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ABSTRACT: Although Pb harbors a strong spin—orbit coupling effect, Plumbene Pb/BaTe(111) PbX/BaTe(111)
pristine plumbene (the last group-IV cousin of graphene) hosts AN EANS

topologically trivial states. Based on first-principles calculations, we
demonstrate that epitaxial growth of plumbene on the BaTe(111) surface

converts the trivial Pb lattice into a quantum spin Hall (QSH) phase with
a large gap of ~0.3 eV via a selective substrate-orbital-filtering effect. Tight- W filtering 4~ Wnalizatiqg
binding model analyses show the p, orbital in half of the Pb overlayer is - -
selectively removed by the BaTe substrate, leaving behind a p,—p, , band
inversion. Based on the same working principle, the gap can be further
increased to ~0.5—0.6 eV by surface adsorption of H or halogen atoms
that filters out the other half of the Pb p, orbitals. The mechanism of
selective substrate-orbital-filtering is general, opening an avenue to explore large-gap QSH insulators in heavy-metal-based materials.
It is worth noting that plumbene has already been widely grown on various substrates experimentally.

Trivial State QSH Phase High-T QSHE
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he quantum spin Hall (QSH) effect’” has attracted demonstrated for this system. Therefore, discovering elemental
increasing research attention because of its fundamental 2D layers exhibiting a large-gap QSH effect remains still a high-
interest and promising potential applications in quantum order challenge. In this Letter, we propose plumbene as a
computing and spintronics devices. This two-dimensional promising candidate.
(2D) topological state was first proposed by Kane and Mele in By performing first-principle calculations, we first show that

graphene, where spin—orbit coupling (SOC) can, in principle,
open a nontrivial bandgap at the Dirac point, within which two
helical edge states reside.” However, the SOC of C is negligibly
small (in the order of 107> meV),* rendering graphene
practically a semimetal rather than a QSH insulator. The first
experimentally confirmed QSH insulator is the HgTe quantum
well,> which has a very small gap. Since then, many 2D QSH

both planar and low-buckled plumbene host topologically
trivial states due to the coexistence of nontrivial quadratic and
Dirac bands that act together destructively, in agreement with
previous works.”**° Then, we demonstrate that epitaxial
growth of plumbene on the BaTe(111) surface will convert
the topologically trivial Pb lattice into a large-gap (~0.3 eV)

insulators,” "2° some with a large gap, have been theoretically QSH insulator by a selective substrate-orbital-filtering effect, as
predicted and a few experimentally confirmed, including, e.g,, revealed by first-principles and tight-binding (TB) model
HgTe/CdTe Q_Ws,6 InAs/GaSb Q_Ws,27 Bi bilayer,28 and 1T’ analyses. Specifically, the p, orbitals in half of the Pb overlayer
WTe, monolayer.”” ' are found to be selectively removed by the BaTe substrate,

Realization of large-gap (and hence possibly high-temper- resulting in a p,—p,, band inversion. Furthermore, an even
ature) QSH insulators is expected to be one of the key larger gap of ~0.5—0.6 eV can be achieved when the other half
milestones in the field of topological materials for practical of Pb atoms are surface adsorbed with H or halogen atoms,
applications. A natural system that comes to mind is one made based on the same orbital-filtering mechanism. These results
of only heavy metal elements of large SOC. For example, it has indicate that BaTe(111) film affords an ideal substrate to

been predicted that epitaxial growth of bismuthene on
hydrogenated and halogenated Si(111) substrates can realize
a large-gap QSH phase via an interesting substrate-orbital-
filtering effect,’®'” and the idea has been further applied to SiC
and Ge substrates.”””® Shortly after, employing this idea,
bismuthene has been grown experimentally on the H-SiC
substrate, showing a large gap of ~0.8 eV by scanning
tunneling microscopy.”” However, the quantized transport, the
most critical signature of the QSH effect, has not been

realize a large-gap QSH effect in elemental plumbene.
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Figure 1. (a) Top and side views of a 2 X 2 supercell for planar plumbene. a, and 4, are basis vectors of the unit cell. Calculated band structures of
planar plumbene without (b) and with (c) SOC, respectively. The Fermi level is set to zero. The blue dashed line in part c denotes the “curved”
Fermi level. The projected bands of Pb s, p,,, and p, orbitals are also given. (d) Edge states of planar plumbene. (e—h) The same as parts a—d for
low-buckled plumbene. Regions I and II in parts b and f indicate the Dirac and quadratic bands, respectively. A in part e is the buckling height of

the low-buckled plumbene.

2D hexagonal lattices of group-IV elements (C} Si Ge®
Sn,”** and Pb>*?°) have attracted much interest as a
prototypical model system for studying the QSH effect. The
ones made of light elements, such as C and Si, are topologically
nontrivial but have too small a SOC, while the one made of the
heaviest element, i.e., Pb, has a larger SOC but is topologically
trivial. This trend of changing band topology is caused by the
change of orbital composition of bands at the Fermi level. As
one goes down the group-IV column, the s—p level splitting
increases and hence the s—p hybridization decreases. At the
limit of C, there is a strong sp® hybridization forming six
gapped valence and conduction bands, leaving the remaining p,
orbital to form two middle half-filled 7z bands, i.e., the Dirac
bands of nontrivial topology. At the limit of Pb, there is a
negligible sp hybridization so that three (p,, p, p,) orbitals
form six p bands around the Fermi level, leading to trivial
topology.™

More specifically, we show the calculated band structures
and band topology of freestanding planar and low-buckled
hexagonal plumbene in Figure 1. The planar plumbene has an
optimized lattice constant of S5.14 A (Figure la). Its band
structure without SOC is shown in Figure 1b, having two
metallic p bands crossing the Fermi level. With SOC, the four
valence bands are separated from the four conduction bands
(only two around the Fermi level are shown for each group in
Figure 1c) by a “curved” gap (indicated by the blue dashed line
within the gap), and one can calculate the topological invariant
from the Wannier charge center (WCC) by assuming
occupying only all of the valence bands. This leads to Z, = 0
(Figure S1), indicating that freestanding plumbene is
topologically trivial. Edge state calculations with SOC confirm
that there is no edge state in the curved gap, as displayed in
Figure 1d.

It is well-known that two structures belong to the same
topological class if they are adiabatically connected.*® Thus,
when the planar plumbene buckles, there will be no change of
topology as long as there is no band crossing. This is what
happens, as shown in Figure le—h. Although the system
remains trivial, one notices that the buckling opens a global gap
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of 0.43 eV with SOC (Figure 1g) by fully separating the
valence and conduction bands (Figure 1c,d vs gh). This global
gap turns out to be critically important to facilitate the selective
substrate-filtering effect that converts the system into a
topological nontrivial state, as discussed later.

There are six p bands around the Fermi level, which together
make the system overall trivial. If there were only p,’ or (p,, p,)
orbitals®”*® in a hexagonal lattice, the system would be
nontrivial. Therefore, one approach to make such a system be
topological is to remove the p, orbital from the Fermi level, as
shown by the so-called substrate-orbital-filtering effect for
bismuthene grown on a semiconductor substrate.'” For the
case of planar bismuthene, the three p orbitals are “perfectly”
degenerate at the Fermi level, and one needs to remove the p
orbital from every Bi atom in the hexagonal lattice. Here we
found that, to convert the plumbene into a QSH insulator, one
needs only to remove the p orbital from half of the Pb atom in
the lattice, which we dubbed as a selective substrate-orbital-
filtering effect.

It is worth noting that epitaxial growth of ultrathin Pb films
on metallic and semiconductor substrates has already attracted
much interest for a long time in the context of the quantum
size effect’”’ and superconductivity,"' including “plum-
bene”,*” before the emergence of topological materials. This
makes experimental realization of topological plumbene highly
feasible if a suitable system can be predicted. And recent works
of growing plumbene on Pd,_Pb,(111) and Fe/Ir(111)
substrates””** and intercalating Pb between the graphene
and Pt surface further strengthens this possibility.* However,
the metallic substrates likely render the Pb overlayer
topologically trivial. We believe the key is to find a right
substrate, which has motivated the present work.

There are several considerations in the order. First, a
semiconductor or insulator substrate is needed to avoid
overlapping the overlayer topological states by the substrate
electronic states. Second, a close lattice match between the
overlayer and substrate is preferred to minimize interface
strain. Last and most critical, a viable physical mechanism can
be exploited to convert the trivial freestanding plumbene into a
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Figure 2. (a) Top and side views of a 2 X 2 supercell for BaTe(111)-supported low-buckled plumbene. A and B represent two sublattices of
plumbene. The band structures without (b) and with (c) SOC, respectively. The projected bands of Pb p, , and p, orbitals are also shown. (d)

Calculated edge states of Pb-BaTe(111).

topological phase and preferably with a lager SOC gap. Here,
we identify BaTe(111) to be such a substrate to meet all three
conditions. BaTe is an insulator having a band gap of ~3.4
eV.*® The lattice constant of the BaTe(111) surface is ~4.95
AY which matches perfectly with that of low-buckled
plumbene (~4.93 A). Below, we demonstrate that it can
indeed convert plumbene into a large-gap QSH insulator via a
selective substrate-orbital-filtering mechanism, as an extension
to the similar effect that converts bismuthene into topological
on a semiconductor substrate."?

Different from the planar plumbene grown on the metallic
substrates,”** we found that the plumbene adopts the low-
buckled stable structure when grown on the BaTe(111)
surface, as displayed in Figure 2a. To assess the thermody-
namic stability of the proposed overlayer structure, we first
calculated the surface energy of the BaTe(111) substrate,
which is ~71 meV/A?, and then the surface/interface energies
of the Pb/BaTe(111) overlayer, which is ~60 meV/A2 Both of
these values are relatively low, e.g, in comparison with the
Si(111) surface energy of ~90 meV/ A2 indicating their high
stability. Also, no reconstruction was found in both surfaces
after structural optimization. On the other hand, growth
kinetics, such as rates of nucleation and diffusion, is important,
which should be explored in the future.

The band structure of the Pb-BaTe(111) without SOC is
shown in Figure 2b. In comparison with the band structure of
freestanding plumbene, one notices that the Dirac bands
around the K (K’') point in Figure 1b or f are completely
removed, because the p, orbital on the lower Pb atoms
(namely, the A sites in Figure 2a) is selectively removed by the
surface Te atoms of the BaTe substrate. There is a 0.11 eV
bandgap at the I" point above the Fermi level. From the orbital
projected bands in Figure 2b, one can see that the “valence”
bands below the gap are mainly contributed by the p,, orbitals
of the lower A-site Pb atoms, whose p, orbitals are filtered out,
while the “conduction” bands above the gap are contributed by
the p, orbitals of the upper B-site Pb atoms in the substrate-
supported plumbene. After SOC is considered, a ~0.27 eV
band gap opens, signifying clearly a p, —p. band inversion, as
shown in Figure 2c. The nontrivial topology is confirmed by
the calculated topological invariant, Z, = 1 and edge states
shown in Figure 2d. Thus, the Pb-BaTe(111) is predicted a
large-gap QSH system via a selective substrate-orbital-filtering
effect where the p, orbitals on half of the Pb atoms are
removed by the substrate.

Next, we employ a three-band spinless tight-binding (TB)
model to better reveal the underlying physical mechanism of
the selective substrate-orbital-filtering effect in Pb-BaTe(111).
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Based on the above first-principles results, the TB model is
constructed by using two p,, orbitals on A sites and one p,
orbital on B sites as basis,” and the Hamiltonian can be
written as H(k) = Hy,(k) + Hsoc, where Hy,, represents the
nearest-neighbor (NNS) hopping and Hgg is the on-site SOC.
The detailed expressions of H(k) are given in the Supporting
Information. The resulting TB band structure without SOC is
shown in Figure 3a, which captures the main features of DFT
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Figure 3. Electronic band structures along the high-symmetry path
without (a) and with (b) SOC obtained from the tight-binding
model. Here, the detailed parameters are shown in the Supporting
Information. The blue lines in parts a and b denote the 1D Berry
curvatures. (c) Corresponding distribution of 2D Berry curvatures in
the first Brillouin zone.

bands in Figure 2b. Adding SOC, an inverted gap opens as
expected (Figure 3b). Also, detailed information on 1D and
2D Berry curvature distribution®’ is given in Figure 3b,c, from
which the Chern number, C = 1 is obtained. The nonzero
Berry curvature is located around the I" point.

Based on the same working principle, we also found that the
QSH state in the as-grown Pb-BaTe(111), as shown above, can
be further enhanced with a larger gap, by surface adsorption
with H or halogen atoms. Figure 4a shows the top and side
views of the resulting PbX-BaTe(111) system, whose structural
properties are summarized in Table 1. Upon hydrogenation or
halogenation, the p, orbitals on the other half of Pb atoms (B
sites in Figure 2a) are also removed. This leaves only p,,
orbitals around the Fermi level, as illustrated by the calculated
band structures of PbH-BaTe(111), shown in Figure 4 as an
example. Without SOC (Figure 4b), there are two touching
quadratic p,, bands at the Fermi level, representing a
semimetal. With SOC (Figure 4c), a global bandgap of 0.52
eV is opened, indicating a large-gap QSH state formed via a
type of band inversion between p, + ip, and p, — ip, orbitals.”’
Figure 4d shows clearly two helical edge states in the bulk gap.
Similar results are obtained in the halogenated Pb-BaTe(111)
system (Figure S2) with a gap ranging from 0.45 to 0.55 eV,
which are increased to ~0.5—0.6 eV by using the hybrid
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Figure 4. (a) Top and side views of the 2 X 2 supercell for PbX/BaTe(111), where X = H, F, Cl, Br, or L. The band structures without (b) and with
(c) SOC, respectively. The projected bands of Pb Pxy and s orbitals are also shown. (d) Calculated edge states of PbH/BaTe(111).

Table 1. Structural, Electronic, and Topological Properties of Pb/BaTe(111) and PbX/BaTe(111) (X = H, F, Cl, Br, or I),
Where dpy,_pp, dp,—x, and dp;,_1. Represent the Distances of Pb—Pb, Pb—X, and Pb—Te, Respectively, and E, ppr and Eg g
Denote the Nontrivial Bandgaps Obtained from DFT and HSE06 Calculations

X A (A) dpb—pb &) dpy—x (A) dpb—Te A) Eg-DFT (eV) Eg-HSE (ev) Z,
Pb/BaTe(111) 1.18 3.06 2.88 0.27 0.32 1
H 0.87 2.99 1.85 2.84 0.52 0.61 1
F 0.77 2.96 2.08 2.85 0.55 0.61 1
Cl 0.84 298 2.48 2.85 0.51 0.56 1
Br 0.86 2.98 2.62 2.85 0.49 0.54 1
1 0.88 2.99 2.82 2.85 0.45 0.51 1
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