirac material, monolayer Be;C,
by using the global particle-swarm optimization method and
density functional theory.[?8) We know that the group IV el-
emental monolayers have played a crucial role in the field of
2D materials, where graphene (C) is a Dirac material, silicene
(monolayer Si),'#2%1 germanene (monolayer Ge),!!32% and
stanene (monolayer Sn) are topological insulators.*”! Then,
what is the stability and electronic properties of the Be3X»
(X = Si, Ge, Sn)?

In this work, by using first-principle calculations, we in-
vestigated the stability and electronic properties of honeycomb
Kagome (HK) mixed 2D materials BesX> (X = C, Si, Ge, Sn),
and found that all of them are 2DTI. More interestingly, mono-
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layer Be3C, and BesSi; have very tiny SOC gaps (< 1 meV),
which means that both are 2D Dirac materials. According to
the semi-infinite Dirac edge states of these four materials, we
can confirm that Be3Ge, and Be3Sn, are 2DTI, and their SOC
gaps are much larger than those of Be3;C, and BesSi,.

2. Computational details

The density-functional calculations are performed by
using the plane wave basis Vienna ab initio simula-
tion pack (VASP).[3Y The projector-augmented plane wave
(PAW) approach is used to represent the ion—electron
interaction.®!) The Perdew—Burke-Ernzerhof (PBE) gener-
alized gradient approximation is adopted for the electron—
electron interactions. 32! The energy cutoff of the plane wave
is set to 600 eV with a precision energy of 10~* eV/atom and
a precision force of.01 eV/A. The Monkhorst—Pack scheme
with 15 x 15 x 1 and 95 x 95 x 1 k-points is used to sample
the Brillouin zone for structural optimization and self-constant
electronic properties calculation, respectively. In all the calcu-
lations, the 18 A vacuum layer is used to avoid the spurious
interactions between periodic images. To assess the dynam-
ical stability, phonon dispersions are calculated based on the
finite displacement method which is embedded in the phonopy

(33,34

program. | The semi-infinite Dirac edge states are calcu-

lated by using the Wannier90 package.[3>-36!

3. Results and discussion
3.1. Geometrical properties and structural stabilities

A geometrical configuration of monolayer BesSiy is
shown in Fig. 1(a), which has the same lattice as that of BezC»,
the HK lattice, where it is composed of a hexagonal lattice
formed by the Si atoms and a Kagome lattice formed by the
Be atoms. From this figure, we can find that there are three Be
and two Si atoms in its unit cell, with a Be—Si bond length of
2.12 A. Due to sp? orbital hybridizations, each Si atom bonds
with three Be atoms by using a strong ¢-bond, and the final
p: electrons make up the 7w-bond. In addition, we also cal-
culate the phonon dispersion curves of the monolayer BesSi,
as shown in Fig. 1(b). An absence of imaginary frequencies
demonstrates dynamical stabilities of the Be3Si; structure. For
Be3Ge;, and Bes3Sny, both have the same geometrical struc-
ture as that of Be3Siy, but their lattice constants are differ-
ent (shown in Table 1), where the bond length of Be—Ge is
2.14 A, and the bond length of Be-Sn is 2.34 A. Meanwhile,
an absence of imaginary frequencies in the phonon dispersion
curves of Be3Ge, and Be3Sn; (Fig. S1) also demonstrates their
dynamical stability. We also performed ab initio molecular dy-
namics (MD) simulations using a supercell of 3 x 3 unit cells
at 300 K up to 5 ps and confirmed that these three structures
are stable (see Figs. S1(c)-S1(e) in the supporting informa-
tion). To reveal the bonding nature of monolayer Be3Si;, we

calculate the electron localization function (ELF), 738! which
is shown in the right inset of Fig. 1(b). The high ELF value be-
tween Be atoms and Si atoms indicates a strong covalent bond
between them, which stabilizes the 2D monolayer Be3Sis.

Table 1. Lattice constants a, band gaps within SOC Eg, and Fermi ve-
locities Vi of graphene, silicene, and Be3 X;.

Phase Graphene Silicene Be3;C, BesSi; Be3Ge, BesSnp
alA 245 383 569 735 742 8.11
Ey/meV 0.0008 155  0.04 0.06 1.5 11.7
VE/10° m-s~! 8.2 10 4.6 5.7 - -
(a)
(b) 25

Frequency/THz

r M K r

Fig. 1. (a) Optimized configuration of Be3Si, monolayer with a unit cell
labeled by black dashed line. The green and blue spheres represent Be and
Si, respectively. (b) Phonon-dispersion curves, where the left inset indicates
the first Brillouin zone, and the right inset shows the electron localization
function of the Be3Si, monolayer with the iso-value of 0.96.

3.2. Electronic properties and Dirac states of Be;Si;

To investigate the electronic properties of monolayer
BesSip, we calculate its band structures and corresponding
projected density of states (PDOS), as shown in Fig. 2. From
its band structure, we can find that there are two linear bands
crossing at the Fermi level, which is a typical type of Dirac ma-
terial, where the Dirac point just locates at the high-symmetry
K point. The PDOS shows that the Dirac states near the Fermi
level are mainly contributed to by the p, orbital of Si, which
can be indicated by real space charge distributions of the high-
est occupied band (HOB) and the lowest unoccupied band
(LUB) of BesSiy (Figs. 2(c) and 2(d)). We also provide the
three-dimensional valence and conduction bands in Fig. 2(b),
which clearly shows the features of the Dirac cone in its first
Brillouin zone. The linear dispersion of the energy bands sug-
gests that the effective mass of the carriers near the Fermi
level is zero (the effective mass of charge carriers is defined as
m* = h(d?E/dk*)~"). The calculated Fermi velocity is about
5.7 x 10° m/s, and the linear dispersion maintains until about
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40.25 eV away from the Dirac point. Both are close to one-
half of that in freestanding graphene.3°! Therefore, the Be3Si,
monolayer is expected to have ultra-high carrier mobility and
excellent electronic transport properties.
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Fig. 2. Electronic structures of Be3Sip: (a) band structure and PDOS,
(b) 3D valence and conduction bands around the Fermi level, (c) and
(d) the real space charge distributions of HOB and LUB.

Mostly, Dirac cores can only exist in the absence of
SOC.12I But BesC, can be considered as 2D Dirac mate-
rials even with SOC, because its SOC gap is very small
(0.04 meV).?8) For Be3Si,, the SOC can open a tiny band
gap of 0.06 meV, being also much smaller than 1 meV, which
means that Be3Si, is one new “real” 2D Dirac material. We
know that silicene is a 2DTI with a SOC band gap about
1.55 meV.!'8] The large SOC gap comes from buckled prop-
erties of silicene, where some of the in-plane orbitals con-
tribute to the bands around the Fermi level.[?9! Here, there is
no buckle for Be3Si, and only the p, orbitals (out of plane
orbitals) of Si contribute to the bands around the Fermi level.
Similar to graphene and Be3C,, BesSi, has a very small SOC
gap, which leads it to be a 2D Dirac material.

3.3. Topological properties of Bez X,

In Fig. 3(a), we provide a zoom-in band structure with
SOC of BesSi, around the Fermi level, where we can clearly
find the linear dispersion relationship. To calculate the topo-
logical edge states, we firstly fit a tight binding Hamilton based
on the largest localized Wannier function (MLWF) according
to the DFT band structure.®®! Then, by using the MLWFs,
we build the edge Green’s function of the semi-unique lattice
by using recursive methods and calculate the local density of

states (LDOS) (shown in Figs. 3(b), 4(d), and 5(d)).[*¢! Ac-
cording to our calculation results, we can find that nontrivial
topological edge states connect the bulk bands. For BesSiy,
due to the tiny SOC gap, the two time-reversal-symmetry
bands (Dirac bands of the edge states) around the Fermi level
nearly degenerate, and it seems that there is an arc connect-
ing the two Dirac points (Fig. 3(b)). For Be3Ge; and Be3Sny,
without SOC, they have similar band structures to that of
BesSi; (Figs. 4(a) and 5(a)). However, with SOC, because the
SOC strengths of Ge and Sn are much larger than that of C,
their SOC band gaps are 1.5 meV and 11.7 meV, respectively,
and both are 2DTI. We also use the HSE06 method to calcu-
late the SOC band gaps of these three structures and find that
their band gaps are 0.34 meV, 1.55 meV, and 18.9 meV, respec-
tively. In Figs. 4(c) and 5(c), we provide their zoom-in band
structures with SOC around the Fermi level, where we can
clearly see the SOC gaps at the Dirac points. In Figs. 4(d) and
5(d), we can clearly find the semi-infinite edge states within
the SOC gaps, then we can confirm that that they are both
intrinsic 2DTT with larger SOC gaps than Be3;C, and BesSi;
(Figs. 4(d) and 5(d)).

More interestingly, for Be3Sny, its deep energy bands ex-
hibit much larger SOC band gaps (~0.2 eV) and semi-infinite
Dirac edge states (Fig. S2). These large SOC band gaps mean
that we can realize a large gap 2DTI if we move the Fermi
level to these gaps by hole doping.

0.04} (@) |

E,=0.06 meV

E—EF/GV
)

—0.04} i

r X r

Fig. 3. (a) Band structures of Be3Si, with SOC around K points, where
the inset is the zoom-in view around the Fermi level. (b) The semi-
infinite Dirac edge states around the Fermi level.
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Fig. 4. Electronic properties of BezGe;. (a) Band structures with (black
line) and without (blue dash) SOC. (b) Projected density of states with-
out considering SOC. (c) Zoom-in figure around K points of the band
structures considering the SOC. (d) The semi-infinite Dirac edge states
around the Fermi level.
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Fig. 5. Electronic properties of Be3Sn,. (a) Band structures with (black
line) and without (blue dash) SOC. (b) Projected density of states with-
out considering SOC. (c) Zoom-in figure around K points of the band
structures considering the SOC. (d) The semi-infinite Dirac edge states
around the Fermi level.

4. Conclusion

We investigate a family of 2DTI with HK lattice, mono-
layer Be3 X, (X = C, Si, Ge, Sn). Based on the chemical bond-
ing properties and phonon-dispersion relationships, we have
confirmed their stabilities. By investigating their electronic
and topological properties, we find that Be3C, and BesSi,
can be considered as 2D Dirac materials because of their tiny
SOC band gaps. For Be3Ge, and Be3Sny, the SOC gaps are
1.5meV and 11.7 meV, and their topological nontrivial proper-
ties are also confirmed by their semi-infinite Dirac edge states.
Since the atomic numbers of the Ge and Sn atoms are larger

than those of the C and Si atoms, the spin—orbit coupling ef-

fect is larger. Our research will enrich the family of 2DTI and

promote the development of 2D materials.
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