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We report on a new type of carbon extended structure formed by two graphene 
layers stacked directly on top of each other (stacking AA). This polymorphic form 
of a graphene bi-layer is meta-stable with a covalent distance between planes of 
0.156 nm, shorter than the typical van der Waals separation of 0.335 nm, and a 
0.267 nm length for the hexagonal two-dimensional unit cell, larger than the 
typical graphene 0.243 nm. Each carbon makes single bonds to the four nearest 
carbon neighbours, at 0.154 nm (three in-plane bonds) and 0.156 nm (out-of-plane 
bond). Depending on the separation between layers, the electronic structure of the 
bi-layer changes from semi-metal, to metal, to wide-gap semiconductor. We 
describe the electronic structure of these layers and their behaviour under external 
anisotropic stresses. 
 
Carbon shows one of the richest chemistry in the periodic table. In molecules it is the 
basis for organic compounds, being central to different fields from biology to 
electronics in new materials. In solid state it is found in different allotropic forms with 
properties drifting from a soft metal (graphite) to a hard wide-gap semiconductor 
(diamond). New forms like fullerenes and nano-tubes have raised even more the interest 
in carbon for their possible applications. Indeed, polymorphism is the hallmark for the 
chemistry of carbon. Recently, the realization of two-dimensional periodic systems 
made by the stacking of few graphene layers (FGL), going down to the single layer, has 
attracted much interest due to its potential for new electronic devices (1). The peculiar 
linear dispersion found in the electronic band structure near the charge neutrality point 
(Dirac Point), where the carriers behave like mass-less chiral relativistic particles, 
translates in all sort of new phenomena related to transport properties on these systems 
(2). At the moment of writing, however, not all the details related to transport are well 
understood, and a rather intense theoretical debate takes place to explain the finite 
conductivity near the neutrality point, in spite of having a null density of states (3). 
 
We have found that two graphene layers stack directly on top of each other to make 
strong covalent bonds, unlike the standard weak van der Waals interaction between 
layers in graphite (Fig. 1). This polymorphic form of a graphene bi-layer is meta-stable 
with a distance between planes of 0.156 nm and a 0.267 nm length for the hexagonal 
two-dimensional (2D) unit cell (a=b, gamma=120 deg; four carbon atoms). Each carbon 
in this structure is bonded to the four nearest carbon neighbours, at 0.1544 and 0.1557 
nm for in-plane and out-of-plane bonds respectively. Under these conditions, the bi-
layer is a wide gap semiconductor. The transport properties of this type of carbon bi-
layer are rich: at large distances between planes (e.g., as found in graphite) the system 
behaves like a weak 2D metal or even a semi-metal, being mostly dominated by the 
single graphene layer properties. As the distance between layers decreases it is possible 
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to find interlayer distances and/or different 2D unit cell sizes where the bi-layer 
becomes metallic under their own internal stresses, opening a new route to understand 
transport experiments on FGL. These configurations sit in between the meta-stable local 
energy minimum reported in this paper (Fig. 2, label "A") and the global one (graphite-
like, Fig. 2, label "G"). 
 
Our ab-initio calculations are based in the density functional formalism (DFT) (4). 
Exchange and correlation is computed in the local density approximation (LDA) (5). 
We have found that including gradient corrections (GGA) does not qualitatively change 
our conclusions, only the fine details. The 2D periodic graphene layer has been 
described by using norm-conserving pseudo-potentials (2s2 2p2) and a plane-wave basis 
of fixed quality, as implemented in the CASTEP code (6, 7). We have used energy cut-
offs around 700 eV, and the wave-functions have been sampled in the irreducible part of 
the Brillouin zone with sets including around 100 k-points; convergence accuracy 
achieved with these parameters have been better than 0.01 eV for absolute values of 
total energies and better than 0.001 eV for relative differences in energies (detailed 
values for each case are given in the additional material). Clusters and molecules of 
interest to elucidate the chemical interactions have been computed using double and 
triple-zeta basis (depending on the size), and a B3LYP functional; e.g., as implemented 
in the GAMESS code (8). It is interesting to notice that LDA describes very well the sp2 
bonds inside the graphene layer, predicting for the most stable configuration a 
honeycomb lattice with a C-C distance of 0.139 nm (experimental value is 0.142 nm, 
error 2/100), and a bond population of 1.53, somewhere between a carbon double bond 
(length 0.133 nm) and a single one (0.154 nm).  A small charge transfer (3/1000) takes 
place from 2s to 2p orbitals. GGA confirms this picture, yielding longer bonds by a 
similar amount as LDA predicts shorter bonds than the experimental value. These 
geometrical results, and similar ones for electronic and vibrational properties, 
demonstrate the ability of DFT to describe the C-C bond around typical distances for 
covalent bonds. A rough image of the chemical bond would be each C atom sharing 
three electrons to each of the in-plane three nearest C neighbours, while the fourth 
electron is delocalized among them, making three stronger C-C bonds with a character 
somewhere in between single and double bonds. In bulk graphite this fourth electron 
would be responsible for the appearance of pockets near the Fermi energy and the in-
plane conductivity. This scenario makes plausible to use this extra electron to establish 
single bonds between carbons across the layers. The interaction between layers at larger, 
van der Waals-like, distances is not so accurately described by the theory probably 
because of the local approximation used in the exchange and correlation functional (the 
predicted theoretical value for the distance between layers comes with 7/100 error). We 
notice that the formation of the new allotropic form for the graphene bi-layer involves 
interactions between layers closely related to the first case, not to the second, allowing 
us to be confident on conclusions obtained by this kind of theoretical approach. Finally, 
we shall comment in passing that it is possible to give a tight-binding parameterization 
that reproduces the ab-initio results at a much lower computational cost. This 
approximate Hamiltonian is an excellent route to obtain Green-functions, etc, and 
should be very useful to compute transport properties. 
 
Pairing graphene layers following the same stacking (AA) has been out of favour in the 
literature because it is energetically worse than the standard alternating Bernal stacking 
(AB) (9). However, due to the weak interaction between layers, the expected energy 
difference is low, 0.02 eV/cell in our calculations (the barrier between these 



configurations might be higher, but this is not a great concern for our conclusions). We 
have searched for new structural configurations for the AA bi-layer; we find a meta-
stable energy minimum at about half the usual distance between layers in graphite. This 
new structure implies an important lateral increase of the 2D unit cell. This 
configuration displays electronic properties different from the global van der Waals-like 
minimum. Fig. 2 shows a 2D map for the total energy of the system; the meta-stable 
configuration appears around an interlayer distance d=0.156 nm and lattice parameter 
a=0.267 nm (label A). 
 
We have obtained the phonon spectra at the minimum A calculated with a linear 
response formalism (10a,10b); the phonon spectra has no dispersion in the direction 
perpendicular to the super-cell and shows that the new minimum is stable with respect 
to small displacements. The optical branches compare well with the ones measured for 
graphite (11). We have obtained the barrier to escape from the minimum A to the global 
one (G in Fig. 2) by applying first a Linear Synchronous Transit (LST) transition state 
search, followed by a Quadratic Synchronous Transit (QST) method. We find a 
dissociation barrier of 0.16 + 0.04 eV/cell, allowing us to expect the structure to be 
stable at room temperature. The energy barrier for the formation of the meta-stable state 
(from G to A) amounts to 4.80 eV/cell, the A configuration being 4.64 eV/cell higher in 
energy than the G one. The path from A to the transition state involves a simultaneous 
modification of parameters, d and a (Fig. 2). Boundary conditions keeping the 
parameter a fixed to a given value make a different scenario with interesting 
consequences. If a is kept at a constant value of 0.279 nm, the local minimum A is 
established at d=0.155 nm and the barrier grows to 0.8 eV/cell. For a constant value of 
a= 0.291 nm, A becomes the global minimum, and the barrier from A to G goes to 1.7 
eV/cell, while from G to A becomes 1.03 eV/cell.  
 
It is interesting to notice that the stabilization responsible for the existence of this 
polymorph is related to the appearance of chemical bonds between carbons located in 
different layers. Building these bonds produces a weakening of the strong sp2-like in-
plane bonds, with a global balance strong enough to produce a local minimum in the 
total energy landscape. In A, we observe a 0.1 electron charge transfer from the 2p to 
the 2s orbital, and the formation of a single bond between carbons across the two 
graphene layers at 0.156 nm with a calculated bond order of 0.92. This distance, typical 
of single carbon-carbon bonding for substances like diamond, propane, etc (8), supports 
the formation of a chemical bond in place of the previous weak van der Waals 
interaction. At the same time, the in-plane bonds elongate from 0.141 nm to 0.155 nm. 
Therefore, the weakening of the three in-plane bonds produces a significant increase of 
the C-C distances in the graphene sheet, increasing the length of the 2D unit cell vectors 
from 0.243 nm to 0.267 nm. A GGA calculation using the PBE approximation for the 
exchange and correlation potential (12) does not significantly change the details of this 
minimum (i.e., geometrical parameters change less than 0.001 nm, while the barrier to 
the global minimum merely increases to 0.21 eV). We notice that similar carbon 
structures have been observed in molecular systems known as prismanes (13). Quantum 
chemical calculations performed with the program GAMESS (14) predict the formation 
of single C-C bonds across two parallel benzene molecules. In accordance with our 
periodic solid-state calculations, this is a meta-stable molecular configuration with 
respect to the van der Waals-like separation between both molecules. Our calculations 
give a barrier for the dissociation of the meta-stable structure (C6H6-C6H6, one 
hexagonal ring) of about 0.83 eV per C-C bond. This value decreases consistently as 



more rings are added; already for three hexagonal rings (C13H8-C13H8) it goes down to 
several tenths of eV per C-C bond. As the number of hexagonal rings increases the 
dissociation barrier shows convergence to our result for the graphene bi-layer. 
 
Due to the possible implications for the electronic transport on FGL-based devices it is 
interesting to discuss the electronic structure of the bi-layer for different structural 
parameters (size of the 2D unit cell, a, and separation between layers, d). The calculated 
band structure for a single graphene layer displays a semi-metallic character, i.e. the 
valence and conduction bands touch at the Fermi energy in a single point. At the van der 
Waals-like separation between layers (0.358 nm), the interaction is weak, but a marginal 
2D metal already starts to form. The 2D Fermi circle is centred at the corner of the 
Brillouin zone, K, with a very small radius and the density of states at the Fermi energy 
is nearly zero. A new situation emerges if the two layers get closer to each other; the 
radius of the Fermi circle increases, yielding a distinctively non-zero density of states 
and making the bi-layer a 2D-like metal. This picture is still valid near the transition 
state, where the Fermi line approaches the Brillouin zone boundaries. Further down the 
distance between the two layers, the system forms strong single covalent bonds, the 
Fermi line touches the Brillouin zone boundaries, and the system becomes a wide gap 
semiconductor. 
 
We explore now the role of external stresses on the bi-layer. We have applied in-plane 
tensile stresses of 6 (and 18) GPa along the xx and yy directions (equivalent to pressures 
of 4 (and 12) GPa, respectively). As expected, by forcing the 2D unit cell to extend, the 
minimum at A becomes stronger and the barrier grows from 0.16 eV to 0.2 eV. For 4 
GPa the 2D unit cell grows from 2.67 A to 2.80 A (+0.13 A). It is interesting to notice 
that around G, the 2D unit cell grows only half as much (0.058 A) in response to the 
same stresses due to existence of stronger sp2 bonds. These external stresses reinforce 
the minimum at A by weakening the in-plane bonds and making more feasible to form 
the covalent bond between layers. 
 
In conclusion, we have found a polymorphic form for two extended 2D graphene layers 
stacked with AA sequence where carbon atoms located in atop positions get close 
enough to establish new covalent bonds. This meta-stable configuration shows a 
dissociation barrier large enough to make it feasible at room temperature. As a function 
of the separation between the two layers, the electronic properties for such a bi-layer 
range from a semi-metal (layers far away apart) to a weak 2D metal (van der Waals 
distances) to a stronger 2D metal (intermediate distances), and finally to a wide gap 
semiconductor (covalent bonding distance). External stresses can help to further 
stabilize these configurations, as well as to control the separation between layers. 
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Figure Captions 
 
Fig. 1. Polymorphic stacking of two graphene layers at single C-C bond distance (AA 
stacking).   
 
Fig. 2. Total energy map for the polymorphic bi-layer as a function of the distance 
between layers (d) and the 2D lattice parameter (a). Label “A” shows a local minimum 
at d=0.156 nm and a=0.267 nm associated with the formation of a covalent bond across 
layers.   
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