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he understanding of the structural and thermal properties of membranes, low-dimensional flexible systems in a space of higher

dimension, is pursued in many fields from string theory to chemistry and biology. The case of a two-dimensional (2D) membrane in
three dimensions is the relevant one for dealing with real materials. Traditionally, membranes are primarily discussed in the context of
biological membranes and soft matter in general. The complexity of these systems hindered a realistic description of their interatomic
structures based on a truly microscopic approach. Therefore, theories of membranes were developed mostly within phenomenological
models. From the point of view of statistical mechanics, membranes at finite temperature are systems governed by interacting long-range
fluctuations.

Graphene, the first truly two-dimensional system consisting of just one layer of carbon atoms, provides a model system for the
development of a microscopic description of membranes. In the same way that geneticists have used Drosophila as a gateway to probe
more complex questions, theoretical chemists and physicists can use graphene as a simple model membrane to study both
phenomenological theories and experiments. In this Account, we review key results in the microscopic theory of structural and thermal
properties of graphene and compare them with the predictions of phenomenological theories. The two approaches are in good
agreement for the various scaling properties of correlation functions of atomic displacements. However, some other properties, such as
the temperature dependence of the bending rigidity, cannot be understood based on phenomenological approaches. We also consider
graphene at very high temperature and compare the results with existing models for two-dimensional melting. The melting of graphene
presents a different scenario, and we describe that process as the decomposition of the graphene layer into entangled carbon chains.

Introduction

Understanding the structural and thermal properties of two-
dimensional (2D) systems is of great interest in many fields
including mechanics, statistical physics, chemistry, and
biology." Traditionally, it was discussed mainly in the con-
text of biological membranes and soft condensed matter.
The complexity of these systems hindered any truly micro-
scopic approach based on a realistic description of inter-
atomic interactions. Phenomenological theories of mem-
branes' based on elasticity reveal nontrivial scaling behavior
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of physical properties, like in- and out-of-plane atomic dis-
placements. In three-dimensional (3D) systems, this type of
behavior takes place only dlose to critical points,* whereas in
2D this occurs at any finite temperature. The discovery of
graphene,” the first truly 2D crystal made of just one layer of
carbon atoms, provides a model system for which an atomistic
description becomes possible. The interest for graphene has
been triggered by its exceptional electronic properties (for
review, see refs 2 and 5), but the experimental observation
of ripples in freely suspended graphene® has initiated a
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theoretical interest also in the structural properties.>” Ripples or
bending fluctuations have been proposed as one of the
dominant scattering mechanisms that determine the electron
mobility in graphene.? Last but not least, the structural state
influences the mechanical properties that are important for
numerous potential applications of graphene.-1°

Graphene is a crystalline membrane, with finite resistance to
in plane shear deformations, contrary to liquid membranes as
soap films. Moreover, for graphene, this resistance is extremely
high since the carbon—carbon bond is one of the strongest
chemical bonds in nature. The Young modulus per layer of
graphene is 350 N/m, an order of magnitude larger than that of
steel.'®'" Phenomenological theories just assume that the
membrane thickness is negligible in comparison to the lateral
dimensions. Once a microscopic treatment is allowed, one can
also distinguish between, e.g, single layers and bilayers.'?

The aim of this Account is to summarize the contribution
of microscopic treatments of graphene as the simplest
(prototype) membrane to our general understanding of 2D
systems. To this purpose, we first review the main results of
phenomenological theories, particularly those that can be
directly compared to results of atomistic approaches.

Phenomenological Theory of Crystalline
Membranes

The standard theory of lattice dynamics is based on the
harmonic approximation assuming atomic displacements
from equilibrium to be much smaller than the interatomic
distance d. For 3D crystals, this assumption holds up to melting
according to the empirical Lindemann criterion. For 2D crystals,
the situation is so different that Landau and Peierls suggested
in the 1930s that 2D crystals cannot exist. Later, their qualita-
tive arguments were made more rigorous in the context of the
so-called Mermin—Wagner theorem (see references in ref 6).
Since graphene is generally considered to be a 2D aystal, this
point needs to be darified first.

Lattice Dynamics of Graphene. By assuming that atomic
displacements u satisfy the condition

(U ) =a? 1)

where n labels the elementary cell and j the atoms within
the elementary cell, we can expand the potential energy
V(R) up to quadratic terms (harmonic approximation):

5 ~0), 1
V(R n,j) = VR n,j)+_ Z AY uaﬂu“ﬁ (2

ni, n’j~"ni
n, n'i,jof

where the matrix A is the force constant matrix, R n=Rn ‘0’

u njand R ﬁ,, = r,, + p, where rn are the vectors of the 2D
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Bravais lattice and p jare basis vectors. Lattice vibrations
are then described as superposition of independent
modes, called phonons, characterized by wavevector q
and branch number &£ =1,....,3v where v is the number of
atoms per unit cell. The squared phonon frequencies
wé(cf ) are the eigenvalues of the 3v x 3v dynamical
matrix

D“ﬁ Z ’ exp(lq ) 3)

7

where M;is the mass of atomj. For graphene, M;=M s the
mass of the carbon atom and by symmetry Ajf = Al =0
and DY} = D%%. Translational invariance requires that no
forces result from a rigid shift of the crystal, implying

Z AOI nj =0 (4)
whence
DY = 0)+D55(q =0) =0 (5)

Therefore, there are six phonon branches in graphene:
1 The acoustic flexural mode ZA (u!l02)

wz?(q) = DF(q) +D%(q) (6)

2 The optical flexural mode ZO (LT I102)
wz0*(q) = D%(q) — D%(q)- 7)

3,4 Two acousticin-plane modes, with »?(q) equal to the
eigenvalues of the 2 x 2 matrix

DY) +D%(q) (@B =xY) (8)

5,6 Two optical in-plane modes, with w?(q) equal to
eigenvalues of the 2 x 2 matrix

DY) —D(@) (o8 = x,y) (9)

If the 2D wavevector g lies in symmetric directions,
branches (3)—(6) can be divided into longitudinal
ellg and transverse e Lq modes. Due to eq 5 for
acoustic modes w? o< g* at ¢ — 0. For the ZA mode,
however, the terms in g disappear as well and
wz42(q) > g*. This follows from the invariance with
respect to rotations of a 2D crystal as a whole in the
3D space, namely, for uniform rotations of the type

Uy = 0pm xRy (10)
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FIGURE 1. Phonon spectrum of graphene calculated with LCBOPII.
Adapted from ref 14.

where d¢ is the rotation angle and m the rotation
axis in the xy-plane. These rotations should not
lead to any forces or torques acting on the atoms.
Hence,

Y AZ el =0 (o, = X,y) (11)
nj

It follows from eqgs 11 and 3 that

0 - -
W[Dﬁ(qHD%(q)}a:O:O (12)
and, thus, the expansion of eq 6 starts with terms of
the order of q“; therefore,

wza < q? (13)

at g — 0. The very low frequency of wz, forg — 0
has important consequences for the stability and
thermal properties as we discuss next. In Figure 1, we
show the phonon spectrum'# calculated with the so-
called longrange carbon bond order potential
(LCBOPII)'> used in the atomistic simulations pre-
sented later.

Let us consider now the case of finite temperatures. In the
harmonic approximation, the mean-square atomic displace-
ment is

h
B
<unjun]> y ZNOM]W(% eff} )coth ( 57 ) (14)

where 1 = (q,&) are phonon labels, e is the polarization
vector and Ny is the number of elementary cells. For in-
plane deformations at any finite temperature, the sum in
eq 14 is logarithmically divergent due to the contribution

of acousticbranches with w qforcf — 0. Thisdivergence
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is cut at the minimal wavevector gmin ~ L' (L is the
sample size), thus

(X2 = () “WTcz In (g) (15)
where ¢ is the average sound velocity. This result led
Landau and Peierls to the conclusion that 2D crystals
cannot exist. Strictly speaking, this means just the in-
applicability of the harmonic approximation, due to
violation of eq 1. A more rigorous treatment, however,
does confirm this conclusion (see ref 2). For a. = z, the
situation is even worse, due to the much stronger
divergence of ZA phonons (eq 6). One can see from
eq 14 that

1
o< ET“B (16)

<h”f > Eat %
where E; is of the order of the cohesive energy. Hence-
forth, we use the notation h=u? and denote u = (uy,u,) as
a 2D vector.

The Statistical Mechanics of Crystalline Membranes.
We have shown that the harmonic approximation cannot
be applied at any finite temperature to 2D crystals neither for
in-plane nor for out-of-plane modes since the condition eq 1
is violated due to divergent contributions of acoustic long-
wavelengths modes with g — 0. In this situation, it becomes
necessary to consider anharmonic interactions between in-
plane and out-of-plane modes. In the limit g — 0, acoustic
modes can be described by elasticity.> The corresponding
effective Hamiltonian 9 reads

- % / d*x (K(Vzh)z + llgg? +%uw2> (17)

where the deformation tensor u, is

1(ous odu, aoh oh
= =24+—4+—— 18
2 (axa + 0Xg + 0Xq axﬁ) (18)

« is the bending rigidity and x and A are Lamé coefficients.
In the deformation tensor, we have kept the nonlinear
terms in oh/ox, but not au,/dx, since out-of-plane fluctua-
tions are stronger than in-plane ones (compare eqs 15
and 16. If we neglect all nonlinear terms in the deforma-
tion tensor, then %" in (f representation becomes

N
o
I
N| &
=04
..Ql
+
N| =

Y, (kUG + 0+ -U5)]
q

(19)
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where the subscript 0 indicates the harmonic approxima-
tiof and haand u i areﬁFourier components of h(r) and
u (r), respectively, with r = (x,).

The correlation functions in harmonic approximation
are

Go@) = (Ingl*), = <z (20

D@ = (tqts),

_ quqs T [
af

Quqs T _9a9s| 1
q? (A +2u)q? } 1)

q? Juq*

where ( )o means averaging with the Hamiltonian .77 (eq 19).
For a surface z= h(x,y) the components of the normal are

Lo eh 1 )
- o 1
X\ /14 |vhP
oh 1
ny= — (23)
V. /14 |vhP
ny— (24)

\/1+|Vh?

where Vh is a 2D gradient. If |[Vh| < 1, the normal—
normal correlation function is related to <|hg,|2>

A 2 2
<nan ,a> =q <|ha| > (25)
On substituting eq 20 into eq 25, we find
- - T

A membrane is globally flat if the correlation function
(N oN ) tends to a constant as R — < (normals at large
distances have, on average, the same direction). Equation
26, instead, leads to a logarithmic divergence of (non ).
Moreover, the mean square in-plane and out-of-plane dis-
placements calculated from eqs 20 and 21 are divergent as
L —  as already shown. Again, we conclude that the
statistical mechanics of 2D systems cannot be based on
the harmonic approximation. Taking into account the cou-
pling between u and h due to the nonlinear terms in the
deformation tensor, (eq 18) drastically changes this situation.
We can introduce the renormalized bending rigidity «(q) by
writing

T

clq) = kr(q)q*

27)
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The first-order anharmonic correction to « is
3TY

= Bakq (28)

ok = kgrlq) — k

where Y=[4u(A + 1)/2 + 2u] is the 2D Young modulus.'~ At

3TY

8nk? (29)

q=0q" =

the correction o« = «, and the coupling between in-plane
and out-of-plane distortions cannot be considered as a
perturbation. The value g* plays the same role as the
Ginzburg criterion® in the theory of critical phenomena:
below ¢*, interactions between fluctuations dominate.
Note that, in the theory of liquid membranes, there is also
a divergent anharmonic correction to « of completely

different origin'
3T 1
2Ty (q_d> (30)

This term has sign opposite to the one of a crystalline
membrane, eq 28, and is much smaller than the latter.

In presence of strongly interacting long-wavelength fluc-
tuations, scaling considerations are extremely useful.* Let us
assume that the behavior of the renormalized bending
rigidity «z(q) at small g is determined by some exponent 7,
krlq) =< g7, yielding

oK ~

B A ~ 2\ A
G =g <|nq| >_W (31)

where the parameter g, = (Y/«)'’? of the order of d~ is
introduced to make A dimensionless. One can assume
also a renormalization of the effective Lamé coefficients
A=), urlq) =< g"* which means

<”Zauﬂﬁ>xﬁ (32)

Finally, we assume that anharmonicities change eq 16
into
(h*) o % (33)

The values %, 7, and ¢ are similar to critical exponentsin the
theory of critical phenomena. They are not independent:
E=1-n/2m,=2-2p (34)

The exponent 7, is positive if 0 <z < 1. The so-called Self-
Consistent-Screening-Approximation'® gives 7 ~ 0.82,
whereas a more accurate renormalization group approach'”
yields n ~ 0.85. This means that interactions make out-of-
plane phonons harder and in-plane phonons softer.



The temperature dependence of the constant A in eq 27
can be found from the assumption that eqs 20 and 31 should
match atg=gq*, giving A=a(T/«)°, where o is a dimensionless
factor of the order of one.

Now we are ready to discuss the possibility of long-range
crystal order in 2D systems at finite temperatures. The true
manifestation of long-range order is the existence of delta-
function (Bragg) peaks in diffraction experiments. The scat-
tering intensity is proportional to the structure factor

Sq) = Y Y (expliq (R pj — R ny)l) (35)

nn'jj’

that can be rewritten as
S@) = Yexpliqtn —r )l Y, expliq (o — p Wiy ny

nn' l'jr

(36)

where
an,n’j’ = <exp[ii(ﬁnj - lIn’j’)]) (37)

In 3D crystals, one can assume that the displacements u nj
and u ,; are not correlated for |, — r y| — o so that

Wiy, mj = (€Xpliq U )Xexp( —iq U ny))

= my(q)m;(q) (38)

where mj(q ) are Debye—Waller factors that are indepen-
dent of n due to translational invariance. Therefore, for
q =g (reciprocal lattice vectors), where exp(ig r ,) =1, the
contribution to S(ﬁ ) is proportional to No?, whereas for a
genericq itis of the order of No. The Bragg peaksatq =g
are, therefore, sharp; thermal fluctuations decrease their
intensity (by the Debye—Waller factor) but do not broad-
en the peaks. The observation of such peaks is an
experimental manifestation of long-range crystal order.
In 2D, the correlation functions of atomic displacements
do not vanish as |r , — r ;| — e. Indeed, in the continuum
limit, u ; — (U (r),h(r)) and we have
(n@®) —hE ) = 2 ¥ (lh@ P —cos(q (r —r N~F -7
q
(39)
W)~ @) =2 3 qu(qBi - coslig @ —FP~F ¥
q
(40)

after substitutions of egs 31 and 32.% Thus, the approx-
imation eq 38 does not apply. As a result, the sum over n’
ata given nis convergent, and S(q =g ) = No; instead of a
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delta-function Bragg peak we have a sharp maximum of
finite width. This means that, rigorously speaking, the
statement that 2D crystals cannot exist at finite tempera-
tures is correct. However, the structure factor of graphene
still has sharp maxima at q= § and the crystal lattice can
be determined from the positions of these maxima. In
this restricted sense, 2D crystals do exist, and graphene
is a prototype example of them.

It was found experimentally by transmission electron
microscopy, that freely suspended graphene at room tempera-
ture is rippled.° The existence of these thermally induced
ripples motivated our atomistic Monte Carlo simulations”'®
summarized in the next section.

Atomiistic Simulations of Structural and
Thermal Properties of Graphene

As discussed before the thermal properties of 2D crystals are
determined by longwavelength fluctuations. Therefore, one
needs to deal with large enough systems to probe the inter-
esting regime of strongly interacting fluctuations. This require-
ment rules out, in practice, first principle approaches in favor of
accurate empirical potentials. The unusual structural aspects of
graphene, make it desirable to describe different structural and
bonding configurations, beyond the harmonic approximation,
by means of a unique interatomic potential. Bond order
potentials are a class of empirical interatomic potentials de-
signed for this purpose (see'> and references therein). They
aim at describing also anharmonic effects and the possible
breaking and formation of bonds in structural phase transi-
tions. They allow to study without further adjustment of
parameters, all carbon structures, including the effect of de-
fects, edges and other structural changes, also as a function of
temperature as well as phonon spectra. We have used the so-
called long-range carbon bond order potential LCBOPIL'® lIts
main innovative feature is the treatment of interplanar van der
Waals interactions, that allows to deal with graphitic structures.
To calculate equilibrium properties as a function of tempera-
ture, we have performed Monte Carlo simulations either at
constant volume or constant pressure. We first discuss the
results for correlations functions that can be directly compared
to the scaling behavior discussed previously. Then, we report
the temperature dependence of several structural properties of
graphene. Lastly we discuss the melting of graphene in relation

to its 3D counterpart, graphite, and to 2D models of melting,.
Structural Properties and Scaling. We compare the
results of atomistic Monte Carlo simulations to the scaling
behavior of G(qg) (eq 31). From eq 31, one can see that G(q)
Vol. 46, No. 1 = 2013
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FIGURE 2. Normal-normal correlation function g*G(g) for three samples
with indicated number of atoms N. For the largest, N=37888, L, =
314.82 A, L,=315.24 A. Adapted from ref 18.

can be calculated in two ways, either by calculating directly
the correlator of h(r) or of the normal n (r). In doing this, it is
important to have h(r) and n (r) calculated at lattice sites
smoothened by averaging over the neighbors, as described
in detail in ref 12. Only by such a procedure one verifies
numetically eq 25 for g < 10 nm~" which gives the limit of
applicability of a continuum description to graphene. The
interesting regime is g < g* (eq 29). For graphene at room
temperature g* = 2.4 nm~". Since simulations are done for
samples of dimension L, x L, with periodic boundary con-
ditions, the smallest values of g that can be reached are
27/Lyand 27/L,. For the largest samples, we have found that
straightforward Monte Carlo simulations based on indivi-
dual atomic moves could not provide enough sampling for
the smallest wavevectors. For this reason, in our first paper
on ripples in graphene,” we were not able to check the
scaling laws in the anharmonic regime. Later, we have
reached this regime by devising a numerical technique that
we have called wave moves, where collective sinusoidal
long wavelengths displacements of all atoms where added in
the Monte Carlo equilibration procedure.'® In Figure 2 we
present (n 41 =q*Glq) calculated with wave moves which
displays a clear change of the slope In(G(g)) versus In(q)
around g ~ g*. Notice that (n a|2> grows for g>10 nm™'
reaching a maximum at the first Bragg peak. According to
the phenomenological theory described before, the change
of scaling behavior at g < g* is related to the coupling of in-
plane and out-of plane fluctuations. To check this, we also
show in Figure 3 the correlation function I'(qg)

rg) = (s ;) @1)

which becomes almost zero at g > g*. For smaller samples
the coupling is reduced as expected for a property that is
determined by the region of long wavelengths fluctuations.
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FIGURE 3. Function I'(g) for three values of N.
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FIGURE 4. Temperature dependence of « as found by fitting (jn ﬁlZ) to
eq 31. Adapted from ref 7.

The temperature dependence of the bending rigidity «(7)
can be extracted from the (n ﬁ|2> using eq 26. The results’
are shown in Figure 4 where one can see the rapid growth
with temperature. This effect should not be confused with
the correction J« of eq 28 since the latter is strongly
g-dependent. The temperature dependence of « of Figure 4
cannot be described within the Self-Consistent Screening
Approximation for our model Hamiltonian eq 17.'°

The temperature dependence of «, as that of all param-
eters of phonon spectra,*® is an anharmonic effect that
goes beyond the model eq 17, namely, it does not result
from the coupling of acoustic out-of plane phonons with
acoustic in-plane phonons only. Other anharmonicities, like
coupling to other phonons, have to be invoked. This is an
example of effects that can be studied within atomistic
simulations but not within the elasticity theory. The potential
energy given by LCBOPII includes by construction anharmo-
nic effects.

Purely anharmonic effects are the temperature dependence
of lattice parameter and elastic moduli. The temperature
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FIGURE 6. Temperature dependence of the bulk modulus b, and shear
modulus x. Adapted from ref 11.

dependence'" of the lattice parameter a is shown in Figure 5,
and those of the shear modulus x and adiabatic bulk modulus
ba=2 + uin Figure 6. The most noticeable feature in Figure 5 is
the change of sign of da/dT, namely, a change from thermal
contraction to thermal expansion around 1000 K.

Usually thermal expansion is described in the quasihar-
monic approximation?® where the free energy is written as
in the harmonic approximation but with volume dependent
phonon frequencies w;. This dependence is described by the
Gruneisen parameters

dlnw;
AT T Eng

42)

where Q is the volume (the area for 2D systems). In most
solids, phonon frequencies grow under compression,
which corresponds to positive Gruneisen parameters
and thermal expansion. Graphene and graphite are

Prototype Crystalline Membrane Katsnelson and Fasolino
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FIGURE 7. (Top) Gruneisen parameters calculated for graphene with
LCBOPIL'* (bottom) Phonon spectrum of graphene for the equilibrium
value of the interatomic distance 1.42 A (red solid), and two larger
values, 1.43 A (blue dashed) and 1.44 A (green dotted). Courtesy of L.J.
Karssemeijer.

however exceptional, as illustrated in Figure 7 presenting
the corresponding calculation with LCBOPIL'* One can
see that both the ZA and ZO branches have y <0 almost
in the whole Brillouin zone as found already, within
density functional calculations.??

Experimentally, graphite has a negative thermal expan-
sion coefficient up to 700 K2' This behavior has been
explained in the quasiharmonic approximation in ref.??
For graphene, they predicted negative da/dT at all tempera-
tures. Negative thermal expansion of graphene at room
temperature has been confirmed experimentally.?®> The
linear thermal expansion coefficient was about —107>
K~', a very large negative value. According to the quasihar-
monic theory, it was found to be more or less constant up to
temperatures of the order of at least 2000 K, in contrast to

Vol. 46, No. 1 = 2013
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the atomistic simulations of Figure 5. Thus the change of
sign of da/dT should be attributed to self-anharmonic
effects,”® namely, to direct effects of phonon—phonon
interactions. Very recently, it was confirmed experimen-
tally that da/dT, while remaining negative, decreases in
modulus with increasing temperature up to 400 K2*
which can be considered as a partial confirmation of our
prediction.

Also the temperature dependence of the shear modulus
u, shown in Figure 6 is anomalous since typically du/dT<0
at any temperature. The change of sign of du/dT <0 occurs
roughly at the same temperature of da/dT. The room-
temperature values of the elastic constants are 4 ~ 10
eV/A? and b, ~ 12 eV/A?. The corresponding Young mod-
ulus Y lies within the error bars of the experimental value'®
Y~ 340 + 50 Nm'~. The Poisson ratio v= (b, — 1)/(ba + 1) is
found to be very small, of the order of 0.1.

Melting of Graphene. Melting in 2D is usually described
in terms of creation of topological defects, like unbound
disclinations that destroy orientational order and unbound
dislocations that destroy translational order.> In the hex-
agonal lattice of graphene, typical disclinations are penta-
gons (5) and heptagons (7) while dislocations are 5—7 pairs.
Our atomistic simulations?® have given an unexpected
scenario of the melting of graphene as the decomposition
of the 2D crystal in a 3D network of 1D chains. A crucial role
in the melting process is played by the Stone-Wales (SW)
defects, nontopological defects with a 5—7—7-5 configura-
tion. The SW defects have the smallest formation energy
and start appearing spontaneously at about 4200 K. It is the
clustering of SW defects that triggers the spontaneous melt-
ing around 4900 K in our simulations.

In Figure 8, we show a typical configuration of graphene
on the way to melting at 5000 K. The coexistence of crystal-
line and molten regions indicates a first order phase transi-
tion. The most noticeable features are the puddles of
graphene that have molten into chains. The molten areas
are surrounded by disordered 5—7 clusters, resulting from
the clustering and distortion of SW defects. Isolated and pairs
of SW defects are also present whereas we never observe
isolated pentagons, heptagons or 5—7 dislocations. Contrary
to graphite where melting is initiated by interplanar covalent
bond formation, in graphene it seems that 5—7 clusters act as
nudlei for the melting. By close inspection, we find that regions
with 5—7 dlusters favor the transformation of three hexagons
into two pentagons and one octagon that we never see
occurring in the regular hexagonal lattice far from the 5-7
clusters. The large bonding angle in octagons, in turn, leads

104 = ACCOUNTS OF CHEMICAL RESEARCH = 97-105 = 2013 = Vol. 46, No. 1

XLF O henss dotey: 1.3 5900009090009904 soreres s . &

1 I A A K, R o8 s 85y NI da ey e,
e T N
LYY AL 196900 Y B ialliReesvavesvessrmyeennyss syl st »: o
By on U ] ..".,..'.sv.':-'.%v.; SoOR T U
o 0% 2% ST o 0
b3 B4 5 -

ey 2 X

13343
3

FIGURE 8. Structure of graphene in the first phase of melting (top) and
when molten (bottom) at T= 5000 K. Adapted from ref 26.

to the proliferation of larger rings. Due to the weakening of
the bonds with small angles in the pentagons around them,
these larger rings tend to detach from the lattice and form
chains.

When melting is completed the carbon chains form an
entangled 3D network with a substantial amount of 3-fold
coordinated atoms, linking the chains. The molten phase is
similar to the one found for fullerenes and nanotubes (see ref
26 and references therein). Therefore, the structure of the high
temperature phase reminds rather a polymer gel than a simple
liquid, a quite amazing fact for an elemental substance.

The closest system to graphene is graphite. The melting
temperature T, of graphite has been extensively studied
experimentally at pressures around 10 GPa, and the results
present a large spread between 4000 and 5000 K.2” With
LCBORPII, free energy calculations give T, = 4250 K, almost
independent of pressure between 1 and 20 GPa (see refer-
ences in ref 26). At zero pressure, however, graphite sub-
limates before melting at 3000 K.2” Monte Carlo simulations
with LCBOPII at zero pressure show that, at 3000 K, graphite



sublimates through detachment of the graphene layers. The
melting of graphene in vacuum that we have studied here
can be thought of as the last step in the thermal decomposi-
tion of graphite. Interestingly, formation of carbon chains
has been observed in the melt zone of graphite under laser
irradiation.® Although the temperature T = 4900 K of
spontaneous melting represents an upper limit for Ty, our
simulations suggest that T, of graphene at zero pressure is
higher than that of graphite.

Conclusions

We have shown by comparing the results of atomistic
simulations to the theory of membranes based on a con-
tinuum approach that graphene can indeed be considered a
prototype of 2D membrane and that atomistic studies can be
used to evaluate accurately the scaling properties, including
scaling exponents and crossover behavior. Conversely, the
melting of graphene is determined rather by the peculiarities
of the carbon—carbon bond and the high stability of carbon
chains than as a generic model for melting in 2D.

We are grateful to our collaborators, Jan Los, Kostya Zakharch-
enko, and Lendertjan Karssemeijer. This work is supported by
FOM-NWO, The Netherlands.

BIOGRAPHICAL INFORMATION

Mikhail Katsnelson received his Ph.D. in solid state physics in
1980 from the Institute of Metal Physics (Ekaterinburg, Russia) where
he stayed until 2001 (last position: head of the group of quantum
theory of metals). From 1992, he was simultaneously a professor of
solid state physics and of mathematical physics in Ural State Uni-
versity. After three years in Uppsala University, 2002—2004, as a
visiting professor of theoretical magnetism, M. Katsnelson became
professor and head of the group of theory of condensed matter in
Radboud University Nijmegen. His main scientific interests cover
quantum many-body theory, electronic structure, and lattice proper-
ties of metals and alloys, and, especially, magnetism. Starting from
discovery of graphene in 2004, his main activity is focused in this new
field, combining theoretical support of experimental research, tradi-
tional “pen-and-paper” theoretical physics, and computational ma-
terial science and theoretical chemistry of graphene.

Annalisa Fasolino is professor of computational condensed
matter at the Radboud University Nijmegen, The Netherlands.
After the studies in physics in Italy, she has been postdoc at the
Max Planck FKF in Stuttgart, assistent professor at the SISSA Trieste
and associate professor at the University of Modena until 1996.
Her main topics of research are the structural and electronic
properties of heterostructures and nanostructures, carbon materi-
als and graphene, and nanoscale friction.

Prototype Crystalline Membrane Katsnelson and Fasolino

FOOTNOTES

*To whom correspondence should be addressed. E-mail: m.katsnelson@science.ru.nl.
The authors declare no competing financial interest.

REFERENCES

1 Nelson, D. R., Piran, T., Weinberg, S., Eds. Statistical Mechanics of Membranes an
Surfaces, World Scientific: Singapore, 2004.

2 Katsnelson, M. I. Graphene: Carbon in Two Dimensions, Cambridge University Press:
Cambridge, 2012.

3 Landau, L. D., Lifshitz, E. M. Theory of Elasticity, Pergamon Press: Oxford, 1970.
4 Ma, S. K. Modern Theory of Critical Phenomena, Benjamin: Reading, MA, 1976.
5 Geim, A. K.; Novoselov, K. S. The Rise of Graphene. Nat. Mater. 2007, 6, 183—191.
6

Meyer, J. C.; Geim, A. K.; Katsnelson, M. I.; Novoselov, K. S.; Booth, T. J.; Roth, S. The
Structure of Suspended Graphene Sheets. Nature 2007, 446, 60-63.

7 Fasolino, A.; Los, J. H.; Katsnelson, M. 1. Intrinsic Ripples in Graphene. Nat. Mater. 2007, 6,
858-861.

8 Booth, T. J.; Blake, P.; Nair, R. R.; Jiang, D.; Hill, E. W.; Bangert, U.; Bleloch, A.; Gass, M.;
Novoselov, K. S.; Katsnelson, M. I.; Geim, A. K. Macroscopic Graphene Membranes and
their Extraordinary Stiffness. Nano Lett. 2008, 8, 2442-2446.

9 Bunch, J. S.; van der Zande, A. M.; Verbridge, S. S.; Frank, I. W.; Tanenbaum, D. M.;
Parpia, J. M.; Craighead, H. G.; McEuen, P. L. Electromechanical Resonators from
Graphene Sheets. Science 2007, 315, 490-493.

10 Lee, C.; Wei, X., W.; Kysar, J. W.; Hone, J. Measurement of the Elastic Properties and
Intrinsic Strength of Monolayer Graphene. Science 2008, 327, 385-388.

11 Zakharchenko, K. V.; Katsnelson, M. |.; Fasolino, A. Finite Temperature Lattice Properties
of Graphene beyond the Quasiharmonic Approximation. Phys. Rev. Lett. 2009, 102,
046808.

12 Zakharchenko, K. V.; Los, J. H.; Katsnelson, M. I.; Fasolino, A. Atomistic Simulations of
Structural and Thermodynamic Properties of Bilayer Graphene. Phys. Rev B 2010, 81,
235439.

13 Lifshitz, I. M. On Thermal Properties of Chained and Layered Structures at Low
Temperatures (in Russian). Zh. Eksp. Teor. Fiz. 1952, 22, 475-486.

14 Karssemeijer, L. J.; Fasolino, A. Phonons of Graphene and Graphitic Materials Derived from
the Empirical Potential LCBOPII. Surf. Sci. 2011, 605, 1611-1618.

15 Los, J. H.; Ghiringhelli, L. M.; Meijer, E. J.; Fasolino, A. Improved Long-Range Reactive
Bond-Order Potential for Carbon. I. Construction. Phys. Rev. B 2005, 72, 214102.

16 Le Doussal, P.; Radzihovsky, L. Self-Consistent Theory of Polymerized Membranes. Phys.
Rev. Lett. 1992, 69, 1209-1212.

17 Kownacki, J.-P.; Mouhanna, D. Crumpling Transition and Flat Phase of Polymerized
Phantom Membranes. Phys. Rev. E 2009, 79, 040101,

18 Los, J. H.; Katsnelson, M. I.; Yazyev, 0. V.; Zakharchenko, K. V.; Fasolino, A. Scaling
Properties of Flexible Membranes from Atomistic Simulations: Application to Graphene.
Phys. Rev. B2009, 80, 121405.

19 Rolddn, R; Fasolino, A.; Zakharchenko, K. V.; Katsnelson, M. I. Suppression of
Anharmonicities in Crystalline Membranes by External Strain. Phys. Rev. B 2011, 83,
174104.

20 Cowley, R. A. The Lattice Dynamics of Anharmonic Crystal. Adv. Phys. 1963, 12, 421—
480.

21 Steward, E. G.; Cook, B. P.; Kellert, E. A. Dependence on Temperature of the Interlayer
Spacing in Carbons of Different Graphitic Perfection. Nature 1960, 187, 1015-1016.

22 Mounet, N.; Marzari, N. First-Principles Determination of the Structural, Vibrational and
Thermodynamic Properties of Diamond, Graphite, and Derivatives. Phys. Rev. 82005, 77,
205214,

23 Bao, W.; Miao, F.; Chen, Z.; Zhang, H.; Jang, W.; Dames, C.; Lau, C. N. Controlled Ripple
Texturing of Suspended Graphene and Ultrathin Graphite Membranes. Nat. Nanotechnol.
2009, 4, 562-566.

24 Yoon, D.; Son, Y.-W.; Cheong, H. Negative Thermal Expansion Coefficient of Graphene
Measured by Raman Spectroscopy. Naro Lett. 2011, 11, 3227-3231.

25 Halperin, B. I.; Nelson, D. R. Theory of 2-Dimensional Melting. Phys. Rev. Lett. 1978, 41,
121-124.

26 Zakharchenko, K. V.; Fasolino, A.; Los, J. H.; Katsnelson, M. I. Melting of Graphene: from
Two to One Dimension. J. Phys.: Condens. Matter 2011, 23, 202202.

27 Sawatimskiy, A. |. Measurements of the Melting Point of Graphite and the Properties of
Liquid Carbon (a Review for 1963—2003). Carbon 2005, 43, 1115-1142.

28 Hu, A.; Rybachuk, M.; Lu, Q. B.; Duley, W. W. Direct Synthesis of sp-Bonded Carbon

Chains on Graphite Surface by Femtosecond Laser Iradiation. Appl. Phys. Lett. 2007, 91,
131906.

Vol. 46, No. 1 = 2013 = 97-105 = ACCOUNTS OF CHEMICAL RESEARCH = 105



