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Large bandgap quantum spin Hall insulator in
methyl decorated plumbene monolayer: a first-
principles study
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Topologically protected edge states of 2D quantum spin Hall (QSH) insulators have paved the way for
dissipationless transport. In this regard, one of the key challenges is to find suitable QSH insulators with
large bandgaps. Group IV analogues of graphene such as silicene, germanene, stanene, plumbene etc.
are promising materials for QSH insulators. This is because their high spin—orbit coupling (SOC) and
large bandgap opening may be possible by chemically decorating these group IV graphene analogues.
However, finding suitable chemical groups for such decoration has always been a demanding task. In
this work, we investigate the performance of a plumbene monolayer with —CXs (X = H, F, Cl) chemical
decoration and report very large bandgaps in the range of 0.8414 eV to 0.9818 eV with spin-orbit
coupling, which is much higher compared to most other topological insulators and realizable at room
temperature. The Z, topological invariants of the samples are calculated to confirm their topologically

nontrivial properties. The existence of edge states and topological nontrivial property are illustrated by
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Accepted 9th December 2019 investigating PbCX3s nanoribbons with zigzag edges. Lastly, the structural and electronic stability of the

topological materials against strain are demonstrated to extend the scope of using these materials. Our

DOI: 10.1039/c9ra07531c findings suggest that these derivatives are promising materials for spintronic and future high
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Introduction

Topological insulators are new states of matter having a bulk
bandgap like ordinary insulators and unique protected edge
states which allow dissipationless transport."” The edge states
of topological insulators are protected by time-reversal
symmetry which safeguards them from back scattering in the
presence of impurity.® 2D topological insulators are particularly
fascinating due to their linear dispersion of the energy band
near the Fermi level, leading to high Fermi velocity and
mobility.* HgTe/CdTe® and InAs/GaSb® heterostructures have
been experimentally proven to be 2D topological insulators.
However, the bandgaps are so small that topological edge states
can only be found below 10 K. With the discovery of the
quantum spin Hall effect in graphene, a new gateway to topo-
logical insulators was opened by Kane and Mele.” Though the
band gap in graphene is still very small (10> meV),® 2D mate-
rials having honeycomb structure like graphene have been
shown to have remarkable spin-orbit coupling and linear
dispersion of energy near Fermi level in them.*" The larger
spin-orbit coupling leads to higher bandgap in the bulk and
linear dispersion of energy causes high Fermi velocity of

Department of Electrical and Electronic Engineering, Bangladesh University of
Engineering and Technology, Dhaka 1205, Bangladesh. E-mail: kawsaralam@eee.
buet.ac.bd; kawsar.alam@alumni.ubc.ca

42194 | RSC Adv, 2019, 9, 42194-42203

performance nanoelectronic devices.

electron, which makes such materials suitable for device
application.

Group IV analogues of graphene (silicene, germanene, sta-
nene, plumbene) with notable spin-orbit coupling, have
recently drawn noteworthy attention due to the presence of
Dirac fermion in them, similar to graphene.>**""” Nonetheless,
reported bandgap opening due to spin-orbit coupling in sili-
cene (1.55 meV),*® germanene (23.9 meV)," stanene (73.5 meV)*
are not sufficient for room temperature operation. On the other
hand, monolayer plumbene has drawn attention in recent times
particularly due to its large band gap opening at room
temperature.>®** Since plumbene does not show topological
nontrivial characteristics normally,”** we need additional
transformation techniques to have topological nontrivial char-
acteristics in it and take the advantage of this large spin-orbit
coupling.

Chemical decoration, application of electric field,>**”
substrate engineering®® and absorption or adsorption ada-
toms?>”* are among the few techniques that have been used for
band gap opening as well as modification of topological prop-
erties in group IV monolayers. For the electric field method, the
bandgap opening is sometimes too small to operate at room
temperature and breakdown electric field of materials
constraints the range of applied electric field.** Also, substrate
engineering has the limitation of very small bandgap opening
and interaction between materials and the substrate may
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damage the crystalline structure.>®*® Moreover, doping and
molecular adsorption can distort the crystal structure leading to
difficulty in fabrication and device integration.** Chemical
decoration is the most appealing method among the mentioned
techniques as it offers large bandgap opening while maintain-
ing structural and electronic stability. Thus, chemical decora-
tion in graphene analogues of 2D materials has been a matter of
great interest in recent times since they have been reported to
offer the highest bulk bandgap for topological insulators.”***

In this regard, finding a suitable chemical group for chem-
ical decoration to have topological property is the main chal-
lenging task. It has been proven theoretically that hydrogen and
halogen decoration would provide large bandgap."*?%*
However, experimental works have been reported showing
plasma hydrogenation and fluorination of materials rapidly
increase defects and disorders.**?** Therefore, alkyl and alkyl
halide decoration of silicene, germanene, stanene and plum-
bene are suitable alternatives since such decoration may
provide comparable bandgap to that of hydrogenation and
halogenation without noticeably increasing the defects and
disorders.”****¢ Methyl derivatives among alkyl groups have
shown preferable result in silicene, germanene, stanene and
other 2D materials with hexagonal honeycomb structure similar
to graphene.**”"*’ For example, methyl decorated silicene, ger-
manene and stanene have shown quantum spin Hall effect at
25%,* 12%*® and 4%* strain, respectively. However, integrating
them into devices using external strain is a very complex
process. Quantum spin Hall effect in methyl decorated silicene,
germenane and stanene suggest that it is worth exploring the
behavior of methyl decorated plumbene (PbCHj;), that has
remained unexplored, as of yet.

In this work, we have investigated the structural, electronic
and topological properties of PbCX; (X = H, F, Cl) monolayers.
The electronic stability and topological invariant of the struc-
tures have been determined from formation energy and Z,
topological invariant, respectively. Then, we have performed an
orbital analysis to illustrate the origin of bandgap and topo-
logical nontriviality. The existence of edge states and topolog-
ical nontriviality have been demonstrated by analyzing the
bandstructures of their respective semi-infinite nanosheet with

Fig. 1
height (6) and Pb—Pb bond distance (dy).
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zigzag edges. The structural and electronic stabilities of these
structures against strain have also been analyzed for observing
their behavior under strain and examining the suitability of
these materials for potential integration in nanodevices.

Methodology and modeling

First-principles calculations based on density functional theory
(DFT) was performed using Synopsys Quantumwise ATK simu-
lation package.” Firstly, a 2D plumbene nanosheet was
prepared by cleaving the bulk crystalline plumbene cell whose
top view and side view along with crystal unit cell have been
shown in Fig. 1.

Then, the geometry of plumbene monolayer was optimized
using Limited-memory Broyden-Fletcher-Goldfarb-Shanno
(LBFGS) optimization algorithm.** Structural relaxation was
implemented until force on each atom became less than force
tolerance and stress on crystal cell was less than stress error
tolerance. In this regard, the linear combination of atomic
orbitals (LCAO) calculator was used with generalized gradient
approximation (GGA)-Perdew-Burke-Ernzerhof (PBE) exchange-
correlation method.*”” The self-consistent field (SCF) simulation
was continued until it reached the accuracy of iteration control
tolerance. The Brillouin zone was sampled by using 9 x 9 x 1
Gamma centered Monkhorst Package.** The vacuum distance
was set to 30 A which is sufficient to avoid interaction between
two parallel layers.***® Spin-orbit coupling was included in the
calculation using non-collinear spin-orbit interaction method**
and SG15-SO pseudopotential.*” The parameters and their values
used in the simulations are given in Table 1.

Next, we decorated the plumbene monolayer sheet with -CX;
(X = H, F, Cl) groups and repeated the geometry optimization
process using the same procedure. In order to verify electronic
stability of the decorated structures, the formation energy (AE)
of each structure was calculated from eqn (1).>”3*

AE = E(PbCX;3) — E(Pb) — E(CX), (1)

where E(PbCX;) and E(Pb) are the total energy of decorated and
pristine plumbene nanosheet, respectively and E(CX;) is the
chemical energy of methyl and trihalogenomethyl groups.

(@) A monolayer nanosheet of plumbene after cleaving bulk crystalline plumbene cell. (b) Side view of the nanosheet showing buckling
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Table 1 Parameters and their values used in structural and electronic
calculation of Pb and PbCXs monolayer crystal cells

Parameter Value

Force tolerance 0.01 evVA~!
Stress error tolerance 0.001 eV A2
k-Point sampling 9x9x1
Pseudopotential (SOC) SG15-SO
Density mesh cut-off 125 hartree
Iteration control tolerance 1077 eV
Pseudopotential (without SOC) PseudoDojo
Damping factor 0.1

Thereafter, we found the phonon dispersion curves of the
crystal cells and molecular dynamics of the respective nano-
ribbons to verify the thermodynamic stability of the decorated
monolayers. The phonon dispersion curves were obtained using
CASTEP module in Materials Studio Software. The molecular
dynamics simulation was done in Quantumwise ATK using NPT
Berendsen methodology.

To find the topological nontriviality of the decorated struc-
tures, Z, topological invariant was determined. The topological
invariants can be calculated from the symmetry of the Bloch
function at four special Brillouin zone points for a 2D system
given by eqn (2).*¢

1
Licin ) = 5(”1171 + mb), 2

where b; are the reciprocal lattice vectors and n; = 0, 1. For our
case, the four special Brillouin zone points are G(0,0), M(0,0.5),
M(0.5,0), M(0.5,0.5).

(2)

J

Fig. 2
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Now, assuming ¥; , be the n-th occupied Bloch function at I';,
the symmetry function can be defined as in eqn (3), due to
inversion symmetry of the crystal structure of PbCX;.>*¢

61’ = H \/ <1//i.n|®|\//i,n>7 (3)

where 0 is the inversion operator. Once the symmetry functions
are known, the topological invariant » can be found from
eqn (4).>*

(-1 =] (@)

i=1

To prove the existence of edge states and topological non-
triviality, nanoribbons (nanosheet with finite width) with zigzag
edge pattern were simulated and their bandstructures were
obtained. The Brillouin zone of the nanoribbons was sampled
using 9 x 1 x 1 Gamma centered Monkhorst Package and the
density mesh cutoff for the nanoribbon was set to 50 Hartree in
this case.

Results and discussion

Fig. 2(a) shows the geometry optimized crystal lattice structure
of PbCX; monolayer, where the unit cell has been represented
by the shaded region and the Brillouin zone of the hexagonal
lattice cell with high symmetry points is shown in Fig. 2(b). The
buckling height (6) and Pb-CX; bond length (d,) can be
measured from side of view of the monolayer in Fig. 2(c).

(b) R ks

J

(a) Methyl decorated plumbene monolayer (top view) showing the unit cell with hexagonal crystal lattice, (b) Brillouin zone of the

hexagonal crystal lattice with high symmetry points G, M, K, and (c) side view of methyl decorated plumbene monolayer showing the Pb—Pb

bond length (d}), Pb—CX53 bond length (d,), buckling height (6).
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Table 2 Crystal lattice parameters (a), Pb—Pb bond length (d;), Pb—CX3 bond length (d,), buckling height (61), energy bandgap with spin—orbit
coupling (Eg), the formation energy (AE) and Z, topological invariant for different PoCX3 monolayers

Monolayer a(A) dy (A) d, (A) 61 (A) E, (SOC) AE (eV per atom) Z
Pb 4.92845 3.02 — 1.0071 0.3229 — 0
PbCH; 5.07407 3.06 2.31 0.8863 0.9818 —1.3001 1
PbCF; 5.12554 3.06 2.37 0.7904 0.9692 —2.42002 1
PbCCl; 5.7454 3.34 2.40 0.406 0.841386 —1.70637 1
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Fig. 3 Phonon dispersion curves showing no branch in the negative frequency region and thermodynamic stability at room temperature. (a)
PbCHsz monolayer, (b) PoCFz monolayer and (c) PbCCls monolayer.
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Fig. 4 (a) The initial step (time = 0 ps) of molecular dynamics simulation of a PoCHz nanoribbon. It is periodic perpendicular to the page. (b) The
stage of molecular simulation where CHs particles attain maximum kinetic energy (time = 0.054 ps), (c) the stable structure with no broken bond
at room temperature (time = 0.454 ps) and (d) variation of system energy and temperature with respect to time. Red points, labelled as 1, 2 and 3,
on the kinetic energy curve correspond to the position of the frames shown in (a), (b) and (c), respectively.
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The results of geometry optimization and bandstructure
calculation of methyl (CH;) and trihalogenomethyl (CX;) deco-
rated plumbene nanosheets are summarized in Table 2. As can
be seen from the table, the buckling height (0.8863 A) of the
methyl (CHj) substituted plumbene monolayer is higher
compared to that of H-decorated monolayer (0.7781 A due to
more dominant +I inductive effect of (CH3) which assists in
effective hybridization of 7 and o orbitals.

The buckling height suddenly decreases in case of -CCl;
group due to more electronegativity of the group which
attracts the 7 electrons towards it and thus weakening the
coupling between m and o orbitals. The electronic stability of
the structures was ensured from their formation energy AE
using the eqn (1), and the values obtained for PbCH3, PbCF;
and PbCCl; are —1.3001 eV per atom, —2.42002 eV per atom
and —1.70637 eV per atom respectively. The negative forma-
tion energy indicates that there will be no phase separation
between Pb and CX; in PbCX;. The thermodynamic stability
was ensured from phonon dispersion curves of the decorated
structures [Fig. 3]. The presence of no branch in the negative
frequency region indicates that methyl, trifluoromethyl and
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trichloromethyl plumbene would be stable at room temper-
ature. The electronic and thermodynamic stability were also
checked from molecular dynamics simulation [Fig. 4].
Fig. 4(a) and (c) show the initial and stable stages, respec-
tively of molecular dynamics for PbCH; nanoribbon. The
nanoribbon is periodic perpendicular to the page. The CH;
groups were placed at a distance of 3.53 A from the plumbene
nanoribbon at the initial step. Fig. 4(b) shows the position of
the atoms when the kinetic energy is maximum. In Fig. 4(c),
we observe that CH; groups nicely become attached with the
lead atom sites and there is no broken bond at room
temperature when stable structure is formed. Fig. 4(d) shows
the change of kinetic energy with respect to time for PbCH;
particles. We see that the kinetic energy of the particles
initially increases and after forming the bonds, the system
energy becomes stable where the particles periodically
oscillate without breaking any bond. Simulations were
repeated for CF; and CCl; groups and similar results were
found confirming the stability of all the structures at room
temperature. We have also simulated the structural and
electronic property of tribromomethyl plumbene (PbCBrs;)

1 2 4
Density of States (states/eV)

(a) Band structure of the PbCH3 monolayer showing the contribution of Pb p,, and Pb p, orbitals in forming the bands without spin—orbit

coupling, (b) band structure of the PbCH3z monolayer with spin—orbit coupling, (c) partial density of states showing the contributions of Pb s, Pb
Px,y and Pb p, orbitals without spin—orbit coupling (d) partial density of states with spin—orbit coupling. From the figures, it is seen that the major

contribution to the bands near to Fermi level is due to Pb p,,, orbitals.
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Fig. 6
spin—orbit coupling.

and triiodomethyl plumbene (PbCI;) monolayers, but due to
the lack of any definite stable geometric structure and phase
separation between plumbene and (CBrs, CI;), these mate-
rials were not further considered for verification of topolog-
ical properties.

Next, we focus on the bandstructure and partial density of
states (PDOS) to observe the effect and origin of spin-orbit
coupling. Fig. 5(a) and (b) show the bandstructure of PbCHj;
crystal without and with spin-orbit coupling, respectively. The
bandgap obtained for PbCH; taking the spin-orbit coupling
into account is 0.9818 eV. The contribution of Pb p,, and Pb p,
orbitals to each band of PbCH; are shown in colored red and
green circles from which we see that the main contributions to
valence and conduction bands near Fermi level are due to Pb
Pxy Orbitals.

Observing the contribution of orbitals from partial density of
states (PDOS) in Fig. 5(c) and (d), we see that when spin-orbit
coupling is introduced, the degeneracy of Pb p,; orbitals causes
the bandgap opening near Fermi level. The lower bands are due
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(a) Band structure of PbCF3z monolayer without and with spin—orbit coupling, (b) bandstructure of PbCCls monolayer without and with

to the contribution from Pb p, orbital as shown in the Fig. 5(c)
and (d).

Similar phenomena of the bandgap opening occurs for
PbCF; and PbCCl; monolayer crystals and the bandgaps ob-
tained for PbCF; and PbCCl; with spin-orbit coupling are
0.9692 eV and 0.8414 eV, respectively as shown in Fig. 6. These
range of bandgap are enough for room and high temperature
application, as it is much higher than thermal energy of elec-
tron at room temperature (0.0259 eV).

To verify our simulation method, the electronic structures
of PbCH; and PbCF; monolayers were calculated employing
HSEO06 (ref. 47) functional. The bandstructures calculated for
PbCH; and PbCF; monolayers without and with spin-orbit
coupling are shown in Fig. 7. The bandgaps obtained for
PbCH; and PbCF; monolayers using this method are found to
be 1.2623 eV and 1.2498 eV respectively. As GGA-PBE is
known to underestimate the bandgaps, the bandstructures
obtained from HSEO06 functional are consistent with GGA-
PBE.

(b) 3
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' NN,
2 \ -2 \
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Fig. 7 Bandstructures without and with spin—orbit coupling employing HSEO6 functional. (a) PbCHs monolayer and (b) PobCFs monolayer.
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Table 3 Parities of 11 occupied spin-degenerated bands and
symmetry functions at each symmetry points. The even and odd
parities are represented by + and — signs

I; (Yin|®|¥in) of 2m™ occupied band 0;
(0,0) ——tt -t —F -+ - +
(0.5,0) Fot— -+ —+—+ -
(0,0.5) -t -+ —+—+—+ —
(0.5,0.5) -t ——++ -
PbCH; 7, topological invariant r=1

The effect of spin-orbit coupling leads to formation of edge
states and these edges will have to be topologically protected for
protection against backscattering. The robustness of these edge
states against backscattering is determined from topologically
invariant property. Thus, to find the robustness of the edge states
we have calculated the topological Z, invariant of the each
monolayer. For example, if we consider PbCH3, there are 4 valence
electrons in the outer shell of Pb, C and 1 valence electron in
hydrogen. Hence, the total number of valence electrons in each
crystal lattice shell is 2 x (4 + 4 + 3 x 1) = 22. By calculating the
(VinO|¥:n) at the 2m™ occupied band, we found the symmetry
function ¢, at each symmetry points G(0,0), M(0,0.5), M(0.5,0) and
M(0.5,0.5). AS (;,|O|¥:,,) at the 2m — 1™ and 2m™ bands is same

due to spin degeneracy, the product of \/{(y; ,|®|¢; ) at the 2m —

2m
1™ and 2m™ bands < 1T A /(1//,-,n|®|¢i7n)> is essentially the same
2m—1

as the value of (y,,|0|y; ) at the 2m™ band. Then, the topological
invariant is calculated using eqn (4), as shown in Table 3 and the
Z, topological invariant with » = 1 indicates the topological
nontriviality.

To get a clear understanding of the origin of bandgap and
topological nontriviality, we have presented the methodical

View Article Online
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band evolution at G point for PbCH; in Fig. 8. Analyzing the
bandstructure and partial density of states in Fig. 5, we have
done an orbital analysis to investigate the origin of topological
characteristics. From partial density of states (PDOS) of PbCH,
in Fig. 5(c) and (d), we see that the Pb s and Pb p,, orbitals
dominate the valence and conduction bands near the Fermi
level. When chemical bonding is formed between Pb-Pb atoms,
then effect of crystal field splitting creates bonding states and
anti-bonding states for the s and p,, orbitals, which we have
denoted with |s,£) and |p.,,=+), where + and — represent the
parities of the corresponding state, respectively. As displayed in
Fig. 8, the bands near the Fermi level are due to |p,,*) in
absence of spin-orbit coupling (SOC). When the spin-orbit
coupling is included in the calculation, the degeneracy of the
level splits into |ps,,43/2) states with a total angular
momentum j = 3/2 and |py,,£1/2) with a total angular
momentum j = 1/2, creating an energy gap at the G point.
Similar analysis can be done and same conclusion can be drawn
for PbCCl; and PbCF;. The presence of edge states and topo-
logical invariant can be clearly observed if we construct a semi-
infinite PbCH; sheet and investigate its bandstructure.

Thus, we construct a semi-infinite PbCH; sheet (nano-
ribbon) of width 160 A which is sufficient to get rid of the
interaction between edge states* (Fig. 9(a)). The nanoribbon
has edges in the zigzag direction and the dangling bonds at
the edges were passivated by hydrogen atoms. Fig. 9(b) shows
the corresponding bandstructure of PbCH; nanoribbon
indicating topological invariant 1 (Z,) from the odd number
of band crossing the Fermi level. The Fermi velocity obtained
for electrons in PbCH; nanoribbon is 7.38 x 10° m s ' as
calculated from Fig. 9(b) using the formula E = hvek sug-
gesting its possible application in high speed electronics.
Same phenomena were observed in PbCF; and PbCCl;
nanoribbons and the corresponding bandstructures are
given in Fig. 9(c) and (d).

p xjrin pxjiy\L

Energy - g
Xy ’,f’ _ _
A p Rt .\‘~~ px-in px+iy\L
Xy /, .?
—s\ &+ px+in px-iy~L
Ef % Xy e +
________ "_~:p-x—'i§/T_ P'><+_iy'v_ B
i 5 T 871
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s ”/
_.\\\\~ S+ S+ T S+¢
Y o o -
Without SOC With SOC

Fig. 8 The orbital analysis of PoCHz at G(0,0) point, which shows that contribution of s and p,,, atomic orbitals to bands near Fermi level. The
bandstructure formation is mainly due to crystal field splitting and spin—orbit coupling.
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(a) PbCH3 nanoribbon along zigzag direction. The dangling bond at the edge are passivated by hydrogen. The blue and red colors arrows

represent the edge states due to up and down spin respectively. (b) Bandstructure of zigzag PbCHz nanoribbon showing odd number of band
passing through Fermi level which proves the Z, topological invariant of 1. The red color band corresponds to the bands due to edge states. (c)
Bandstructure of zigzag PbCFs nanoribbon. (d) Bandstructure of zigzag PbCCls nanoribbon.

Lastly, in order to investigate the stability of the materials
and change of properties with change of strain (£4%), we have
shown the variation of bandgap and formation energy versus
strain. From Fig. 10(a), we see that the bandgap of PbCHj;
decreases gradually with the increase of strain and increases
upto compression strain of 4%. The formation energies in the
negative region, shown by Fig. 10(b), ensures the electronic
stability of the materials under strain. The bandgap vs. strain
curve of PbCF; is almost linear in the total range of strain. It has
been previously discussed that bandgap opens mainly due to p-

This journal is © The Royal Society of Chemistry 2019

p orbital splitting with spin-orbit coupling. Thus, the reason
behind the strain-dependent variation of bandgaps can be
found from orbital analysis. Fig. 10(c) shows that the p-p orbital
splitting decreases with compressive strain and increases with
the increase of tensile strain, and the bandgaps follow the trend
accordingly. We have not applied strain more than 4% because
beyond that it leads to structural deformation. Thus, changing
the strain in methyl and trihalogenomethyl decorated plum-
bene monolayer may produce topological insulators with much
higher bandgap.
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With SOC

(a) The change of bandgap (Eg) with spin—orbit coupling (SOC) with change of strain, (b) the change of formation energy AE with strain.

The negative values of formation energies ensure electronic stability. (c) The orbital analysis of PbCH= at G(0,0) point for different percentages of
strain, which shows that contribution of s and p,,, atomic orbitals to bands near Fermi level. The amount of splitting in p—p orbitals is changed as

shown by the dotted lines.

Conclusions

We have predicted a new family of methyl and trihalogeno-
methyl decorated plumbene monolayer, as large band gap
quantum spin Hall insulators, showing excellent topological
property at room temperature. Orbital analysis shows that the
band gap opening is mainly due to p-p band splitting caused by
spin-orbit coupling. The Z, topological invariant confirms the
robustness of edge states against backscattering that is pro-
tected by time-reversal symmetry. The presence of edge states in
the bandstructure obtained by simulating nanoribbons further
confirms its edge states and topological nontriviality. We have
also seen its structural stability against externally applied strain
which enhances the possibility of obtaining topological insu-
lators with higher bandgaps using strain. These findings
demonstrate that the methyl and trihalogenomethyl decorated
Pb films may be good QSH platforms for the design of topo-
logical electronic devices, spintronics and dissipationless
electronics.
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