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ABSTRACT: Using density functional theory based first-principles
calculations, the effect of surface hydrogenation on the structural,
dynamical, electronic, and mechanical properties of monolayer
washboard-gallenene (w-gallenene) is investigated. It is found that
the dynamically stabilized strained monolayer of w-gallenene has a
metallic nonmagnetic ground state. Both one-sided and two-sided
hydrogenations of w-gallenene suppress its dynamical instability
even when unstrained. Unlike one-sided hydrogenated monolayer
w-gallenene (os-w-gallenene), two-sided hydrogenated monolayer
w-gallenene (ts-w-gallenene) possesses the same crystal structure as
w-gallenene. Electronic band structure calculations reveal that
monolayers of hydrogenated derivatives of w-gallenene exhibit also
metallic nonmagnetic ground state. Moreover, the linear-elastic
constants, in-plane stiffness and Poisson ratio, are enhanced by
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Enhanced dynamical stability upon surface hydrogenation

hydrogenation, which is opposite to the behavior of other hydrogenated monolayer crystals. Furthermore, monolayer w-
gallenene and ts-w-gallenene remain dynamically stable up to relatively higher biaxial strains as compared to borophene. With its
enhanced dynamical stability, robust metallic character, and enhanced linear-elastic properties, hydrogenated monolayer w-

gallenene is a potential candidate for nanodevice applications as a two-dimensional flexible metal.

1. INTRODUCTION

Since the successful isolation of graphene'” from its bulk
counterpart, graphite, two-dimensional (2D) materials have
received immense interest in material science and device
technology owing to their unconventional properties.S_6 It has
stimulated researchers to synthesize other monolayer monoa-
tomic crystals such as silicene,” ™ germanene,m_13 sta-
nene,' ' phosphorene,16 and borophene,17 which exhibit a
wide range of electronic, thermal, mechanical, and chemical
properties, making them promising candidates for many
different applications.

Gallium is an enchanting metallic element because it favors
covalency over metallicity in its bulk form."® Therefore, gallium
possesses one of the most diverse phase diagrams of the
metallic elements, and it is a nontoxic liquid metal at room
temperature.'”*° It displays various types of phases such as a
boron-like molecular and close-packed metallic phase under
nonstandard pressure and temperature.w’m’22 Furthermore,
the extreme covalent character of the Ga, pairs results in a
dimer-like behavior. Hence, among the monoatomic materials,
a-Ga is the only one that exhibits both metallic and molecular
character at zero pressure.19 On the other hand, gallium is
known to form the basis of the following semiconductors: GaX
(X = N, P, As), which are used primarily in electronic circuit
and semiconductor devices.””*** Zhang et al. reported that
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epitaxially grown Ga films on the wide-band-gap semi-
conductor GaN(0001) demonstrate a novel platform for
exploring atomic-scale 2D superconductors, which is important
for understanding interface superconductivity.”> Zhou et al.
showed that monolayer GaSe possesses the strongest second-
harmonic generation intensity among similar 2D crystals.”®
Moreover, 2D GaS and GaO layers with exciting functional
properties were also successfully synthesized.”” In our recent
study, we reported that monolayers of Ga-monochalcogenides
(Ga$S and GaSe) are ductile and flexible materials.”®

Apart from its binary compounds, monoatomic crystals of
gallium in the 2D limit have not been studied in detail up to
date. Xing et al. reported that the quantum Griffiths singularity
is observed experimentally in atomically thin gallium films by
showing a superconductor—metal transition with increasing
magnetic field.”” Very recently, Kochat et al. reported the
successful synthesis of two-dimensional atomically thin
“gallenene” phases on various substrates.”’ They also showed
that free-standing gallenene can be dynamically stabilized upon
the application of biaxial strain.

Received: July 30, 2018
Revised:  November 4, 2018
Published: November 12, 2018

DOI: 10.1021/acs.jpcc.8b07353
J. Phys. Chem. C 2018, 122, 28302—-28309


pubs.acs.org/JPCC
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.8b07353
http://dx.doi.org/10.1021/acs.jpcc.8b07353

The Journal of Physical Chemistry C

(C)Z |

Energy (eV)

r r Y S r PDOS

Figure 1. (a) Top and side views of monolayer w-gallenene. Red dashed lines represent the rectangular unit cell; @ and b are the lattice vectors. (b)
The phonon band diagram of w-gallenene. (c) The electronic band diagram and orbital projected partial density of states (PDOS) of w-gallenene.
Inset represents the high-symmetry points in the first BZ of the orthorhombic reciprocal unit cell. The Fermi level is set to zero.

Table 1. Calculated Parameters for Monolayers of Bare w-Gallenene and Its Hydrogenated Derivatives”

a(d)  bA)  5(A)  5HA)  HA) Apgeu(e?)
bare 465 482 271 273 127
os 465 465 28 290 370 02
ts 462 455 272 266 444 03

w(ug)

Ecopjaom(€V)  ®(eV)  C,(N/m)  G,(N/m) v, L,
2.32 4.03 25 25 0.20 0.20
2.25 5.17 52 52 0.26 0.26
2.25 5.22 48 47 0.25 0.25

“The lattice constants, a and b; the atomic distance between two Ga atoms, §, and §,; the thickness of the monolayer structure, t; the charge
donation from Ga to H, Apg,_y; the magnetization ; the cohesive energy per atom, Ec,},/aiom; @nd work function, ®. The in-plane stiffness, C, and

C,, and Poisson ratio, v, and 14,

Surface functionalization is an alternative approach to strain
that can improve the stability of 2D materials and for tuning
their structural,®"** electronic,”** and magnetic® properties.
Generally, hydrogenation is utilized experimentally for surface
functionalization because it is a simple and versatile method.*®
Here, motivated by a recent study that revealed highly
anisotropic, partially filled Dirac cones and nonlinear dispersive
bands in w-gallenene, we present a comprehensive inves-
tigation of the surface functionalization of w-gallenene via one-
and two-sided hydrogenation. The effect of hydrogenation on
the structural, phononic, electronic, and mechanical properties
of w-gallenene are investigated in detail.

The paper is organized as follows. The computational
methodology is given in Section 2. The structural, vibrational,
and electronic properties of pristine w-gallenene are discussed
in Section 3.1. The adsorption of a single H atom and a H,
molecule on w-gallenene are presented in Section 3.2.1. In
Sections 3.2.2 and 3.2.3, the structural, phononic and
electronic properties of os- and ts-w-gallenene monolayers
are presented, respectively. The mechanical properties of all
the monolayers of w-gallenene crystals as their linear-elastic
constants, in-plane stiffness and Poisson ratio, are discussed in
Section 3.3. We conclude our results in Section 4.

2. COMPUTATIONAL DETAILS

First-principles calculations were performed within the density
functional theory formalism by using the Vienna ab initio
simulation package.”” To approximate the exchange and
correlation energies, Perdew—Burke—Ernzerhof form of the
generalized gradient approximation (GGA) functional was
used.”® The analysis of the charge transfers between individual
atoms was done by the Bader technique.”

The kinetic energy cutoff for plane-wave expansion was set
to 500 eV and the energy was minimized until its variation in
the following steps became less than 107% eV, and the
Hellmann—Feynman forces on each unit cell was taken to be
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less than 1077 eV/A. A 19 X 19 X 1 T'-centered k-point
sampling was used for the primitive unit cell for band structure
calculations performed within spin—orbit coupling (SOC).
The metallicity of the monolayers of gallenene and its
derivatives is also examined by performing electronic band
structure calculations including local density approximation
(LDA), Heyd—Scuseria—Ernzerhof (HSE), and meta-GGA
functionals (see Figure SI in the Supporting Information
(SI)). The Methfessel—Paxton scheme broadening for the
density of states calculation was taken to be 0.2 eV. To avoid
interaction between adjacent layers, a vacuum space of ~15 A
was implemented. The phonon dispersions were calculated by
using the PHON code,*® which uses the force constants
calculated with the small-displacement method. The cohesive
energy per atom Ec,, was calculated using

1
ECoh = Z niEi - Esl
ntot i=1 (1)

where E; represents the energies of a single isolated atom and
the i index denotes the type of atom. E represents the total
ground-state energy of the related monolayer structures and
Ny and n; are the total number of atoms and the number of
isolated i type atoms within the computational unit cell,
respectively. The binding energy of an adsorbed atom and
molecule was calculated as

E,=Eg+Eg—Egu ()

where E, denotes the energy of the monolayer, E,4 is the
energy of an isolated adatom or admolecule, and E, 4 denotes
the total energy when the adatom or admolecule is adsorbed
on the monolayer. In addition, the thermal stability of all the
monolayer gallenene crystals was examined by performing ab
initio molecular dynamics (MD) calculations (see Figure S2 in
the SI).
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3. RESULTS

3.1. Washboard Structure of Single-Layer Gallenene.
In this section, the structural, electronic, and vibrational
properties of w-gallenene, a single plane of bulk a-Ga
exfoliated along the (010) direction, are investigated. This
monolayer is the most suitable gallenene phase for hydro-
genation and is similar to the anisotropic structure of w-
borophene.'” The optimized atomic structure of w-gallenene
resembles a zigzag orthorhombic structure, which is like a
washboard structure. As shown in Figure la, it forms a 2D
double-decker structure, where the two Ga atoms are separated
by t = 1.27 A along the out-of-plane direction, which is defined
as the buckling height. The primitive unit cell of the structure
includes four Ga atoms. The lattice constants of the primitive
unit cell are calculated to be a = 4.65 A and b = 4.82 A. The
Ga—Ga bond lengths are found to be §; =2.71 A and 6, = 2.73
A. It is revealed that the nonmagnetic ground state of w-
gallenene is formed with a cohesive energy of 2.32 eV/atom. In
addition, as given in Table 1, the work function of the
monolayer w-gallenene is ~4.03 eV."'

For a reliable analysis of the dynamical stability of the w-
gallenene sheet, it is required to examine the phonon band
structure in the whole BZ. The unit cell of w-gallenene consists
of 4 atoms, which yields 12 phonon branches, 3 of which are
acoustic (longitudinal acoustic, transverse acoustic, and out-of-
plane flexural), whereas the other 9 are optical phonon
branches. The force constant matrix is calculated by displacing
the atoms from their equilibrium positions in a § X § X 1
supercell. It is found that w-gallenene is dynamically unstable
because its phonon dispersion displays imaginary frequencies
between the I" and Y high-symmetry points, as shown in Figure
1b. However, the instability of monolayer w-gallenene is
suppressed by applying 2% of biaxial strain, which can be
realized by an appropriate substrate. Furthermore, due to
atomic mass and bonding type of Ga atoms, the phonon
modes of w-gallenene lie at much lower energies when
compared to those of the other 2D materials such as graphene
(~1500 cm™), silicene (~580 cm™), and h-BN (~1600
cm™1) 2—H

The electronic properties of w-gallenene are investigated in
terms of its electronic band structure and corresponding orbital
projected partial density of states (PDOS), as shown in Figure
lc. It is found that w-gallenene possesses metallic character.
Unlike other 2D monoatomic materials, the bands are highly
dispersive, with a large bandwidth and increased anisotropy in
the low-energy bands. Therefore, w-gallenene exhibits lighter
charge carriers and higher mobilities. In addition, it is seen in
Figure 1c that the SOC has a negligibly small effect on the
electronic band structure. Moreover, PDOS shows that the
conduction band (CB) and valence band (VB) states are
mainly made up of the p-orbitals of the Ga atoms.

3.2. Hydrogenation of w-Gallenene. Monolayer w-
gallenene was successfully synthesized on SiO, substrate and
can be dynamically stabilized upon application of a biaxial
strain,”” which can be realized by an appropriate substrate. A
question naturally arises whether the dynamical instability of
free-standing w-gallenene can be suppressed only by biaxial
strain or is there any other possible methodology to stabilize
the monolayer. Therefore, we address the aforementioned
question by studying the effect of surface functionalization with
H atoms as an effective way to enhance the dynamical stability
in monolayer w-gallenene.

3.2.1. Interaction of Single H Atom and H, Molecule with
w-Gallenene. Understanding the adsorption properties of a
single H atom and H, molecule on w-gallenene is important to
understand its hydrogenated derivatives. As seen in Figure 2b,
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Figure 2. (a) Phonon dispersion of 2% uniformly strained w-
gallenene. (b) The binding energies of the single H adatom and H,
admolecule on 2% uniformly strained w-gallenene surface. The inset
shows the possible hydrogenation pathways on the w-gallenene
surface. The upper Ga atoms are denoted by dark green, whereas the
lower ones are denoted by light green. Top and side views of the
energetically most favorable adsorption sites of (c) H atom and (d)
single H, molecule on 3 X 3 X 1 super cell w-gallenene.
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w-gallenene is dynamically stable under 2% biaxial strain.
Therefore, the adsorption of a single H atom and H, molecule
on 2% biaixally strained w-gallenene are simulated by
considering three inequivalent initial adsorption sites: top of
lower Ga atom (B), top of upper Ga atom (T), and hollow
(H) site, which allows more freedom for taking a position
between T and H, as shown in the inset of Figure 2a.

To eliminate H—H and H,—H, interactions, the size of the
supercell is chosen to be 3 X 3 X 1. In the case of the H
adatom, the bond length of Ga—H is ~1.61 A, which is close to
the electron-diffraction measurement result (~1.52 A) of
Ga,H,.*® However, in the case of the H, admolecule, the
distance between Ga and the molecule is calculated to be
~3.55 A. The highest binding energy of H adatom is found to
be ~2.21 eV, when it is adsorbed on the lower Ga atom.
Nevertheless, the highest binding energy of the H, admolecule
is found to be ~0.29 eV for the case in which H, resides on the
upper Ga atom. The presence of the w-gallenene surface
lowers the H, molecule adsorption barrier and allows for the
adsorption reaction at energies well below the dissociation
threshold of the H—H bond. The H, molecule should contain
considerable binding energy to be chemically adsorbed by the
w-gallenene surface. However, the binding energy is quite low
and, thus, H, is physisorbed on the w-gallenene surface.

As shown in Figure 2c,d, the local atomic structure is
negligibly reconstructed by the adsorbed H atom and H,
molecule. On the basis of the Bader charge analysis, it is found
that Ga atom donates 0.3 e to the bonding H atom, which
reveals the partial ionic bonding between Ga and H atoms.
However, due to the physisorption of H, molecule on w-
gallenene, there is no net charge transfer between the surface
and the molecule. Moreover, the nonmagnetic nature of the
monolayer remains unchanged with a single H atom and H,
molecule adsorption. Taking into account the analyses of
binding energies, bond length, and charge-transfer results,
hydrogenation of w-gallenene is only possible by using atomic
hydrogen.

DOI: 10.1021/acs.jpcc.8b07353
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Figure 3. (a) Top and side views of os-w-gallenene. Ga and H atoms are denoted by green and blue colors, respectively. Red dashed lines represent
the rectangular unit cell; 4 and b are the lattice vectors. (b) The phonon band structure of os-w-gallenene. (c) The electronic band structure and
corresponding orbital projected partial density of states of os-w-gallenene. The Fermi level is set to zero.
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Figure 4. (a) Top and side views of ts-w-gallenene. Ga and H atoms are denoted by green and blue, respectively. Red dashed lines represent the
rectangular unit cell; 4 and b are the lattice vectors. (b) The phonon band structure of ts-w-gallenene. (c) The electronic band structure and the
corresponding orbital projected partial density of states of ts-w-gallenene. The Fermi level is set to zero.

3.2.2. One-Sided Hydrogenation of w-Gallenene. Follow-
ing the analysis of the adsorption of a single H atom on 2%
biaxially strained w-gallenene, in this section, the structural,
electronic, and phononic properties of one-sided hydrogenated
w-gallenene are discussed. To construct the one-side hydro-
genated structure, the most favorable position of an isolated H
atom on 2% biaxially strained w-gallenene is considered. After
hydrogenation, the applied strain is removed and the system is
found to be dynamically stable without biaxial strain. The
crystal structure of os-w-gallenene does not retain the structure
of w-gallenene, as shown in Figure 3a. The primitive unit cell
of os-w-gallenene includes four Ga and two H atoms. The
thickness of the monolayer is calculated to be 3.70 A. The
lattice constants are a = b = 4.65 A. The Ga—Ga bond lengths
are found to be 2.82 and 2.90 A for &, and §,, respectively.

According to Bader charge analysis, Ga atom donates 0.2 e~
to H atom, i.e., Ga—H bond possesses a partial ionic character,
whereas the covalent bonding character between Ga atoms is
still conserved. The monolayer os-w-gallenene exhibits a
nonmagnetic ground state with a cohesive energy of 2.25
eV/atom, which is slightly (~0.07 eV) lower than that of w-
gallenene. When H atoms are adsorbed on the w-gallenene
surface, strong Ga—H bonds are formed. The work function at
the hydrogenated side is increased to ~5.17 eV.

The phonon band structure of monolayer os-w-gallenene is
shown in Figure 3b. After one-sided hydrogenation, the
applied strain is removed and the relaxed system is dynamically
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stable without a biaxial strain. Notice that the Ga—H
interaction enhances the dynamical stability of the monolayer
w-gallenene. Monolayer os-w-gallenene exhibits 3 acoustic and
15 optical phonon branches. There are three doubly
degenerated optical phonon modes having frequencies 43.1,
118.0, and 157.7 cm™" at the I point, which correspond to the
in-plane vibration of the atoms. The phonon mode having the
frequency 43.1 cm™! is attributed to the opposite in-plane
vibration of lower Ga with respect to the upper Ga atoms,
whereas the phonon mode with the frequency 118.0 and 157.7
cm™ are attributed to the opposite in-plane vibration of the Ga
atoms in each sublayer. In addition, there are three optical
phonon modes having frequencies of 47.8, 92.4, and 161.4
cm™" at the ' point, which correspond to the out-of-plane
vibration of the atoms. The phonon modes with frequency
924 and 1614 cm™' are attributed to the out-of-plane
vibration of one sublayer Ga, whereas the other sublayer Ga
atoms are frozen. However, the phonon mode with frequency
47.8 cm™ is an out-of-plane vibration of lower Ga with respect
to the upper Ga atoms. Furthermore, owing to the smaller
atomic radius of the H atom and the relatively strong chemical
bonding in os-w-gallenene, the phonon frequencies harden.
The modes with higher frequencies occur between 1800 and
1850 cm™" (see Figure 3b), which have only out-of-plane
character.

As shown in Figure 3¢, the monolayer os-w-gallenene
possesses the characteristic properties of metal with nonzero

DOI: 10.1021/acs.jpcc.8b07353
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density of states at the Fermi level. The calculated PDOS
reveals that both CB and VB states are mainly made up of the
p- and the s-orbitals of the Ga atom and s-orbital of H atom.
The electronic band structure of os-w-gallenene is highly
dispersive, with a large bandwidth in the vicinity of the Fermi
level; therefore, it possesses a high charge carrier mobility. The
breaking of spin degeneracy at the CB and VB edges of os-w-
gallenene stems from the edge asymmetry of its structure, in
strict contrast to w-gallenene.

3.2.3. Two-Sided Hydrogenation of w-Gallenene. In this
section, the structural, electronic, and phononic properties of
ts-w-gallenene are discussed in detail. In the case of the
unstrained ground state, it is found that the crystal structure of
ts-w-gallenene is almost the same as that of w-gallenene, as
shown in Figure 4a. The primitive unit cell is marked by a red
dashed rectangle, which contains four Ga and four H atoms.
Each Ga atom is saturated with a H atom at the top site.
Similar to the case of w-gallenene, it has a buckled structure,
with a buckling height of 4.44 A between the uppermost and
the lowermost H atoms. The ts-w-gallenene has a zigzag
orthorhombic structure with lattice constants a = 4.62 A and b
= 4.55 A. The Ga—Ga bond lengths are found to be 2.72 and
2.66 A for 8, and §,, respectively.

The Bader charge analysis reveals that each Ga atom donates
0.3 e to each H atom, which indicates that the Ga—H bond
possesses a partially ionic character. It is seen that the
hydrogenation leads to increase in ionic character of the bonds
between Ga and H atoms, whereas the covalency of the Ga—
Ga bond is still conserved because there occurs no charge
transfer between Ga atoms. Similar to the cases of w-gallenene
and os-w-gallenene, the ground-state structure of the ts-w-
gallenene is also found to be nonmagnetic. It is found that the
cohesive energy of ts-w-gallenene is the same as that of os-w-
gallenene. The resulting two-sided hydrogenation of w-
gallenene leads to the formation of strong Ga—H bonds.
Hence, ts-w-gallenene has a work function that is ~1.2 eV
higher than that of w-gallenene.

The phonon dispersion of ts-w-gallenene is shown in Figure
4b. Similar to the case of os-w-gallenene, the two-sided
hydrogenation of w-gallenene suppresses its dynamical
instability when the biaxial strain is removed. It exhibits 3
acoustic and 21 optical phonon branches. Two acoustical
phonon branches of ts-w-gallenene are linear as k — 0, but its
transverse branch displays a quadratic dispersion near the I'
point.

Among the optical vibrational modes, the phonon modes
having frequencies 28.8, 66.7, 176.0, and 182.6 cm™! are
attributed to the opposite in-plane vibration of Ga with respect
to the closest Ga atom. The phonon modes with the
frequencies 75.1 and 144.2 cm™ are due to the opposite in-
plane vibration of the lower Ga with respect to the upper Ga
atoms. The phonon modes at frequencies 112.1 and 121.9
cm™ are attributed to the opposite out-of-plane vibration of
Ga with respect to the closest Ga atom. Furthermore, the
phonon mode having frequency 180.9 cm™' reveals the
opposite out-of-plane vibration of the lower Ga with respect
to the upper Ga atoms. Similar to the case of os-w-gallenene,
the Ga—H bonds have much higher frequencies than the Ga—
Ga bonds, as shown in Figure 4b. The higher frequencies of
out-of-plane modes between 1940 and 2000 cm™" indicate the
formation of strong Ga—H bonds as well.

As shown in Figure 4c, ts-w-gallenene also possesses metallic
character because of the finite density of states at the Fermi

energy. It is found from the PDOS calculation that the CB
states are mainly made up of the p- and s-orbitals of the Ga
atoms, whereas the states in the VB have the character of p-
orbital of Ga atom and s-orbital of H atom. Unlike os-w-
gallenene, there is a notable change in the dispersion in the
vicinity of the Fermi level. The bands of w-gallenene only cross
at the Fermi level between the Y and I" high symmetry points.
As in the case of w-gallenene, negligibly small spin—orbit
splittings occur in the low-energy valence bands. Furthermore,
similar to the cases of w-gallenene and os-w-gallenene, the
electronic bands of w-gallenene are highly dispersive, with a
large bandwidth in the vicinity of the Fermi level, which
indicates a high charge carrier mobility.

3.3. Mechanical Properties of w-Gallenene, os-
Gallenene, and ts-w-Gallenene. The mechanical properties
of the monolayers, w-gallenene, os-gallenene, and ts-w-
gallenene, are discussed in terms of their linear-elastic
parameters. The linear-elastic properties of two-dimensional
homogeneous monolayer materials can be represented by two
independent constants, the in-plane stiffness, C, and the
Poisson ratio, v.

The linear-elastic constants of the monolayers, w-gallenene,
os-gallenene, and ts-w-gallenene, are determined by using the
energy—strain relation. Super cells with 64, 96, and 128 atoms
are constructed for bare, os-gallenene, and ts-w-gallenene
crystals, respectively. The tensile and compressive strains are
applied along the a and b vectors, respectively. The strain
parameters €, and &, are varied between +0.015, with a step
size of 0.005. Then, three different sets of data are calculated:
(i) &, = 0 and ¢, varying, (ii) &, = 0 and ¢, varying, and (iii) &,
= g, varying. At each configuration, the atomic positions are
fully relaxed and the strain energy, Eg, is calculated by
subtracting the total energy of the equilibrium state from the
strained structure. Then, the calculated data are fitted to the
equation: Eg = ¢;6,% + c,6,” + c36,6, " and the coefficients c; are
determined.

The in-plane stiffness, C, is a measure of the rigidity of a
material under applied load. For a 2D crystal, the larger C
demonstrates less stretchability of the material. In isotropic
monolayers, no orientational dependence in the crystal is
expected. However, if there is even a small anisotropy in the
material, the stiffness along the two lattice vectors is given by
C, = (1/A))(2¢; — ¢/2¢,)" and C, = (1/4,)(2¢, — ¢/
2¢,)," where ¢, # ¢, due to the anisotropy of the crystal
structure and A, is the area of the unstrained super cell. The
rigidity of the monolayer w-gallenene may be clearly
understood by comparing its in-plane stiffness with that of
other monoatomic 2D materials. We find C, & C, & 25 N/m
(see Table 1), which is practically isotropic. When compared
with that of graphene (330 N/m**), monolayer w-gallenene
has a very small in-plane stiffness, which is a consequence of
the relatively weak Ga—Ga bonds in the crystal. For
monoatomic crystals of Si and Ge, respectively, the stiffnesses
of 62 and 48 N/m were reported,48 which are even higher than
those of w-gallenene. Very low in-plane stiffness of w-gallenene
reveals that it withstands high values of strain at low stresses.

In the case of os-w-gallenene, the presence of H atoms
results in an increase in the stiffness, and the calculated
stiffnesses are C, & C, ~ 52 N/m, indicating the isotropic
nature of the crystal structure. Increased in-plane stiffness
expresses itself in the higher phonon frequencies, as shown in
Figure 3b. The same trend is found for the monolayer ts-w-
gallenene, whose in-plane stiffnesses, C, = 48 N/m and C, = 47

DOI: 10.1021/acs.jpcc.8b07353
J. Phys. Chem. C 2018, 122, 28302—28309


http://dx.doi.org/10.1021/acs.jpcc.8b07353

The Journal of Physical Chemistry C

25.0
22.5F E

20.0F

17.5)
150k
Siast

g
Z10.0f

w-Gallenene

ts-w-Gallenene

edsededenge
o"‘*o 0

—0—

750 “\I

5.0

2.5
0.0

ts-w-Gallenene]

—— w-Gallenene| ) 00 00
== 0s-w-Gallenene|

L L
5 10 15 20 25 30 35 40

€ (x107) €=13%

€=1% €=8%

Figure S. Left panel shows the stress—strain energy curves under applied biaxial strain for three monolayers. Right panel, the crystal structures of
the three different monolayers are shown at the maximum biaxial strains, after which the phononic instabilities occur.

N/m, are slightly different along the two directions. In contrast
to other hydrogenated monolayer crystals, graphane® ™" and
1T-ReS,H,,”" which soften when hydrogenated, in the case of
w-gallenene, surface hydrogenation forms relatively strong
Ga—H bonds, which tunes the Ga—Ga bonds to result in an
increased in-plane stiffness.

The Poisson ratio of a material is defined as the ratio of the
transverse contraction strain to the longitudinal extension
strain in the direction of the stretching force, ie., v = &,/
€long- The Poisson ratio for a- and b-vectors can be calculated in
terms of the coeflicients ¢; as v, = ¢;/2¢, and c¢3/2¢;. The
Poisson ratios for w-gallenene are v, & v}, & 0.20. These values
are smaller as compared to those for the well-known TMDs,
ie., 0.25 for MoS,,”> 0.22 for WS,,°*** and 0.23 for MoSe,.*”
The Poisson ratio displays different behavior depending on the
type of hydrogenation in the case of w-gallenene. For the
monolayer os-w-gallenene, it is 0.26, which is larger than that
of graphene (0.19).** This indicates a larger extension of the
crystal in the transverse direction, when it is contracted along
the longitudinal direction. However, when both surfaces are
hydrogenated, the Poisson ratio is v, & 1y, & 0.25.

The ultimate strength of a material is the maximum value of
stress that a material can resist before fracturing. This value can
be directly investigated from the maximum point of the stress—
strain curve of a material. To investigate the nonlinear-elastic
properties of the gallium monolayers, the large biaxial strain is
applied to the crystals. As seen on the left panel of Figure S,
monolayers of w-gallenene and its derivatives do not exhibit a
fracture even at large biaxial strain. The ultimate strength of
the monolayer w-gallenene is calculated to be 22 GPa, which is
much lower than that of graphene (96 GPa”®) but close to that
of monolayer MoS, (26 GPa**) and even much higher than
that of Ga-monochalcogenides (12 and 10 GPa for Ga$ and
GaSe, respectively).28 In addition, the ultimate strain value, i.e.,
the strain at which the material exhibits its ultimate strength, is
higher (30% for monolayer w-gallenene) than that for Ga-
monochalcogenides (24 and 23% for GaS and GaSe,
respectively).”® Furthermore, we analyze the phonon instability
under applied biaxial strain. As shown in the right panel of
Figure 5, the maximum biaxial strains are 13, 1, and 8% for w-
gallenene, os-w-gallenene, and ts-w-gallenene, respectively; for
which the phonon instabilities occur. Especially, the phonon
stabilities of w-gallenene against biaxial tensile strain values are
higher than those for the superstretchable borophene (8%).>

In contrast to the results for the linear-elastic parameters,
hydrogenation of w-gallenene decreases both the ultimate
strength and the strain values. In the case of one-sided

hydrogenation, the material withstands a maximum load of 12
GPa at a relatively much lower strain value of 14%. After
monolayer os-w-gallenene exhibits its maximum stress at 14%
of biaxial strain, it does not show a crystal fracture up to a
strain value of 22%, at which value there is a sharp decrease in
the stress (see Figure S). However, the phonon instability
occurs just at 1% of biaxial strain, which suggests that one-
sided hydrogenation is probably not feasible. In the case of
monolayer ts-w-gallenene, the ultimate strength shows a
decrease in the stress to 9 GPa, but at a larger strain value
of 20%. This larger ultimate strain can be related to the
distorted Ga—H bonds at both surfaces, which are more
flexible than those in the monolayer os-w-gallenene. As seen in
Figure 5, the phonon instability occurs at 8% of the biaxial
strain, which is the same as that of borophene itself (8%).>

To characterize the corrugation of 2D materials, the
buckling height, ¢, is an important parameter.%55 The buckling
height decreases monotonously with increasing strain before
the strain approaches the critical value (12%), but it quickly
decreases to zero as the strain continuously increases. Until
applying 8% biaxial tensile strain, w-gallenene possesses more
superior flexibility and isotropic character because it perceives
approximately the same in-plane a and b directional stress.
However, there is different a and b directional tension between
applying 8 and 12% tensile strain, so the stress-dependent
buckling height is nonmonotonic. Between the stresses of 12
and 17%, the structure is elongated differently in the x- and y-
directions, which increases its anisotropy. Hence, w-gallenene
turns into a graphene-like planar structure instead of the
original bucking structure in this case.

4. CONCLUSIONS

The structural, phononic, electronic, and mechanical proper-
ties of pristine and hydrogenated monolayers of w-gallenene
were investigated within the state-of-the-art first-principles
calculations. We showed that a single H atom can be adsorbed
to the surface of w-gallenene with a high binding energy (2.21
eV). One- and two-sided hydrogenated w-gallenene are
dynamically stable. Electronic structure analyses revealed that
all monolayers, w-gallenene, os-w-gallenene, and ts-w-galle-
nene, are nonmagnetic metals. Moreover, the linear-elastic
constants, in-plane stiffness and Poisson ratio, of the
monolayer w-gallenene are enhanced by one- and two-sided
hydrogenation, which is the opposite trend found for other
hydrogenated monolayer crystals. However, in the nonlinear-
elastic regime, it was found that the ultimate strength and the
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ultimate strain decrease as the number of hydrogenated
surfaces increase. Furthermore, the phonon stabilities of
monolayer w-gallenene and ts-w-gallenene remain up to
relatively higher biaxial strains when compared to borophene.
With its enhanced dynamical stability, robust metallic
character, and enhanced linear-elastic properties, hydrogenated
monolayer w-gallenene is a potential candidate for nanodevice
applications as a 2D flexible metal.
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