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Abstract—Stepwise heating of a mercury film on graphene with Stone–Wales defects and hydrogenated edges
is studied by the molecular dynamics methods at 800 K. Transformation of the film into a drop and its detach-
ment from graphene is observed at a temperature of ~700 K. The phonon spectra determined by horizontal
and vertical atomic vibrations, the mobility coefficients of Hg atoms separated in directions, the density pro-
file and radial distribution function of mercury, the angular distribution of nearest geometrical neighbors, the
stress tensor of graphene, and the roughness of a graphene sheet are calculated.
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INTRODUCTION

Due to recently discovered unique electronic,
mechanical, and thermal properties, single-layer
graphene is considered a promising material and the
methods developed for its synthesis make possible var-
ious applications [1]. However, the use of graphene as
an anode material and as anti-corrosion coating does
not always give positive results because of the chemical
instability induced by some fluids. A hazard for
graphene is posed, e.g., by aqueous solution of an
electrolyte (six-mol ) [2]. In the zone where
graphene placed on a  substrate preliminarily
treated by oxygen plasma made contact with a liquid
drop of this solution, a rupture of the graphene sheet
was observed. Washing in acetone and isopropyl alco-
hol and covering the graphene with methyl methacry-
late before applying it onto a  substrate instead of
oxygen plasma treatment made it possible to reduce to
some extent (up to 70%) the number of disruptions of
graphene and evaporation of drops [3]. In [2, 3], the
main reason for the disruption of graphene f lakes was
specified as the action of a contacting liquid on it and
the transfer of the stress from the substrate to f lakes
was pointed out. This conclusion was based on the fact
that two-layer graphene subjected to similar treatment
is substantially more stable for contact with the same
drops and, as a rule, is not disrupted. A possible reason
for the destruction of graphene in both the first (with
oxygen plasma treatment) and second (without
plasma treatment) cases may be the formation of
COOH groups on the graphene sheet surface. Oxygen
bound to graphene captures hydrogen from adsorbed

molecules (water, isopropyl alcohol, etc.); i.e., a reac-
tion with release of a large amount of energy proceeds:

H2 + 1/2O2 = H2O + 285.75 kJ/mol. (1)
This energy is quite sufficient for the local heating

of the surface to T = 873 K and initiating the reaction
C + H2O + 131.25 kJ/mol = CO + H2,

which leads to the destruction of graphene and fill-
ing the near-surface region with hydrogen and CO gas.
The newly arriving hydrogen goes to the maintenance
of reaction (1). The stability of graphene in the pres-
ence of a liquid drop on its surface requires intensive
study, because such contact can lead to catastrophic
consequences.

In [4, 5], various samples of C absorbing Hg in the
simulation of coal combustion and stack gas formation
were studied. X-ray absorption fine structure (XAFS)
spectroscopy was applied. The XAFS spectra indi-
cated chemosorption of Hg on C. On the basis of these
data, it may be assumed that the adsorption process is
due to the halogenide, sulfide, and oxygen anions
present on the  surface. In addition, in [6], by X-ray
adsorption spectroscopy and X-ray photoelectron
spectroscopy, after the exposure of carbon samples to
stack gases containing  (204 μg/m3), chlorinated
and bromated activated carbon was found. On the
activated carbon surface, no Hg was found but Hg–Br
and Hg–Cl complexes were present. This result gave
foundation to the assumption that the capture of 
by chlorinated and bromated activated carbon is
reached through the surface oxidation of , followed
by adsorption.

In [7], the mechanism of bounding mercury by
sorbents from activated carbon was studied. It was
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shown that, at low  concentrations, the oxidation
and adsorption mechanisms are hardly distinguish-
able. The difference between them gradually increases
with the Hg concentration and the enhancement of
the Hg–Hg interaction. However, since HgO,

, and  have close binding energies, these
surface-bound compounds, as a rule, are not distin-
guished by photoelectron spectroscopy.

Recently, graphene membranes began to be
employed in filters for detecting minute amounts of
undesirable impurities [8, 9]. The multiple exploitation
of graphene in filters requires its nondestructive clean-
ing from adsorbed substances. Cleaning graphene from
metals can be performed by exposing it to a cluster beam
of noble gases [10] or by heating [11, 12]. However,
heating should be used in the cases when the metal has
a sufficiently low boiling point  One such metal is
mercury. Ideal graphene, as a rule, is not destroyed upon
heating it to the boiling points of many metals, such as

  and  although, in this case, its edges are dam-
aged [11–13]. Graphene edges can be strengthened by
hydrogenation. Such graphene endures cluster bombard-
ment even at a beam energy of 30 eV [10]. It is not clear
what will be the behavior of graphene with a high con-
centration of Stone–Wales defects, because it is these
defects that form before its melting [14].

The aim of the present work is to study the possibility
to remove mercury from graphene hydrogenated on the
edges and having a high concentration of Stone–Wales
defects by heating to a temperature above  of metal.

COMPUTER MODEL
Interatomic interactions in graphene are described

by the modified many-body Tersoff potential [15].
The energy of pairwise interaction of atoms i and j with
allowance for the influence of other atoms (multipar-
ticle effects) is written as

 

where  is the distance between atoms i and j the
parameters A and B specify the energy characteristics
of repulsion and attraction,  is the many-body
bond-order parameter, describing the creation of the
bond energy (the attractive part ) in a local atom
arrangement due to the presence of other neighboring
atoms. The parameters  and  are chosen so that
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only the nearest neighbors are involved. The potential
energy is a many-body function of the positions of
atoms i, j, and k and is determined by the parameters

(2)

where the parameters n,  and β specifying the bond-
ing force are functions of the environment;  is the
effective coordination number, determining the aver-
age number of nearest neighbors with allowance of not
only the distances between them but also the bond
angle   is the function of the angle between

 and   is the vector issuing from the position of
the atom i to the point where atom j is located; d estab-
lishes the width of the sharp peak in the angular
dependence  c specifies the height of this peak;

 has a minimum at  =  The summation
in (2) is performed over all k neighbors of the first
order. Such neighbors are chosen for each i–j pair and
are defined at each instant of time. All parameters of
the potential were chosen so as to match the theoreti-
cal and experimental data (the cohesion energy, lattice
parameters, bulk moduli) for real and hypothetic
graphite and diamond.

Due to insufficiently accurate determination of the
force characteristics establishing the C–C bond, the
Tersoff potential has no barrier for the rotation about
a single bond. The inadequacy of the semi-empirical
Tersoff potential, which was revealed in the study of
the dynamic properties of graphite and manifests itself
in the rotation of the entire simulated fragment, is cor-
rected by adding to it the torsion potential [16]. The
parameters of this potential were refined by matching
the observed properties (mean-square deviations for
the vibration frequencies) of graphite and diamond.
The new analytical form of the local torsion potential
is presented in [17]. In that work, the use of weights for
bonds provides a smooth removal of the energy of tor-
sion connected with the dihedral angle in any succes-
sive disruption of bonds [17]. The covalence bonding
in the original Tersoff potential was bounded by  =
0.21 nm. The simulation of graphene by this potential
led not only to uncontrolled rotation but also to crack-
ing of the graphene sheet [18]. In this connection, in
this work,  was increased to 0.23 nm and an addi-
tional weak attraction for r > 0.23 nm, specified by an
additional Lennard–Jones (LD) potential with the
parameters from [17], was introduced.

In the present work, the –  interactions were
determined by means of the potential proposed by
Schwerdtfeger ( -potential) for simulating the
dimer  [19]. The -potential for the simulation
of liquid mercury is based on ab initio calculations and
has the form
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(3)

The authors of [20] scaled the distances by the fac-
tor λ = 1.167. The parameters  presented in [20]
correspond to liquid  at T = 300 K. The pair -
potential (3) reproduces the basic properties of mer-
cury, such as the melting point and density of liquid

 sufficiently well.
Calculations were also performed with the Silvera–

Goldman potential ( -potential) [21]:

where the function switching over the interaction upon
reaching the distance  is represented in the form

The parameters of this potential are presented in [21].
Defects substantially enhance the adhesion of met-

als by graphene. One of the most widely occurring
defects in graphene is the Stone–Wales (SW) defect,
which consist of connected carbon rings with five or
seven atoms, arising due to the rotation by 90° of
neighboring carbon atoms about their center. The
graphene sheet used here for deposition of mercury
had six such defects distributed approximately uni-
formly over its surface.

Graphene edges were strengthened by hydrogena-
tion. The real maximum adsorption of hydrogen by
graphene proceeds at a pressure of 1 MPa in the form
of physisorption; one hydrogen atom is accommo-
dated by one carbon atom of the adsorbing surface.
The doping of graphene with  atoms favors forma-
tion of the -group [22]. -groups forming on
the edges of the sheet were simulated by the one-atom
scheme [22]. The C–CH and CH–CH interactions
were represented by the LD potential. The partial func-
tionalization of graphene in the form of the attachment
of hydrogen atoms to its edges stabilizes the structure
without increasing the interatomic distances and with-
out creating roughness of the entire surface.

The mercury film on graphene was formed in a
separate molecular-dynamic (MD) computation in
two stages. At the first stage,  atoms were placed
over the center of nonadjacent graphene cells so that
the distance between  and C atoms was 2.30 Å (cal-
culated from the density functional theory [7]). Onto
this loose film, consisting of 49  atoms, 51 more 
atoms were deposited in a random manner. Then this
system, consisting of 100  atoms and 406  atoms,
was brought to equilibrium in an MD computation
involving 106 time steps (  = 0.2 fs). These equations
of motion were solved numerically by the Verlet algo-
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rithm [23]. The target obtained in this way was sub-
jected to stepwise heating, which consisted of raising
the temperature by 100 K from the previous state. The
final configuration of the previous computation was
used as the initial configuration for the new state.

The temperature in the system was maintained by
the Berendsen scheme with the coupling constant
τ = 4 fs [24]. At each time step, the atom velocities 
were scaled as

where λ is the scaling factor,  is the specified initial
temperature (300 K), and T is the current temperature.

The self-diffusion coefficient was determined in
terms of the mean squared displacement of  atoms as

where  is the dimension of space. Angular brack-
ets denote averaging with respect to the number of
time intervals p necessary for determining 
The averaging of five time dependences, each calcu-
lated in the interval of t = 200 ps, is performed.

The metal film density profile was calculated as

where  is the number of  atoms in a layer paral-
lel to the graphene plane,  is the effective diameter
of the  atom;  is the layer thickness;  is the
graphene surface area; and  is the number of tests.

For calculating the stresses arising in graphene, the
graphene sheet was divided into elementary areas. The
stresses  on an elementary area with the orienta-
tion marked by the index u and order number l for each
of the directions x, y, and z designated by the current
index α are determined by calculating the product of
the projections of the atomic velocities on this area
and by the projections of forces  acting upon the lth
area from other atoms under the corresponding condi-
tions [25]:

where k is the number of atoms on the lth area; Ω is the
volume per atom; m is the atomic mass;  is the α-pro-
jection of the velocity of atom i;  is the area of the lth
area; the force arising on the interaction of atoms i and
j passes through the lth area; and  is the current coor-
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dinate of atom i, where u can take the values x, y, and z.
If u = z, u is the average level of C atoms in graphene.

The graphene sheet had sizes of 3.4 × 2.8 nm. Each
lth area separated in this sheet and extended along the
axis  (in the perpendicular “zigzag” direction of
graphene) contained 14 C atoms and had an area of
0.68 nm2. The total stresses acting in the graphene
plane were determined by the summation of the corre-
sponding elementary stresses:

where  is the number of elementary areas.

The surface roughness (or the mean absolute devi-
ation of the profile) was calculated as

oy
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where N is the number of nodes (atoms) on the
graphene surface,  is the level of atom i, and  is the
level of the graphene surface; the quantities  and 
are determined at the same time.

The total energy of free single-sheet graphene at
T = 300 K was found to be–7.02 eV, which agrees with
the quantum mechanical calculation (–6.98 eV) [26].
The isochoric heat capacity of liquid mercury at this tem-
perature calculated by the MD model, 28.4 J/mol K,
agrees with the experimental value of 26.9 J/mol K.

COMPUTATIONAL RESULTS
Taking into account the time step, the computation

duration, and the temperature increment, it is easy to eval-
uate the average heating rate of the system by ~1011 K/s. In
these conditions, if there is no total structural relax-
ation of the system, the system can be overheated. In
the case of metals, the overheating increases due to the
influence of the electron subsystem, which stabilized
the condensed state. The changes observed upon heat-
ing the mercury film on graphene are shown in Fig. 1.
The liquid-metal film begins detachment from
graphene already at T = 300 K. This phenomenon
manifests itself in raising the film edge over graphene.
Atoms of the middle part of the curved  film are still
connected with the substrate; the minimum distance

 between some  atoms and  atoms is 0.31 nm.
At the temperature of 600 K, the  film completely
transforms into a drop that has not lost its connection
with graphene. The distance  in this case reaches
0.36 nm. A further increase in temperature leads to the
detachment of the drop from the graphene surface,
and, at the temperature of 1100 K,  becomes large
(1.55 nm).

Along with the transformation of the  film into
a drop with the subsequent detachment of the drop from
the substrate, the horizontal component  of the
mobility of mercury atoms decreases and the vertical
component , after a fast decrease, on approaching the
temperature of 600 K, nonmonotonically increases again
(Fig. 2). A smooth decrease in  characterizes the
transformation of the film into a drop and densification
of the drop with increasing distance from graphene. The
behavior of  indicates that the drop formation process
terminates at T = 600 K, and, with a further increase
in temperature, the oscillatory process of raising the
drop over the graphene surface takes place.

How strongly the vibrational oscillatory spectra of
 atoms are transformed as the temperature increases

from 300 to 1100 K is demonstrated by Fig. 3. The spec-
trum of horizontal vibrations at T = 300 K is charac-
terized by strong bursts, which decrease with fre-
quency. At 1100 K, the asymptotics of this spectrum has
not changed but the intensity of decreasing peaks has
decreased by a factor of six to seven. The spectrum of ver-
tical vibrations gradually reduces its intensity and com-
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Fig. 1. Configuration of the  film on partly hydroge-
nated graphene, obtained by stepwise heating at the tem-
perature of (a) 300, (b) 600, and (c) 1100 K; coordinates
are expressed in angstroms.
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pletely vanishes at the frequencies ω ≥ 8.9 × 1012 s–1,
regardless of temperature. However, with an increase
in temperature, small-scale vibrations imposed onto
the contour of the spectrum are smoothed out. The
spectrum of vertical vibrations has an appreciably
wider domain than the spectrum of horizontal vibra-
tions of Hg atoms.

The vertical profiles  of the density of mercury
at the temperatures of 300 and 800 K are presented in
Fig. 4. The narrow profile  at T = 300 K has two
sharp peaks indicating the dominantly two-layer

( )zρ

( )zρ

arrangement of  atoms on graphene. However, at
T = 800 K, the density profile expands and shifts
upward. The low intensity of the spectrum  on the
edges and the large density of intense peaks in the mid-
dle of the spectrum indicate the formation of a spheroi-
dal formation: a drop. The influence of the substrate
manifests itself in the formation of a layered structure of
the drop, which is indicated by a large number of nar-
row peaks in the spectrum of  The very close
mutual arrangement of a series of such peaks evidences
the irregularity of the forming structure.

The radial distribution functions  constructed
for  atoms nearest to the center of mass of liquid
mercury also clearly evidences the formation of a more
compact structure at T = 1100 K than at the initial
temperature (Fig. 5). The function  reflects the
spherically averaged structure of liquid mercury,
including that in the horizontal plane, which is not
given by the function  The contraction and wid-
ening of the peaks of  at T = 1100 K evidences the
formation of an irregular compact structure in which
the distance to the first-order neighbors is estimated as

 = 0.29 nm and the distance to the second-order
neighbors, as  = 0.60 nm. The experimental values of
these quantities for liquid mercury at the temperature
of 300 K are  = 0.31 nm and  = 0.59 nm [27].

In the angular distribution of the nearest neighbors
in graphene at T = 300 K, the peak at 120° dominates,
which indicates the presence of the basic elements of a
two-dimensional structure: hexagonal cells (Fig. 6).
The additional peaks in this distribution are formed
due to the high density of Stone–Wales defects (pen-
tagonal and heptagonal cells). Although the tempera-
ture of 1100 K is not high for graphene (its melting
point is  = 4900 K), its structure has suffered
noticeable changes. The peak at 120° has become
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Fig. 3. Horizontal (1, 2) and (3, 4) vertical components of
the phonon spectrum of liquid mercury on graphene,
obtained at the temperatures of (1, 3) 300 and (2, 4) 1100 K.
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appreciably wider. In addition, the peaks at 30°, 90°,
and 150° have significantly increased their intensities.
These changes indicate the growth of defects in the
graphene structure.

The stresses (  and ) characterizing the action
of internal horizontal forces in the graphene plane vary
insignificantly with temperature (Fig. 7). The stress

 tends to a slight increase, while  decreases non-
monotonically, starting from 500 K. The stress 
which characterizes the action of vertical forces,
exceeds  and  by more than an order of magni-
tude. The function  has two sections of fastest
variation: a decrease with heating to 400 K and an increase
with an increase in temperature begining from 900 K. The
minimum of  is reached at 700 K, when the mercury
drop, having formed, detaches from the graphene.

Figure 8 presents a comparison of the temperature
dependence  of the roughness of graphene hav-
ing six Stone–Wales defects with the  of a graphene
sheet of the same sizes but containing nine monova-
cancies and subjected to cluster bombardment. In
both cases, graphene originally has a mercury cover of
100 atoms. The roughness  of graphene full with
Stone–Wales defects increases rapidly with tempera-
ture. In the case of the vertical bombardment with 
clusters with an energy of 30 eV, the vacancy-contain-
ing graphene acquired roughness that can be assigned
to the temperature of ~400 K for the first case. The
strong binding between C atoms in graphene is pre-
served also at a high temperature, as a result of which
the increase in  stops at T = 1000 K.

DISCUSSION OF RESULTS
The real mode of variation in the state of a f luid can

lead to its overheating over the boiling point. A f luid is
overheated either due to fast heating at a constant
pressure or due to fast depressurizing at a constant
temperature. In any case, the f luid passes to the meta-
stable state in which its temperature is higher than the
boiling temperature at normal pressure. The degree of
such overheating for nonmetallic f luids can reach
hundreds of degrees and depends mainly on the heat-
ing or depressurizing rate. In the limiting case of the
full absence of vapor, an amazingly high degree of
overheating can be reached. The release of overheating
proceeds as an instantaneous change in the phase in
the form of explosive ebullience. The process limiting
the high overheating of a f luid is homogeneous nucle-
ation. The limiting overheating of water is 329–333 K
[28, 29]. In this case, according to the estimate of [30],
the critical nucleus contained about 20 molecules.

Phase transitions in metallic systems have certain
specificities. The situation is that, in this case, electron
and molecular structures of equilibrium liquid and
vapor phases differ strongly. For example, liquid mer-
cury and cesium near their ordinary melting points are
considered normal liquid metals with properties typi-
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cal of the condensed state. Small variations in their
basic properties such as electrical conductivity or mag-
netic susceptibility on melting show that the electron
structure of the liquid is similar to the structure of a
crystalline solid. Such a behavior is usually explained
by the fact that short-range atomic correlations in a
small volume of the liquid and crystal are similar. In
additions, ion charges in metals are well-screened by
conduction electrons; therefore, the long-range order
in ionic potentials is important neither for a liquid nor
for a solid. An illustrious example of the unusual
behavior of the metallic system is the metal–nonmetal
transition upon evaporation of a dense liquid. The low
surface free energy of most nonmetallic bodies
excludes their wetting by inert (unreactive) liquid met-
als. However, for mercury on glass, quartz, and sap-
phire, there exists a preliminary-wetting transition.
The presence of the metal–nonmetal transition
appreciably influences the thermodynamic, struc-
tural, interphase, and dynamic features of metals. The
dependences of the conductivity on density for biva-
lent mercury can be divided into three regions.

Mercury is a polyvalent metal, available for study in
the liquid state. The critical point for vapor is charac-
terized by the following parameters:  = 1751 K,  =
167.3 MPa, and  = 5.8 g/cm3. It is the lowest known
critical temperature of liquid metals. This fact is
important for measuring the physical properties at
high temperatures and pressures.

The results of a number of experiments on evapo-
ration of drops from a hot surface point out the exis-
tence of a discontinuity in the dependence of the tem-
perature difference  (  means inter-

face) on the vapor pressure  [31, 32]. In the liquid–
vapor interface, the temperature is always higher from
the side of vapor. The reason is that molecules with the
highest energy evaporate in the first instance and less
energetic molecules remain in the drop. The reduction
in the molecular flux to the vapor phase is observed
mainly at high temperatures; for water 
[33]. The temperature jump for water can be higher than
1400 K [33]. The surface tension of mercury (0.46 J/m2)
is higher than that of water (0.0729 J/m2). Mercury
atoms are 11 times heavier than water molecules. The
type of interaction in mercury is different. It may be
assumed that a mercury drop preserves its stability at
high temperatures due to the reduction in the  atom
flux to the vapor phase but the features of this process
are different from the behavior of water. The destruc-
tion of Stone–Wales defects upon heating of graphene
is mainly due to the vertical displacement of  atoms,
which is indicated by the increase in roughness. The
vertically moving C atoms hit  atoms of the drop
and push it upward.

The high stability of the mercury drop in the model
can also be explained by the following circumstance.
The potential of interaction between two mercury

cT cp
cρ

vap liq
i iT T TΔ = − i

vap
ip

0.84cT T ≈

Hg

C

Hg

atoms, as a rule, is considered a potential between
strongly polarizable closed shells admitting only a
small migration of the electron density; i.e., to a cer-
tain extent, it is similar to the potential function
describing the interaction between noble gas atoms.
Mercury drop formation on graphene upon fast heat-
ing was also confirmed by a similar calculation with
the -potential for representing the –  inter-
actions [34]. A  film upon heating contracted into
a drop. Toward the end of the calculation, at 600 K, a
spherical drop on graphene was formed and, at 800 K,
the drop detached from graphene. However, in con-
trast to the calculations with the -potential, the
use of the -potential function slowly increased the
distance between the drop and graphene up to the
temperature of 1100 K. Most likely, the increased sta-
bility of the mercury drop means that the - and

-potentials overestimate the indirect influence of
the electron component on the –  interaction.

In three-dimensional semiconductors (diamond,
silicon, germanium), natural point defects are vacan-
cies, interstices, substitutional impurities, and their
complexes, while, in graphene, it is the Stone–Wales
defect. The quantum mechanical computation has
revealed that plastic tensile strain in graphene can lead
to the formation of SW defects [35]. After forming the
SW defect, the graphene sheet does not remain in the
plane. Two atoms of the rotated С–С-bond move per-
pendicularly to the monolayer plane by ~0.3 Å in the
opposite direction, entraining other nearby atoms,
which increase the difference between transverse dis-
placements [36]. As a result, a sinusoidal distortion of
the monolayer arises. This process is enhanced upon
heating of graphene. In this case, a significant increase
in roughness is observed, and, on larger sheets, corru-
gation is formed.

CONCLUSIONS

Stepwise heating of mercury film on imperfect
graphene has been studied by the molecular-dynamic
method. A graphene sheet with a high concentration
of Stone–Wales defects and hydrogenated edges was
studied. An increase in temperature led to a gradual
transformation of the film into a drop, followed by the
detachment of the drop from graphene. The horizon-
tal component of the  atom mobility smoothly
decreases during the process, and the vertical compo-
nent, after a decrease reached at the temperature of
600 K, nonmonotonically increased. As a whole, the
spectra of horizontal and vertical vibrations of 
atoms vary with temperature in a similar manner:
small-scale f luctuations caused by temperature
changes in the spectra are smoothed. The vertical pro-
file of the density of mercury shifts upward and
expands to the size corresponding to the diameter of
the liquid metal drop having formed. The mercury
drop formation is accompanied with a contraction of
the range of significant values of the radial distribution

SG Hg Hg
Hg

Sch
SG

SG
Sch

Hg Hg

Hg

Hg



HIGH TEMPERATURE  Vol. 54  No. 5  2016

MOLECULAR-DYNAMIC ANALYSIS OF FAST HEATING 697

function and a reduction in the number and intensities
of pronounced peaks of . An increase in tempera-
ture causes changes in the metric properties of
graphene with defects. In the angular distribution of
the nearest neighbors, the intensity of the main peak at
120°, produced by hexagonal cells, decreases and
intense peaks corresponding to the angles of 30°, 90°,
and 150° appeared. At all temperatures, the stresses in
the graphene plane, caused by the vertical forces,
exceed the stresses produced by horizontal forces.
Most often, this excess is multifold. The roughness of
graphene rapidly increases with temperature and
reaches the maximum at 1000 K. In the high-tempera-
ture region, the hydrogenated edges of graphene were
slightly damaged. Thus, to a great extent, the possibil-
ity to use heating to clean graphene of mercury is
determined by the presence of the Stone–Wales
defects in it.
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