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Abstract

Discrete breathers (DBs) in graphane (fully hydrogenated graphene) are investigated using
molecular dynamics simulations. It is found that the DB can be excited by applying an
out-of-plane displacement on a single hydrogen atom of graphane. The vibration frequency of
the DB lies either within the gap of the phonon spectrum of graphane or beyond its upper
spectrum bound. Both soft and hard types of anharmonicity of the DB, which have not been
found in the same system, are observed in graphane. The study shows that the DB is robust
and its lifetime is affected by various factors including its anharmonicity type, its amplitude
and frequency, and the force on the hydrogen atom that forms it, whose competition results in
a complex mechanism for the lifetime determination. The investigation of the maximum
kinetic energy of DBs reveals that they may function to activate or accelerate dehydrogenation

of hydrogenated graphene at high temperatures.

(Some figures may appear in colour only in the online journal)

1. Introduction

Graphene, the two-dimensional allotrope of carbon, has
been the subject of many recent investigations ever since
its mechanical extraction from graphite [1], due to its novel
mechanical and physical properties [2-9]. Although graphite
is known as one of the most chemically inert materials, it was
found that graphene can react with atomic hydrogen, which
transforms this highly conductive zero-overlap semimetal into
a semiconductor. The fully hydrogenated graphene, named
graphane, was first theoretically predicted [10, 11] and then
experimentally confirmed by Elias ez al [12]. Unlike graphene,
graphane is no longer planar but crumpled because hydrogen
atoms are bonded to all the carbon atoms on both sides of the
plane alternatively and the hybridization of carbon atoms is
transformed from sp? to sp® [13-18].

Hydrogenation is a promising way to modify many
physical properties of graphene in a controllable fashion. By

0022-3727/13/305302+09$33.00

means of hydrogenation of graphene, it is possible to alter its
electronic transport [19], tune its band gap [20], change its
electrochemical properties [21,22] and thermal conductivity
[15, 18], and induce its room temperature ferromagnetism [23].
Hydrogenation of graphene can be achieved by various
experimental techniques such as exposure to cold hydrogen
plasmas [12,19,24-26], using a conditioning catalyst
upstream [27], synchronized reduction and hydrogenation of
graphene oxide in an aqueous suspension under gamma ray
irradiation [21], applying an electric field as a catalyst [28]
and electron irradiation of an adsorbate on graphene [14].
Itis challenging to experimentally determine the hydrogen
coverage and morphology of hydrogenated graphene [19].
Raman spectroscopy is one of the most popular methods
for estimating hydrogen coverage by measuring the relative
intensities of the D and D’ bands, which are symmetry-
forbidden in pristine graphene and appear in the Raman
spectrum of defected graphene due to the defect-induced

© 2013 IOP Publishing Ltd  Printed in the UK & the USA
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symmetry breaking, in comparison with the G band that exists
in pristine and hydrogenated graphene [12].

Theoretical studies on the structure and properties of
graphene functionalized by means of hydrogenation have
been reported [10, 18,29-32]. Particularly, the tendency for
clustering of hydrogenated and nonhydrogenated sites was
observed [13, 30].

Recently, hydrogen storage technologies have attracted
considerable attention due to increasing demands for cleaner
and safer energy sources. However, several problems must
be overcome before the practical implementation of such
technologies becomes feasible. Portability and safety are
critical issues regarding the utilization of hydrogen gas as
fuel. Particularly, carbon materials, for example graphene,
provide a fertile playground for hydrogen storage due to
their lightweight structure and high performance potential
[12,33-37]. It was shown that graphene at low temperatures
can easily absorb hydrogen and at high temperatures can easily
desorb hydrogen [12].

The above-mentioned studies suggest that the study
of hydrogenation and dehydrogenation of graphene is very
important for possible applications in electronics, spintronics
and hydrogen storage.

Interestingly, dehydrogenation kinetics during annealing
turns out to be not as simple as expected. The thermal stability
of adsorbed hydrogen can depend on the conditions of plasma
treatment [26]. More interestingly, it was found that there
are two types of dehydrogenation mechanisms with different
dehydrogenation barriers [25]. It is challenging to find a
theoretical explanation of this effect. For vacuum annealing,
dehydrogenation starts at temperatures as low as 75-100 °C
[25]. However, to achieve complete dehydrogenation within
an annealing time on the order of 1 h, the annealing temperature
should be increased up to 400-500 °C [25, 26]. The annealing
temperature cannot be raised significantly higher than 500 °C
because undesirable damage to graphene sheets by thermal
fluctuation and/or by interaction with their substrate increases
with temperature [12,26]. An annealing time on the order
of 1h makes it impossible to apply molecular dynamics for
direct simulation of dehydrogenation. Heating in nitrogen
environment reduces the annealing time to minutes [19]; but
this is still far beyond the capacity of molecular dynamics
simulation.

The study of linear and nonlinear dynamics of graphane
lattice can shed light on the basic physics of dehydrogenation.
The hydrogen atom is 12 times lighter than the carbon atom.
For such a large difference in their atomic weights, a wide
gap in the phonon band can be expected and is a necessary
condition for the existence of nonlinear excitations called gap
discrete breathers (DBs) or intrinsic localized modes [38, 39],
which are able to localize a large amount of energy so as to
probably play an important role in overcoming the potential
barrier of hydrogen desorption.

DBs are spatially localized vibrational modes of
large amplitude in nonlinear defect-free lattices, described
theoretically for the first time more than two decades ago
[40]. Since then, the role of DBs has been extensively
discussed in relation to many physical systems [39—41].
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Figure 1. Schematic of a graphane sheet of which a unit cell is
illustrated by a rectangular box. The H atom at the place marked by
1 will be displaced to form a DB, and the neighbouring places 2—6
are also marked for comparison.

The existence of stationary intrinsic localized modes has
been proved experimentally in thermodynamic equilibrium
in Nal crystals [42]. According to computer simulations,
DBs can also be excited in graphene [43,44]. Linear and
nonlinear vibrational modes can exist at the edges of graphene
nanoribbons [7,45, 46] and in other carbon nano-polymorphs
[47,48]. To the best of our knowledge, no study has been
conducted on the existence of DBs in graphane or other forms
of hydrogenated graphene.

Itis well known that DBs can exist only if ithas a frequency
above the phonon spectrum or in a spectrum gap if the gap
exists. In graphene, there is no gap in the phonon spectrum,
but there is a wide gap in graphane because of the presence of
H atoms [49], which can be easily excited in the form of a DB.
This paper studies the existence conditions of DBs in graphane
and their properties and explores the role of DBs in thermally
activated graphane dehydrogenation using molecular dynamic
simulations.

2. The simulation model

In the simulation, the initial configuration of the graphane
sheet is constructed by locating all the C atoms in a
planar honeycomb lattice with the nearest neighbour distance
a = 1.55A. The H atoms are bonded to the C atoms on both
sides of the sheet alternatively with their distance, i.e. the C—H
bond length, set as 1.1 A. Figure 1 shows a graphane sheet
consisting of 6 and 10 periodic unit cells along the X and Y
directions. Each unit cell contains four C atoms (denoted by
red points) and four H atoms (green points), as enclosed in the
rectangular box.

The simulation is performed using the large-scale
atomic/molecular massively parallel simulator (LAMMPS)
package [50] with the adaptive intermolecular reactive
empirical bond order (AREBO) potential [51] for description
of interatomic interaction. = The AREBO potential has
been successfully used to study the thermal and mechanical
properties of various carbon-based systems such as carbon
nanotubes and graphene [32,52-54]. In the potential, the
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Figure 2. (a) Total phonon spectrum of a graphane sheet is projected on the C and H atoms with the modes of C atoms plotted in red lines
and those of H atoms in blue; (b) the XY and (¢) Z modes of the C (red) and H atoms (blue).

binding energy is given as summation over bonds:

Ey = Z Z [VR(rij) — BijVa(rip)]. (D)

IVED)

where r;; is the distance between atoms i and j, B; j represents
the empirical bond-order function and its definition can be
found in [55], Vg and V, are the repulsive and attractive pair
terms, respectively. Vr and V, are given by

D®© N

W(rij) = me_mﬁ(” R())fc(rij)v (2)
DWS _ R

Va(rij) = ﬁe V8Bl — R ))fc(rij), (3)

where the variables D, S, 8 and R depend on the atom type
(C or H) and their values refer to [55]. The function f.(r;;) is
a smooth continuous cut-off function used to restrict the pair
potential to the nearest neighbours and is given by

fe(rij) =

1, rij < R(l)

(eV]
1 m(rij — R ) 6)
§{1+COS[W y R <r[j<R .
0, rij > R(z)

“

where R and R® are the cut-off constants for C—H binding
interaction and we take R = 1.3 A and R® = 1.8 A [55].

Periodic boundary conditions are applied on the graphane
sheet along both X and Y directions. The initial temperature
of the simulation system is set to be absolute zero temperature.
The system is relaxed with the Nose—Hoover thermostat
condition for 50 ps with a time step of 0.5fs to reach the
equilibrium state. It is found that upon equilibrium, the C
atoms are pulled off the central plane by the H atoms for about
0.25 A, resulting in a crumpled graphane sheet.

3. Phonon spectrum of a graphane sheet

The total phonon spectrum P(w) of the graphane sheet
upon equilibrium is calculated by performing the fast Fourier

transform on the velocity auto-correlation function [56]:

P(w)—Lfooei‘”’ iv»(r)vm) dt (5)
TV A\

where @ and v;(t) denote the angular frequency and the
atomic velocity at time ¢, respectively. The ensemble average
in equation (5) is substituted by time averaging, which is
performed over 50 ps after the realization of the equilibrium
state. During the time averaging, the sample velocities are
extracted from the simulation every 5fs. The total phonon
spectrum is projected on the C and H atoms, as shown in
figure 2(a). A wide gap with the frequency range from 56.92 to
87.83 THz occurs in the projected spectra. The high-frequency
optical phonon band (from 87.83 to 88.70 THz) is dominated
by the modes of H atoms, while the low-frequency acoustic
phonon band (below 20 THz) mainly consists of the modes
of C atoms. The modes of the H and C atoms can be further
classified into the modes along the X or Y direction (XY modes)
and the modes along the Z direction (Z modes). As shown in
figure 2(b), the XY modes of the C and H atoms are coupled
with each other. Moreover, all the XY modes have frequencies
no larger than 60 THz and the high-frequency optical phonon
band consists of only the Z modes, as shown in figure 2(c).

4. Excitation of DBs

In this work, DBs are successfully excited in graphane by
applying an initial out-of-plane displacement Dy on one of
the H atoms and then releasing it. For convenience, this H
atom is chosen to be located at the centre of the sheet (position
1 in figure 1) and denoted by H1; its five neighbouring atoms
at positions 2—6 are denoted by H2-H6 with distances a, \/§a,
2a, +/Ta and 3a, respectively. The displacement of a single
H atom does not change the volume of the system and the
energy of the system only transfers within the system and is
not altered externally. Thus, the simulation is then performed
under the constant volume and energy (NVE) ensemble for 10’
time steps (5 ns). During the simulation, the displacements and
kinetic energies of the six H atoms are recorded to investigate
the properties of the DB. The Z-direction displacement u, of
H1 is used to determine the amplitude A and the oscillation
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Figure 3. (a) Z— direction displacement u, of H1 as a function of time ¢; (b) linear relationship between the amplitude A of the DB and the

initial displacement D, applied on H1.
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Figure 4. Maximum kinetic energies K, of the atoms H1-H6 for
three different initial displacements D, of HI.

period ® of the DB. Figure 3(a) shows that H1 oscillates
periodically after being released and its amplitude A exhibits
a linear relationship with Dy, i.e. A = 0.76 Dy, as plotted in
figure 3(b).

The DB has the intrinsic characteristic of highly localized
energy. To demonstrate this characteristic, the energy
localization is investigated by studying the maximum kinetic
energy Kn.x of each of the six H atoms. Figure 4 plots K«
on the logarithmic scale for three different cases in which the
initial displacement Dy is taken to be 0.1 A, 0.3A and 0.5 A,
respectively. It shows that Kj,x for the five neighbouring
atoms (H2-H6) demonstrate an overall decrease trend as their
distances to H1 increase. Specifically, for both Dy = 0.1 and
0.3A,the K max Of H2 is smaller than that of H1 by almost three
orders of magnitude, indicating that the energy of H1 is highly
localized and barely transmitted to its neighbours. However,
for Dy = 0.5 A, the Knax of H2 reaches about 2% that of H1
and is almost two orders of magnitude higher than those for
Do = 0.1 and 0.3 A. Thus, the energy localization effect of
the DB is reduced when a large initial displacement is applied.

The frequency wp of the DB depends on its amplitude,
as presented in figure 5 where wp 1/©. The lower
(solid) and middle (dotted) horizontal lines delineate the lower
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Figure 5. Dependence of the frequency wp of the DB on the
amplitude A. The curve is divided into three regions where the DB
exhibits different types of anharmonicity.

(56.92THz) and upper (87.83 THz) bounds of the phonon
spectrum gap, respectively, while the upper (dashed—dotted)
line delineates the upper bound (88.70 THz) of the whole
spectrum. Interestingly, the wp—A curve can be divided into
three regions by two critical points at A1) = 0.17A and
A® =0.34 A. Inregion I, where A ranges from about 0.03 to
0.17 A, wp bifurcates from the narrow high-frequency optical
phonon band and then decreases as A increases, indicating a
soft-type anharmonicity of the DB. In contrast, wp starts to
dramatically increase in region I with 0.17 A < A < 0.34 A,
showing a hard-type anharmonicity, which has rarely been
observed in realistic crystal models. However, in region III
with 0.34A < A < 0.40 /0\, wp demonstrates a dramatic
decrease again. In region I, the frequencies of the DBs lie
within the gap of the phonon spectrum; in regions II and III,
they are located below the upper bound of the whole phonon
spectrum when 0.17A < A < 0.20A and above the upper
bound when A > 0.20 A.

Further study shows that the frequency wp of the DB
is closely related to the force F on Hl. The force F can
be calculated by F —dE/dr, where E is the potential
energy of the graphane system and r is the distance between
H1 and its covalently bonded C atom, named C1 hereafter.
When H1 oscillates in the form of DB at a given amplitude
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Figure 6. Force F on H1 and the potential energy E of the graphane
sheet as a function of the distance r.

A, the distance r keeps changing and does not take a single
value. In the calculation of £ and F, the maximum value
of r for a given A is used. Figure 6 presents the calculation
results about E and F as a function of r. It shows that F is
demonstrated to be an attractive force in the practical range
of r, ie. 1.13A < r < 1.62A. The force F becomes zero
at the equilibrium position of 1.1 A. Two critical positions
r® =1.30A and r® = 1.50 A divide the whole F—r curve
into three regions. Specifically, as r increases, the force F
experiences a slow increase in region I, a fast increase in region
II, and finally a slow decrease in region IIl. The maximum
amplitude of F is reached at r = r® = 1.50A. Moreover,
it is found that when r takes r) = 1.30 A, the oscillation
amplitude A takes AV = 0.17 A; when r takes r® = 1.50 A,
A takes A® = 0.34 A. Thus, the three regions in the wp—A
curve (figure 5) are well correlated with the three ones in the
F—r curve (figure 6).

It is observed that in order to form a stable DB, the
maximum distance r between C1 and HI1 can only reach
1.62 A, at which the amplitude A reaches the maximum value
of 0.40 A. As r increases from 1.62 A to the cut-off distance
R® = 1.8A, the force F between C1 and H1 approaches
zero, as given in equation (4). The attempt to increase r
beyond r = 1.62 A by applying a larger Dy would cause HI to
debond from C1 or the whole sheet after several oscillations.
At r = 1.62A, the total energy of the graphane system is
found to increase by about 3.85 eV, compared with that of the
system in which no DB is excited. This implies that H1 can
be debonded or can escape from C1 if the provided energy is
larger than 3.85eV. Since DBs can be spontaneously excited
in crystals at finite temperatures to localize a large amount of
energy [42,57-60], which can be utilized by hydrogen atoms
to overcome the energy barrier of desorption from carbon
atoms and thus may activate or accelerate dehydrogenation
of hydrogenated graphene at high temperatures.

Figure 7 presents the dependence of the maximum kinetic
energy Kn.x of H1 onits oscillation amplitude A. It shows that
K nmax increases monotonically with A. At the largest amplitude
of A=040A, K max takes 3.50 eV, a value close to the energy
barrier of 3.85¢eV for HI to debond from C1. Another factor
that could accelerate the desorption of H1 or help it to overcome
the energy barrier is the vibration of C1 excited by H1, although
this vibration is much smaller than that of H1.
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Figure 7. Maximum kinetic energy K., of H1 versus its oscillation
amplitude A.

5. Stability

When H1 is released from its initial displacement Dy, most
of the system energy is localized in the form of a DB, while
the rest of the energy is transferred to the other atoms of the
graphane sheet (background atoms) through C1, the first atom
excited by H1, resulting in their vibrations or the so-called
‘background vibrations’. The background vibrations would
disturb the DB and affect its stability or lifetime.

The disturbance is caused mainly by the interaction
between the XY modes of H1 and the background atoms. As
shown in figure 2(b), the phonon spectrum of the XY modes
of the C atoms overlaps with that of the H atoms in a wide
frequency range, which leads to the fact that the vibrations of
H1 along the X or Y direction (XY vibrations) can be induced
and affected by the background atoms. On the other hand, the
XY vibrations of H1 would also perturb its vibration along the
Z direction (Z vibration), particularly when they have large
amplitudes.

The other reason for disturbance is that both C and H atoms
possess the Z modes in the high-frequency optical phonon
band. This makes the interaction between the Z modes of H1
and the background atoms possible. Nevertheless, since the
high-frequency optical phonon band is narrow and the phonon
spectrum of the Z modes of the C atoms is weak, the Z mode
interaction does not happen frequently.

The stability of the DB is studied by investigating the
decay of the vibration displacement of H1. Figures 8(a) and (b)
plot the three displacement components u,, u, and u, of HI as a
function of dimensionless time ¢/ ® for Dy = 0.10 Aand Dy =
0.50 A, respectively. Both cases demonstrate similar variation
trends in the three displacement components. Specifically,
the amplitude of u,, i.e. the amplitude A of the DB, first
undergoes a stable stage during which u, and u, stay almost
zero. Afterwards, A gradually decays while the amplitudes of
u, and u, increase up to the same order of A, indicating that
the energy of the DB is transferred to the background atoms
due to the XY mode interaction. Interestingly, u, responses
always later than u,, which may be caused by the difference in
chirality along the X and Y directions of the graphane sheet.



J. Phys. D: Appl. Phys. 46 (2013) 305302

B Liu et al

(a) 012
0.08 |
2 0.04 |
= 000
= 004
-0.08 ! ! !
0.12
008}
< 004
= o000} —ere——
= 004
-0.08 L L
0.12
. 008
<< 0.04
= 000
= 004
-0.08 % g 4
0.0 0.5 1.0 1.5 2.0

e (10°)

®) ocr

1.0

O (10%)

Figure 8. Displacements u,, u, and u, of H1 for (a) Dy = 0.1 A and (b) Dy = 0.50 A.

It is noted that the initial amplitude of u, at t = 0 equals Dy.
However, due to the energy loss of H1 upon release from Dy,
the amplitude of u, experiences a sharp decay before it reaches
the stable state. Such a decay takes about one period and thus
is not noticeable in figure 8.

After the stable stage, A gradually damps when
Dy = 0.50 A, but drastically damps when Dy = 0.1 A. This
is because the DB excited at Dy = 0.1 A has a frequency very
close to the optical phonon band and thus excites its phonons,
which take away the energy of the DB. Upon the decrease of
amplitude, the frequency of the DB gets closer to the phonon
band (figure 5) and the excitation of such phonons increases.
Eventually, the frequency of the DB falls within the phonon
band, leading to its immediate dying. For the DB excited at
Do = 0.50 A, its frequency is far away from the phonon band
(figure 5). In an infinite system, DBs with such frequencies
do not interact with the phonons and can preserve the energy.
However, due to the periodic boundary conditions used in the
simulation, background vibrations are excited, which disturbs
the DBs. Moreover, the larger the value of Dy, the larger
the energy transferred to the background atoms during the
excitation of the DBs, and thus, the larger the amplitude of the
background vibrations, leading to intensive disturbance to the
DBs as well as further dissipation of their energy. Therefore,
at large Dy = 0.50 A, gradual dumping in A is observed.

The lifetime of the DB can be considered as lasting until
its amplitude decays to be less than 10% of its initial value. The
DB with Dy = 0.50 A has a lifetime of about 8.0x 102 periods,
which is two orders of magnitude shorter than the 1.03x 103
period lifetime of the DB with Dy = 0.10A (figure 8). This
shows that the lifetime of the DB is strongly affected by the
initial displacement Dy of H1. Further studies also show
that the maximum amplitude of each displacement component
increase as D increases.

Figure 9 shows that the lifetime of the DB ranges from
1.2 x 10% to 1.1 x 10° periods when A varies from 0.03 to
0.40 A. A non-monotonic dependence of the lifetime on A is
found, which can be categorized into three distinctive regions
corresponding to those in the wp—A curve (figure 5) and in the
F—r curve (figure 6). The lifetime decreases monotonically in
region I, but fluctuates in regions II and III.
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Figure 9. Lifetime of the DB at different A. The curve is divided
into three sections by two red vertical lines at AV’ = 0.17 A and
A® =034A.

The decrease in the lifetime in region I is because the
energy transferred to the background atoms upon the release
of HI increases with A, leading to enhanced XY vibrations
for both the background atoms and H1. Accordingly, the
interactions of their XY modes become strong. On the other
hand, the attractive force F' between C1 and H1 also slowly
increases with A(figure 6), which further intensifies these XY
mode interactions. As a result, the energy of the DB is
increasingly transferred to the background atoms, thus causing
its rapid decay. Here, the interactions of their Z modes do
not happen because they do not vibrate in the same frequency
range, as shown in figure 5.

In region II, the lifetime first has an overall increase
trend for 0.17A < A < 0.22 A with local valleys and then
an overall decrease for 0.22A < A < 0.34A with local
peaks. The initial overall increase might be due to the fact
that the DB changes to the hard-type anharmonicity from the
soft-type anharmonicity in region I. This characteristic change
seems to affect the lifetime of the DB more dominantly at this
stage than the interactions of the XY modes aforementioned.
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Figure 10. Dependence of the lifetime of the DB with A = 0.24 A
on the size of the graphane sheet.

Nevertheless, an interesting finding is that there exists a
dramatic decrease in the lifetime for 0.18A < A < 0.20 A
where the frequency of the DB falls in the high-frequency
optic phonon band between 87.83 and 88.70 THz (figure 5),
leading to the interaction between the Z modes of H1 and the
background atoms and thus the reduced lifetime. The lifetime
reaches the maxima at A = 0.22 A and then shows an overall
decreasing trend because these XY mode interactions become
dominant again at this stage.

In region I11, the lifetime demonstrates an overall increase
again because the attractive force between C1 and H1 decreases
with A (figure 6), thus directly weakening the XY mode
interactions of H1 and the background atoms. When the
XY mode interactions become weak, the energy of the DB
transferred to the background atoms decreases and leads to a
longer lifetime.

In both regions II and 111, local fluctuations of the lifetime
are observed. Most likely, this fluctuation results from the
interaction of H1 with the background atoms through their XY
vibration modes. Since these modes are not periodic in time
as the DBs and have random amplitudes, the frequency and
intensity of this interaction have a probabilistic nature, which
thus results in the local lifetime fluctuations. However, the
sharp valley appearing in the range 0.18 A < A < 0.20A is
reproducible and originates from the intrinsic property of DBs
as discussed above.

The above analyses reveal that the lifetime of the DB is
affected by various factors including the anharmonicity type
of the DB, its amplitude and frequency, and the force between
HI1 and C1. The competition of these factors gives rise to a
complex determination mechanism for the lifetime.

In the simulation, periodic boundary conditions are
applied on the graphane sheet. In fact, the size of the graphene
sheet also affects the lifetime of the DB. A multiplier A for both
length and width of the graphene sheet illustrated in figure 1 is
used to define the sheet size. It is found that the lifetime of the
DB dramatically increases with A, as exemplified for the DB
with A = 0.24 A in figure 10. As the graphene sheet increases,
the per-atom energy of the background atoms decreases and
thus the effect of the background vibrations on the stability of
the DB is reduced.

It is noted that the AREBO potential used in this study is
a semi-empirical potential and the interatomic forces are cut
off beyond a certain distance. Thus, the results obtained in this
study may not be applicable to DBs with very large amplitudes
where the AREBO potential does not work. Nevertheless, the
simulation results do prove the existence of DBs in graphane.
Experimental works are required to detect the existence and the
type of anharmonicity of DBs in graphane, based on which the
AREBO potential can be tested and, if necessary, improved.

6. Conclusions

This study shows that a DB can be excited in graphane by
displacing a single hydrogen atom along the out-of-plane
direction. The frequency of the DB lies either in the phonon
spectrum gap of the graphane or beyond its upper spectrum
bound. Both soft and hard types of anharmonicity of the DB,
which have not been found in the same system, are observed
in graphane. The anharmonicity of the DB depends on the
amplitude of the DB and changes from the soft to the hard type
and then to the soft type again as the amplitude increases. The
DB is found to be robust under the disturbance of background
vibrations, and its lifetime is affected by its anharmonicity type,
its amplitude and frequency, and the force on the hydrogen
atom that forms it. The competition of these affecting factors
results in a complex determination mechanism for the lifetime
of the DB.

Note that DBs are the excitations of defect-free lattices.
Evidence for hydrogen clustering at relatively high hydrogen
coverage was found experimentally [22]. Thus, a natural
question arises as to whether DBs are possible in partially
hydrogenated graphene. This study shows that DBs in
graphane are highly localized so that even relatively small
hydrogenated islands can host DBs.

Reportedly, there are two activation energies of
dehydrogenation with the transition temperature at about
200°C [25]. The smaller dehydrogenation activation energy
at temperatures below 200°C observed in [19,25] can be
understood by the metastable attachment of the energetic ions
to the graphene sheet during plasma hydrogenation. However,
the larger dehydrogenation activation energy at temperatures
above 200 °C has not yet been well explained.

The nonlinear nature of the DBs implies that they do not
appear at relatively small temperatures and instead are excited
at higher temperatures. The fact that DBs can be externally
excited near O K indicates that they can also be spontaneously
excited at a finite-temperature thermal equilibrium [58-60].
The maximum kinetic energy of the externally excited DBs
in this study is found to be very close to the energy barrier
for hydrogen desorption, implying that the spontaneously
excited DBs in graphane at finite temperatures may play
a role in activating or accelerating the dehydrogenation of
hydrogenated graphene, which therefore becomes the focus
of a future study.
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