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1.  Introduction

When it comes to two-dimensional (2D) materials, the like-
lihood of exploiting their fascinating properties has become 
an archetype in the quantum world. Dating back to 2004, it 
is graphene—a honeycomb planar structure of carbon atoms, 
which is considered a breakthrough in the field of basic sci-
ence and silicon based electronics as well [1]. Due to free-
standing existence of graphene, it is favourably distinguished 
from its bulk counterpart, graphite. This involves magnifi-
cently enhanced electronic properties, specifically the huge 
carrier mobilities (∼106 m s−1) and strong C–C bonds, which 
are caused by the electrons bound along the plane behaving 
as massless Dirac fermions [2]. Nonetheless, these properties 
sometimes prove to be superfluous for many electron-device 
applications because of semi-metallic nature of graphene 
which lacks a bandgap. The characteristically large on–off 

ratio is always desired in most of the digital devices. The 
gapless graphene fares poorly on these counts and hence, it 
is precluded to become a prospective candidate for future 
generation of nano-electronics. However, the discovery of 
graphene has evoked an extensive research among scientists 
to pursue the multi-purpose properties of different 2D mat
erials for electronics, sensors, optoelectronics and catalysis 
energy storage applications [3, 4]. In an attempt to resolve the 
bandgap issue of graphene, researchers have been using dif-
ferent techniques, for instance, the chemical functionalization 
[5–7], applying electric fields [8, 9], strain [10], effect of spin–
orbit coupling (SOC) [11], etc. On the other hand, the pursuit 
for the graphene-like materials has also resulted in a variety of 
materials ranging from hexagonal boron nitride (hBN), metal 
monochalcogenides or MMCs (InSe, GaS), transition metal 
dichalcogenides or TMDCs (MoS2, MoO3, MoSe2, WS2, 
WSe2) to other elemental monolayers [12–21].
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Just like graphene, hBN is also a planar hexagonal struc-
ture with a large bandgap of 5.9 eV, thus, works well as a sub-
strate [12, 13]. Both MMCs and TMDCs are layered structures 
(held by van der Waals forces) consisting of four and three 
layers, respectively; each carrying atoms from metals (group 
III) and chalcogens (group IV and V). So far, many MMCs 
have been fabricated yet, for instance, InSe and GaS having 
bandgaps 0.45 eV and 3.4 eV, respectively [22, 23]. Similarly, 
monolayer of MoS2 (a typical TMDC) has been reported to 
show an excellent on–off ratio more than 108 to be used as a 
field-effect transistor (FET) [24, 25]. Additionally, it carries 
a direct bandgap of 1.8 eV besides a notable carrier mobility. 
MoS2 has earned a lot of fame because of its applications 
in optoelectronics [25], valleytronics [26] and spintronics 
[27–29]. Despite of tremendously advanced knowledge in the 
2D realm, the materials yet speculated or fabricated can not 
outperform graphene in its transport properties. This can be 
understood as varied density of states (DOS) and so called 
2D nature of these materials at atomic level, as compared to 
configuration of graphene.

In the recent years, the monolayers (silicene [30], ger-
manene [31], stanene [32, 33], plumbene [34–36]) from 
group IV elements other than graphene have been hypoth-
esized and chronicled to the elemental 2D literature. For 
the sake of easiness in frequent use, let us call them Xenes, 
where X  =  C, Si, Ge, Sn, Pb. The theoretical studies 
(including ab initio calculations) suggest that these four 
Xenes possess similar electronic properties as that of gra-
phene, i.e. the presence of Dirac cone. To obtain their mono
layer from their bulk phases is not an easy task. In fact, their 
bulk counterparts do not prefer forming layered structure 
held by weak van der Waals forces, such as in the case of 
graphene. Therefore, experimentalists are still unable to 
achieve their freestanding monolayers, rather they have syn-
thesized these structures as adlayers over the substrates. In 
the past decade, silicene, germanene, stanene, and plumbene 
have been epitaxially grown over silver, gold, bismuth tel-
luride, and palladium substrates, respectively [37–40].  
Moreover, all the Xenes except graphene are not exactly 
planar; their structure prefers a little out of plane geom-
etry, which is called buckled structure. The reason of buck-
ling among 2D Xenes is inherited from their corresponding 
parent 3D structures, which usually prefer sp3 hybridization 
of atoms. In fact, the buckling is a mixture of sp2 and sp3 
hybridized orbitals. It has been theoretically confirmed that 
two types of buckling, low-buckled and high-buckled, exist 
among many hexagonal Xenes. For instance, silicene, ger-
manene are energetically more stable in low-buckled phase, 
while stanene and plumbene prefer high-buckled phase to 
become more stable—just like closely packed metallic bonds 
[41–43]. In short, increase in atomic numbers tends the mono
layers to be more stable in high-buckled form. The change 
in buckling height imparts drastic changes on the electronic 
properties displayed in the band structures.

Spin–orbit coupling has pivotal importance for many phe-
nomena involving spin physics, e.g. spin transport, spin relax-
ation, quantum spin Hall effect, topological insulators, etc. 
At atomic level, electron’s own spin couples to the magnetic 

moment arising from the orbital motion of nucleus in elec-
tron’s frame. In light elements, the strength of SOC is minute 
such as in graphene [44]. However, in other group IV Xenes, 
SOC is responsible to open a bandgap [45–48, 50, 51].

Regardless of hardships in their growth, these group IV 
monolayers earn some advantages over graphene, some of 
which are following: (1) a strong SOC, which makes it easy to 
realize the quantum spin Hall effect, (2) tunability of bandgap 
which is crucial for FET operation, (3) chemically active sur-
faces which allow bonds with adatoms, and so on. The excep-
tional findings from experimental analyses and theoretical 
studies continue to motivate the exploration of other elemental 
2D materials, provided their compatibility with the traditional 
Si based electronics. As an example from group V monolayers, 
black phosphorene has been successfully fabricated which 
can exist as a freestanding nanosheet, just like graphene [53]. 
It is a marvellous semiconductor, holds a superior mechanical 
flexibility, and its monolayer has a bandgap of 1.88 eV; all of 
which enable its use as a transistor, as an inverter in optoelec-
tronic devices [53] and in flexible circuits [54].

As has been discussed earlier, chemical functionalization 
is a proficient tool in engineering the desired properties, spe-
cially electronic properties. One of its underlying methods 
involves surface adsorption by any suitable atom or mole-
cule. Till now, a lot of adatoms have been investigated, most 
important of which are hydrogen, transition metals and alkali 
earth metals, halogens, etc. Perhaps the hydrogen adsorption 
is considered the most common and simplest way of struc-
tural modification. Semi-hydrogenated (SH) and fully-hydro-
genated (FH) Xenes are the two important conformations of 
hydrogenating the monolayer Xenes. With these structures, 
numerous configurations have been tried by the theoreticians 
including chair, boat, flat and washboard [55–57]. Sluiter and 
Kawazoe [58] theorized that a chair-like FH graphene could 
exist due to its dynamic stability, which was later synthesized 
[59]. Similarly, flat FH silicene was obtained experimentally 
which also acted as controllable hydrogen storage [60]. On 
the other hand, theoretical investigations on SH Xenes pre-
dict metallic states due to induced ferromagnetism, possibly 
resulting due to unpaired pz electron upon semi hydrogena-
tion [61–63]. In 2013, Gmitra and Kochan [64] investigated 
SOC in SH graphene in two limits: dilute(single H atom 
in a large supercell) and dense(one H per unit cell). They 
proposed a model in which band splitting was caused due 
to local pseudospin inversion symmetry breaking and spin 
flip. This portrays the novelty of hydrogenation that how H 
adatom can overturn the physical and electronic structure of 
otherwise planar and gapless graphene, taking into account 
the combined effects of SOC, local electric dipoles and sym-
metry breaking. Likewise, the studies on FH Xenes reveal 
that that buckling height increases in chair-like FH Xenes 
which results in sp3 hybridization. The H adatom removes 
the pz states from the Fermi level which results in a wide 
bandgap opening [59, 65–67]. However, in flat FH Xenes 
buckling vanishes, causing the flat scafolding, which ends up 
in increased lattice constant [68, 69]. Furthermore, the band 
structure of FH Xenes do not show any spin polarized states 
because of unavailability of unpaired electrons.
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In the light of aforementioned previous work, it is rea-
sonable to presume the need of a thorough investigation to 
observe how uniformly the geometry and electronic band 
structure varies in all group-IX monolayers upon hydrogena-
tion. In fact, it would be more intuitive to study these struc-
tural trends in terms of the orbitals of bonding electrons. The 
fact that H atoms can be experimentally adsorbed to only one 
side of the monolayer further adds to our motivation to study 
the single-sided hydrogenation. The main purpose of the pre-
sent work is to investigate and understand the structural and 
electronic properties of pristine, semi and fully hydrogenated 
Xenes including SOC.

2.  Computational details

We performed full unit cell optimization and electronic struc-
ture calculations of pristine, SH and FH Xenes using density 
functional theory (DFT) with a plane wave basis as imple-
mented in the Quantum ESPRESSO [70] code. We used 
ultrasoft pseudopotentials [71] and the generalized gradient 

approximation (GGA) with the exchange-correlation func-
tional of Perdew, Burke, and Ernzerhof (PBE) [72]. The 
converged value of plane wave basis cut-off was 60 Ry for 
wave functions and 240 Ry for charge density. A conver-
gence threshold was set at 1 × 10−8 Ry for the energy self-
consistency and 0.001 Ry/Bohr for the forces. For the cell 
relaxation and lattice constant optimization, integration over 
the Brillouin zone was performed on regular 20 × 20 × 1 
Monkhorst–Pack [73] grids, while 30 × 30 × 1 for calcul
ation of DOS, band structures and charge densities. The band 
structure was plotted along the lines joining high symmetry 
points, taken in the order: Γ, M, K and Γ. A vacuum gap of 
about 15 Å  is maintained between planes of monolayers to 
preclude inter-layer interactions.

Table 1.  Optimized lattice constant a (in Å), bond length l (in Å), bandgap Eg (in eV) and cohesive energy Ec (in eV/atom)for the group-
IV bulk structures. The values inside brackets represent the previous literature data.

Material Structure a l Eg Ec Category

C Diamond 3.57(3.57 [76]) 1.55 4.15(4.11 [76]) −7.78(−7.78 [77]) Semi-conductor
Si Diamond 5.47(5.47 [48]) 2.37 0.64(0.61 [48]) −4.59(−5.02 [78]) Semi-conductor
Ge Diamond 5.76(5.76 [79]) 2.49 0.00(0.00 [79]) −3.76(−3.76 [80]) Semi-metal
α-Sn Diamond 6.66(6.65 [81]) 2.88 0.00(0.00 [82]) −3.18(−3.20 [81]) Semi-metal

β-Sn Tetragonal 5.96(5.93 [81]) 3.09 0.00 −3.13(−3.16 [81]) Metal
Pb FCC 5.04(5.05 [83]) 3.56 0.00 −3.01(−2.36 [83]) Metal

Figure 1.  Calculated electronic band structure and total DOS of carbon (a), silicon (b), germanium (c), α-tin (d), β-tin (e), and lead (f). The 
Fermi level is set to zero eV.

Figure 2.  Side view of buckled structure with bond angle θ and 
buckling height δ.

J. Phys.: Condens. Matter 32 (2020) 205501
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Table 2.  Optimized lattice constant a (in Å), bond length l (in Å), buckling height δ (in Å), degree of hybridization D, bandgap without SOC Eg and with SOC E∗
g (in meV), and cohesive 

energy Ec (in eV/atom) for the buckled 2D pristine Xenes. The values inside brackets represent the previous literature data.

X a l δ D Eg E∗
g Ec

C 2.46(2.46 [55]) 1.42(1.42 [55]) 0.00(0.00 [55]) 2.00 0.00 0.00(0.05 [44]) −7.82(−7.95 [85])
Si 3.88(3.87 [86]) 2.28(2.28 [86]) 0.41(0.45 [86]) 2.27 0.00 1.30(1.55 [45]) −3.86(−3.95 [84])
Ge 4.05(4.06 [86, 87]) 2.42(2.44 [86, 87]) 0.65(0.69 [86],0.67 [87]) 2.63 0.00 22.8(23.9 [47]) −3.19(−3.24 [55])
Sn 4.68(4.55 [49],4.67 [55]) 2.83(2.75 [49],2.70 [55]) 0.85(0.81 [49],0.85 [55]) 2.74 0.00 76.2(74.0 [48, 49]) −2.65(−2.8 [88])
Pb 4.94(4.93 [51, 52]) 3.00(3.00 [51, 52]) 0.93(0.99 [51],0.925 [52]) 2.81 0.00 476(440 [51]) −2.28
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3.  Results and discussions

In this part, we will discuss the structural and electronic prop-
erties of (a) bulk and monolayer Xenes, (b) SH Xenes, and (c) 
FH Xenes.

3.1.  Bulk and monolayer Xenes

Before we present the structural and electronic properties of 
Xenes, it is very essential to investigate the bulk materials. In 
this section we present the structural and electronic proper-
ties of bulk group-IV elements: carbon, silicon, germanium, 
tin, and lead. Out of various allotropic forms, we choose to 
study the diamond structure for C, Si, Ge, and α-Sn. For β-Sn 
and Pb, we used tetragonal and face-centred cubic structures, 
respectively. Our calculated equilibrium lattice constant a is 
3.57 Å , 5.47 Å , 5.76 Å , 6.66 Å , 5.96 Å , and 5.04 Å  for C, Si, 
Ge, α-Sn, β-Sn, and Pb, respectively. Furthermore, the calcu-
lated bond length l is 1.55 Å , 2.37 Å , 2.49 Å , 2.88 Å , 3.09 
Å , and 3.56 ̊A  for C, Si, Ge, α-Sn, β-Sn, and Pb, respectively. 
The cohesive energy Ec per atom of all these materials is also 
calculated. Our results are summarized in table 1 and our cal-
culated values match well with the previous studies. Table 1 
shows that l increases smoothly as one moves from C to Pb. 
On the other hand, the calculated cohesive energy Ec(per 
atom) decreases down the group, with a value of  −7.78 eV 
for C, −4.59 eV for Si, −3.76 eV for Ge, −3.18 eV for α-Sn, 
−3.13 eV for β-Sn, and  −3.01 eV for Pb.

Using these optimized structural parameters, we calculated 
the electronic band structures, total and partial DOS for the 
above mentioned bulk materials as shown in the figure 1. Note 
that the band structures of C, Si, Ge and α-Sn look much alike 
since all of these materials share the same crystal structure. The 
three-fold degeneracy of the top-most occupied states persists 
at Γ point for C, Si, Ge and α-Sn (see figures 1(a)–(d)). On 
the other hand, the calculated band structures for β-Sn and Pb, 
shown in figures 1(e) and (f), respectively, are different form 
the aforementioned materials due to their different crystal 
structures. The resulting bandgap Eg is 4.15 eV for C (semi-
conductor), 0.64 eV for Si (semi-conductor), 0.00 eV for Ge 
(semi-metal) and 0.00 eV for α-Sn (semi-metal), where β-Sn 
and Pb turn out to be metals. To our interest, as we increased 
the lattice constant of Ge upto 1.8% and calculated the band 
structure, it resulted into opening the bandgap of 0.49 eV. 

Disagreement of DFT calculated bandgaps (specially for Si 
and Ge at equilibrium a) with their experimental values [74] 
can not be ignored because the error in the results arises due 
to the fact that GGA does not predict the true electronic band-
gaps for most of the semiconducting materials [75]. However, 
otherwise, these values match well with the previous DFT 
results (see table 1).

In the above paragraph, we mainly focused on structural 
and electronic properties of bulk system. It will be very inter-
esting to see how the lattice parameter and electronic structure 
change when we reduce the dimensionality of a material, i.e. 
making a monolayer. Here we consider the pristine hexagonal 
monolayer Xenes of group-IV. Except graphene, all the other 
group-IV Xenes show buckled structure upon relaxation as 
shown in figure 2. Our calculated equilibrium lattice constant 
a, bond length l, and buckling height δ for Xenes are sum-
marized in the table 2. A gradual increase in a, l and δ can 
be seen as the system changes from graphene to plumbene. 
The increase in a (or l) can be attributed to atomic radius as 
one moves down the group—chemical bonds of large atoms 
tend to equilibrate at larger distances due to electronic repul-
sion. The emergence of buckling δ observed down the group, 
which increases as the atomic number of element increases 
down the group IV element. As the system changes from gra-
phene to silicene, silicene to germanene, and so on, the lat-
tice parameter also increases which results in weakening the 
bonds between the neighbouring atoms. To regain the bond 
strength, one of the two atoms (in a unit cell) is forced out of 
plane, ending up in a buckled structure. And the final structure 

Figure 3.  Calculated electronic total DOS (black) and PDOS of pristine graphene (a), silicene (b), germanene (c), stanene (d) and 
plumbene (e). The zero-axis is set at the Fermi level. The red(blue) color in DOS represents the s(p ) contributions. The blue (green) color 
represents the pz(px/py) electrons in PDOS.

Figure 4.  Dependence of Eg (empty triangles) and degree of 
hybridization D (solid triangles) upon the contribution (%) of px/py 
electron to the states at the Fermi level in pristine Xenes.

J. Phys.: Condens. Matter 32 (2020) 205501
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Table 3.  Optimized lattice constant a (in Å), bond length b/w X1–X2 l (in Å), bond length b/w X1–H h (in Å), buckling height δ (in Å), degree of hybridization D, spin-up (down) bandgap 
Eg↑ (Eg↓) in eV, magnetic moment µ (in µB/cell), and non-spin polarized (spin-polarized) cohesive energy Ec (E∗

c) in eV/atom for buckled SH Xenes. The values inside brackets represent the 
previous literature data.

SH-X a l h δ D Eg↑ Eg↓ µ Ec E∗
c

C 2.53(2.53 [64]) 1.48(1.49 [61]) 1.17(1.16 [61]) 0.24(0.32 [61]) 2.18 3.23 3.12 1.0 −5.41 −5.47
Si 3.88(3.89 [86]) 2.35(2.35 [86]) 1.52(1.51 [86]) 0.70(0.68 [86]) 2.73 2.19 0.90 1.0 −3.16 −3.27
Ge 4.20(4.11 [86, 

87])
2.50(2.49 [86, 
87])

1.58(1.58 [86, 
87])

0.78(0.76 [86], 
0.74 [87])

2.84 0.89(0.89 [87]) 0.23 1.0 −2.64 −2.72

Sn 4.75(4.11 [63]) 2.89(2.89 [63]) 1.76(1.76 [63]) 0.92(0.92 [89]) 2.87 0.54 0.00 1.0 −2.28 −2.32
Pb 4.14 3.09 1.81 1.97 — — — 0.0 −2.12 −2.12
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achieved in this way possesses strong bonds as compared 
to unrelaxed one. Hence, buckling prompts in most of the 
monolayers upon relaxation due to their tendency to be more 
energetically stable. We also studied the planar structures of 
pristine Xenes (except graphene) and found their optimized 
lattice constants are larger in magnitude than those of their 
buckled counterparts because the absence of buckling would 

bring the nuclei close enough so that they repel each other and 
attain an enhanced bond length. We also calculated the cohe-
sive energy per atom which is also summarized in table 2, and 
it is clear to see that the cohesive energy for planar Xenes has 
smaller values than for buckled ones.

The bond angle θ (see figure 2) between the X atoms can 
be correlated with the degree of hybridization D, given by the 

Figure 5.  Calculated electronic band structure of pristine graphene (a), silicene (b), germanene (c), stanene (d) and plumbene (e). 
Red(green) color represents SOC(non-SOC) calculations. The insets show magnified areas of the mentioned portion. The Fermi level is set 
to zero eV.

Figure 6.  Side (a) and perspective(b) views of a typical SH Xene with an X–H bong length h. Large (small) balls represent X (H) atoms. 
X1 (X2) show the hydrogenated (unhydrogenated) atom.

Figure 7.  Calculated electronic band structure of non-spin polarized buckled SH graphene (a), silicene (b), germanene (c), stanene (d) and 
plumbene (e). The insets show magnified areas of the mentioned portion. Red(green) color represents SOC (non-SOC) calculations. The 
Fermi level is set to zero eV.

Figure 8.  Calculated 3D charge density shown by isosurfaces for SH graphene (a), silicene (b), germanene (c), stanene (d), and plumbene 
(e).

J. Phys.: Condens. Matter 32 (2020) 205501



A Mahmood and G Rahman﻿

8

empirical relation D = −1/ cos(θ), which helps to understand 
the spD hybridization [84]. In the case of pristine Xenes, the 
calculated bond angle uniformly varies from 120° to 110.9° 
for graphene to plumbene, respectively. This shows that gra-
phene is purely sp2 while plumbene is almost sp3 hybridized 
(D  =  2.81). In between these two extremes, the D uniformly 
varies from 2 to 3 for the remaining three Xenes, as shown 
in table 2. Interestingly, we are successful in representing the 
dependence of D on the contribution of px/py electrons to the 
states at Fermi level. As shown in the figure 3, the calculated 
projected density of states (PDOS) reveals that the electrons 
at the Fermi level are purely pz in case of graphene, resulting 
in strong π bonds. But in silicene (upto plumbene), px/py 
electrons also show their contributions to the top-most filled 
state in addition to pz electrons. Thus, the bonds are no longer 
purely π type, rather a mixing of π and σ bonds. The calculated 
electron localization function (ELF) for the pristine Xenes 
confirms the sp2 and sp3 orbitals mixing (see figure S2 (stacks.
iop.org/JPhysCM/32/205501/mmedia)). Having obtained the 
required data from PDOS calculations, we plot D as a function 
of contributions from px/py electrons in figure 4.

Now we will focus on the electronic structure of Xenes. 
The calculated electronic band structures are shown in figure 5 
with and without SOC. At K-point, the Fermi level is seen 
to be passing through the middle of two intersecting lines, 
called Dirac cone—assuming a linear energy dispersion in its 
vicinity. Each band line is two-fold degenerate due to pres-
ence of time-reversal and space-inversion symmetries in the 

systems under consideration. The band structure shows gap-
less states for all group-IV Xenes without SOC and behave 
as semi-metallic in nature. However, the inclusion of SOC 
engenders the fascinating results in that the bandgap arises 
gradually from 0 meV (graphene) to 476 meV (plumbene), so 
the SOC mainly opens the bandgap at the Dirac point. From 
the PDOS data, we analysed that the bandgap opening is attrib-
uted to the involvement of px/py electrons (in the presence of 
SOC), in addition to pz electrons, to the top most filled states 
near the Fermi level, as shown in figure 4. Consequently, gra-
phene, which has no contributions from px/py at Dirac point 
shows zero bandgap with or without SOC. As we move to the 
other group-IV Xenes, px/py electron states also add to the pz 
states, which then induces a bandgap in the presence of SOC. 
Hence, it is concluded that bandgap opening at the K-point 
is attributed to px/py electrons of Xenes. Furthermore, we 
also studied the planar Xenes for the sake of comparison. The 
results showed that planar Xenes prefer increased lattice con-
stant (see table S1) and metallic behaviour (see figure S1).

3.2.  Semi hydrogenated Xenes

Now we will focus on SH Xenes, where we applied semi 
hydrogenation to Xenes which refers to the adsorption of H 
atom to X1, leaving X2 intact (see figure 6). Table 3 shows our 
optimized structural parameters for SH Xenes. We find that SH 
leads to enhanced buckling δ in all Xenes upon relaxation, as 
shown in figure 6. It depicts a tendency towards more sp3 like 

Figure 9.  Calculated electronic band structure of spin polarized buckled SH graphene (a), silicene (b), germanene (c), stanene (d), and 
plumbene (e). Red(green) color represents spin-up(down) calculations. The Fermi level is set to zero eV.

Figure 10.  Calculated electronic total DOS (black) and PDOS of spin polarized buckled SH graphene (a), silicene (b), germanene (c), 
stanene (d), and plumbene (e). The zero-axis is set at the Fermi level. The red(blue) color represents the total s(p ) orbital contributions.

J. Phys.: Condens. Matter 32 (2020) 205501
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Table 4.  Optimized lattice constant a (in Å), bond length b/w X–X l (in Å), bond length b/w X–H h (in Å), buckling height δ (in Å), degree of hybridization D, bandgap without SOC Eg and 
without SOC E∗

g (in eV), and cohesive energy Ec (in eV/atom) for the FH Xenes. The values inside brackets represent the previous literature data.

FH-X a l h δ D Eg E∗
g Ec

C 2.83(2.83 [69]) 1.64(1.64 [69]) 1.07(1.08 [69]) 0.00(0.00 [69]) 2 1.40(1.89 [69]) 1.40 −4.25(−5.54 [69])
Si 4.15 2.39(2.33 [91]) 1.50 0.00(0.00 [91]) 2 1.90 1.87 −3.05(−4.43 [69])
Ge 4.34(4.36 [87]) 2.51(2.52 [87, 91]) 1.56(1.56 [87]) 0.00(0.00 [87]) 2 1.60(1.7 [87]) 1.55 −2.64(−3.77 [69])
Sn 4.99 2.88(2.82 [89]) 1.75(1.74 [89]) 0.00(0.84 [89]) 2 1.33 1.14(0.57 [89]) −2.30
Pb 4.87 3.12 1.85 1.37 — 0.00 0.47 −2.00
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structures upon semi hydrogenation. Even in the case of gra-
phene which is otherwise planar, semi hydrogenation is capable 
to pull C atom out of plane. We further observe that the calcu-
lated a, l and h for SH Xenes are also increased in magnitude as 
compared to those of the pristine ones. As a consequence, the 
computed cohesive energy per atom is also reduced.

As described previously, one of the aspects of this work 
is to discuss the trends of different properties among Xenes 
down the group-IV. Again from the table 3, one observes that 

lattice constant a increases from C to Sn but then decreases 
for the case of Pb. On the other hand, the bond length l and 
X1–H bond length h keep on increasing from C to Pb. This 
shows that upon SH, the crystal structure of Pb hugely differs 
from the rest of SH Xenes. To understand this, we come to 
know from the previous literature that pristine plumbene has 
two stable structures: low buckled and high buckled. The high 
buckled structure is much more stable as compared to the low 
one. We chose to study only the low buckled structure. Since 

Figure 11.  Side (a) and perspective (b) views of a typical FH Xene with an X–H bond length h.

Figure 12.  Calculated 3D charge density shown by isosurfaces for FH graphene (a), silicene (b), germanene (c), stanene (d), and plumbene 
(e).

Figure 13.  Calculated electronic total DOS (black) and PDOS of FH graphene (a), silicene (b), germanene (c), stanene (d), and plumbene 
(e). The zero-axis is set at the Fermi level. The red, green and blue colors represent the total s, pz and px/py orbital contributions, 
respectively.

Figure 14.  Calculated electronic band structure of FH graphene (a), silicene (b), germanene (c), stanene (d), and plumbene (e). The insets 
show magnified areas of the mentioned portion. Red(green) color represents SOC(non-SOC) calculations. The Fermi level is set to zero eV.
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it is already comparatively less stable, semi hydrogenation 
further reduces its stability and the structure distorts tremen-
dously. We will shortly see how deeply the geometry influ-
ences the electronic structure of SH Xenes.

The calculated band structures of SH Xenes are shown in 
the figure  7 in which the top-filled states are seen crossing 
the Fermi level. As compared to the pristine Xenes, the Dirac 
cone has now disappeared and flat bands emerge instead. It 
results because the added H atom makes σ bonds with the 
host X1 atom, which ends up breaking the π bonds between 
pz orbitals of X1 and X2 atoms, as shown in the figure 8. To 
better visualize the bonds among s, px, py and pz orbitals, the 
calculated ELF is shown in figure S3.

Since hydrogenation breaks the inversion symmetry, we 
find that incorporating SOC in the non-spin polarized band 
structure calculations results into splitting of the states, except 
at time reversal invariant momenta (TRIM) points. The mag-
nitudes of maximum splitting obtained along Γ–K direction 
are 2 meV, 19 meV, 30 meV, 94 meV and 746 meV from SH 
graphene to SH plumbene, respectively, which increase down 
the group. One should note that these values are larger as com-
pared to bandgap opening occurring at K point in case of pris-
tine Xenes. Nevertheless, unlike pristine Xenes, there is no 
SOC-driven bandgap opening for SH Xenes.

The band at the Fermi energy is mainly contributed by 
H atoms. Such a band at the Fermi energy will give birth to 
large DOS at the Fermi energy which will lead to magnetic 
instability in the system. And it is expected that SH Xenes 
will show magnetism. The spin polarized band structures are 
shown in the figure 9. Now it is clear to see a spin polarized 
band at the Fermi level for all SH Xenes expect Pb which 
does not show any signature of spin polarization. The absence 
of spin polarized states is mainly due to structural distortion 
in Pb.

The spin polarized calculations also yield a magnetic 
moment of 1.0µB due to localized unpaired electron in X2 
atom. Moreover, the spin-up and spin-down states have band-
gaps Eg(↑) & Eg(↓), respectively, which decrease down the 
group as shown in table 3. For spin-up states the bandgap is 
indirect for SH graphene and SH silicene, and becomes direct 
bandgap for the rest cases. Similarly, spin-down states show 
direct bandgap throughout. All direct bandgaps are calcu-
lated at Γ point. So SH graphene, silicene, and germanene are 
magnetic semiconductors and stanene is half-metal whereas 
plumbene is a non-magnetic metal. The cohesive energies 

clearly show that the spin polarized states are energetically 
more favourable than non-spin polarized states.

To know the atomic origin of spin polarization and inducing 
magnetism in SH Xenes, it is necessary to analyse the PDOS. 
The PDOS analysis (see figure 10) reveals that the states near 
the Fermi level mainly consist of pz electron from X2 and s 
electron from H atom. The states from X2 atoms barely par-
ticipate towards bonding, however, their contribution show a 
minute increase as we move down the group upto SH stanene.

One can also see that the spin-up p z states are completely 
occupied whereas the spin-down p z are empty and such occu-
pied and unoccupied states generate large exchange filed that 
induces magnetism in these systems. Near the Fermi energy, 
the strong bonding between X2 and H atoms is also visible. 
The peaks of X1 atoms move toward the Fermi energy as one 
moves from C to Pb. The SH Xenes are found to be energeti-
cally less stable as compared to prisitne Xenes, but more stable 
than planar SH Xenes. The above stated discussion is not valid 
for SH plumbene due to its distorted structure. However the 
time reversal (TR) symmetry has now also been broken due to 
magnetism, hence, the spin polarized band structure always 
show non-degenerate states at all high symmetry points.

3.3.  Full hydrogenated Xenes

Finally, we will discuss fully hydrogenated Xenes. As we 
fully hydrogenate the Xenes along one side, the buckling van-
ishes upon relaxation and the structure becomes planar (see 
figure 11), depicting sp2 hybridization. This is achieved at the 
expense of increased lattice constant a and X–X bond length 
l, both of which are even larger as compared to those of SH 
Xenes. We must note that buckling in 2D materials strongly 
depends on the lattice constant, and generally 2D materials 
with larger lattice constant prefer planar structure than the 
buckled one [90]. As a result, the cohesive energy Ec of FH 
Xenes is further decreased, just as anticipated.

Table 4 shows the calculated optimized structural param
eters for FH Xenes. As seen in the table  4, the X–X bond 
length l and X–H bond length h increase for FH Xenes down 
the group. The values of a, however, only increase till FH 
stanene followed by a sudden decrease in the value for FH 
plumbene. We have already seen this type of anomaly in case 
of SH Xenes, with somewhat similar reason causing this trend 
in a values down the group. Unlike other FH Xenes, the struc-
ture of FH plumbene does not favour planar geometry.

Figure 15.  Trends of lattice constant (a), bond length (b), buckling height (c) and cohesive energy (d) among pristine, SH and FH Xenes. 
Pristine (semi hydrogenated) Xenes are represented by solid (empty) circles, while fully hydrogenated Xenes (bulk phase) are represented 
by empty (solid) triangles.
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The added H atoms make σ bonds with X atoms causing 
the π bonds between pz orbitals of X atoms to become weak. 
The X–H σ bond strength decreases down the group, as dis-
played by the charge density (figure 12) and ELF (figure S4 
in supplementary information). This fact is evidenced by the 
PDOS, shown in figure 13 in which the density of pz states 
shows a gradual decrease from FH graphene to FH stanene 
while that of px/py states remains almost the same. Owing to 
the difference in geometry of FH plumbene from the rest, its 
PDOS and charge density show only the existence of px/py 
electron states at the Fermi level.

The calculated band structure for FH Xenes turns out to be 
semiconducting (see figure 14), with a bandgap of the order 
of eV as shown in table 4. Since π bonding of pz electrons 
has lost, the Dirac cone disappears and opens the bandgap Eg. 
The bandgap is indirect for FH graphene, silicene and ger-
manene, while direct for FH stanene. The FH plumbene turns 
out to be semi-metallic. The Eg increases as one moves from 
FH graphene to FH silicene, but then starts decreasing. We 
also performed the spin polarized calculations and found no 
signature of spin polarization. The intuition behind this result 
lies in the unavailability of unpaired localized electrons in any 
of the X or H atoms. Hence, we conclude that the full hydro-
genation mainly changes the electronic structure of Xenes as 
compared with pristine ones. It is also encouraging to include 
the SOC in the band structure calculations of FH Xenes. Just 
like SH Xenes, SOC calculated band structures of FH Xenes 
also result in splitting of states with magnitudes almost similar 
to those obtained in case of SH Xenes. Therefore, instead of 
getting broader, the bandgap E∗

g (as compared to Eg) rather 
decreases in all FH Xenes (see table 4), except for the case of 
FH plumbene in which SOC gives rise to bandgap of 0.47 eV, 
which is otherwise a semi-metal. The band lines split because 
the system lacks the inversion symmetry, however, the split-
ting disappears at TRIM points due to TR symmetry.

4.  Summary

To summarize, we performed ab initio calculations based on 
DFT to investigate the structural and electronic properties of 
2D hydrogenated group-IV Xenes (X  =  C, Si, Ge, Sn, Pb). 
The results are summarized in figure 15. We focused on the 
structural and electronic properties of bulk phases of group 
IV elements, and we found that both the lattice constant a and 
bond length l increase as we move down the group-IV except 
Pb. However, the cohesive energy Ec and bandgap Eg decrease 
down along the group. The pristine Xenes which showed 
buckled structure when relaxed except graphene which pre-
fers planar structure. All the Xenes under study, showed 
gap-less states at the Dirac point. But including SOC opens 
a bandgap, ranging from a small value of 1.30 meV (silicene) 
to as large as 476 meV (plumbene). The bandgap of graphene 
is unaltered by SOC because the states at the Dirac point, are 

composed of pz electrons only. We found that px/py electrons 
play the key role in removing the degeneracy of states. The 
planar Xenes showed increased lattice constants and metallic 
nature, as compared to buckled Xenes.

Upon semi hydrogenation, the relaxed system intensively 
buckled and became sp3 hybridized. Even the graphene, 
which is otherwise planar, showed buckling of 0.24 Å  upon 
hydrogenation. Interestingly found that the bond lengths of 
SH Xenes enlarged by only 0.6 Å  to 0.9 Å  more than the cor-
responding bond lengths of pristine Xenes. It was found that 
H makes bonds with its next to nearest neighbouring X atoms. 
In fact, the s electrons of H and pz electrons of X (unhydro-
genated one) are mainly contributed to the states close to the 
Fermi level. Moreover, spin polarized calculations revealed 
that the unpaired electron induced a magnetic moment of 1.0 
µB. We calculated the spin polarized band structure and cal-
culated the bandgaps between spin-up and spin-down states. 
SH graphene, silicene and germanene fall in the semi-con-
ducting regime while in SH stanene, the spin-down bandgap is 
closed, therefore, it showed half-metallic nature. As shown in 
the figure 15(c), the cohesive energies of SH Xenes decrease 
down the group, with a magnitude less than that of pristine 
buckled Xenes. On the other hand, the bond length and buck-
ling, both increase down the group(see figure 15).

Fully-hydrogenated Xenes are also considered. The bond 
length l for all FH Xenes (except graphene) remains more 
or less the same, compared to those of SH Xenes. The fully 
hydrogenated systems show planar geometry upon relaxation 
(except FH plumbene), hence, no buckling arises. The added 
H atoms strongly bond with the X atoms, which were previ-
ously π bonded with each other. Therefore, the Dirac cone is 
disappeared and a bandgap is opened. The bandgap is indi-
rect and increased from 1.36 eV (FH graphene) to 1.90 eV 
(FH silicene) and then decreased to 1.60 eV (FH germanene). 
While FH stanene showed a direct bandgap of 1.33 eV at Γ 
point. FH plumbene showed semi-metallic nature. The calcu-
lated charge density showed no H–H π bonds in all FH Xenes. 
Rather s electrons from H and px/py and pz from X contrib-
uted to the bond formation from FH graphene to germanene. 
But in FH stanene, only px/py contributed from Sn atom for 
bond formation. Similar to SH Xenes, the SOC splits the bands 
in FH Xenes, due to inversion symmetry breaking. However, 
the SOC results in a bandgap opening for FH plumbene with a 
value of 0.47 eV. Similar to pristine and SH Xenes, the cohe-
sive energy decreased down the group. We believe that H has 
much opportunity in Xenes to tune the electronic and struc-
tural properties, and Hydrogenated Xenes can be considered 
for nanoelectronics.
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