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ation on the stability of H-6
Carbon†

Zacharias G. Fthenakis

A few years ago H-6 Carbon was proposed as an all-sp2 three-dimensional carbon allotrope, with

mechanical properties comparable to those of graphene. However, results on the stability of H-6

Carbon presented in the literature are rather contradictory and confusing, and it is not yet clear if this

hypothetical allotrope is stable or not. Studying systematically the stability of H-6 Carbon, using ab

initio density functional theory and phonon band structure calculations, we show that H-6 Carbon is

unstable, converted spontaneously to diamond. According to our findings, the instability mechanism is

not the same as that of compressed rhombohedral graphite, but is related to the synergetic action of

the interchain interactions of the parallel-arranged zig-zag chains and the strain induced by the 60�

rotation (with respect to graphite) of the interconnected zig-zag chains. This synergetic action

eliminates the barrier provided by the intrachain interactions, causing the transition of H-6 Carbon to

diamond.
1 Introduction

The scientic community has always been interested in carbon
allotropes. This is not surprising, since the exibility of carbon
to form single, double and triple bonds is well known, thus
allowing (in principle) the formation of several networks and
structures with different bonding and properties.1–10 H-6
Carbon is such a hypothetical three-dimensional all-sp2 struc-
ture, which was proposed two decades ago,11 as another carbon
allotrope. It consists of arrays of parallel-arranged zig-zag
chains, which are rotated relative to each other by 60� (or
120�), as shown in Fig. 1(a).

Tamor and Hass,11 who rst proposed and studied H-6
Carbon using a tight binding (TB) approach, found that H-6
Carbon is stable. A year later, Liu et al.,12 using density func-
tional theory (DFT) at the local-density approximation (LDA)
level, found that H-6 Carbon is unstable. On the other hand,
Winkler et al.,13 Rignanese and Charlier14 and recently Zhang,15

using ab initio DFT calculations, reported that H-6 Carbon is
stable. All these results are rather confusing, and it is not yet
clear if H-6 Carbon is stable or not. It is worth noting, however,
that none of the above calculations13–15 are accompanied by
a phonon band structure (or any other) calculation, which
would ensure that the optimized structure found corresponds
to a true energy minimum and not to a saddle point of the
potential energy surface (PES).
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In the present study we try to shed light on the issue of the
stability of H-6 Carbon. We systematically optimize H-6 Carbon
performing ab initio DFT calculations with two different func-
tionals, and a different number of k-grid points andmesh cutoff
values, and we found that independent of them optimization
led either to diamond or the H-6 Carbon structure. Performing
energy calculations with both functionals along a transition
pathway converting the optimized H-6 Carbon structure to
diamond, as well as phonon band structure calculation for the
optimized H-6 Carbon, we show that H-6 Carbon is unstable.
Contrary to this result, we show that the TB method, which was
used by Tamor and Hass11 to optimize the H-6 Carbon structure,
nds an energy barrier along that transition pathway. As we
explain, this barrier is overestimated due to the cutoff function
used, and the main reason for its existence is the incorrect
description (or the absence) of interchain interactions. More-
over, performing several optimization calculations for the H-6
Carbon structures under 10% tensile strain, we show that
increasing the distance between the parallel-arranged zig-zag
chains does not stabilize the structure, concluding that the
instability mechanism of H-6 Carbon is different from that of
compressed rhombohedral graphite,16 as proposed by Liu
et al.12 Performing energy calculations along the transition path
which converts a graphitic-like structure (which could be ob-
tained if the arrays of zig-zag chains of H-6 Carbon were not
rotated) to diamond, and combining these results with the
corresponding results obtained from the calculations on H-6
Carbon using the DFT/LDA and TB methods, we nd that the
instability mechanism of H-6 Carbon is related to the synergetic
action of the interchain interactions of the parallel-arranged
zig-zag chains and the strain induced by the 60� rotation
RSC Adv., 2016, 6, 78187–78193 | 78187
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Fig. 1 H-6 Carbon structure and the unit cells of the homeomorphic structures H-6, diamond and rhombohedral graphite. (a) Side view of H-6
Carbon. Different colors indicate different layers of parallel-arranged zig-zag carbon chains, rotated by 60� (or 120�). (b) The unit cell of H-6
Carbon. (c) The unit cell of diamond. (d) The unit cell of rhombohedral graphite. Red dashed lines indicate interlayer distances.
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(with respect to graphite) of the interconnected zig-zag chains.
This synergetic action eliminates the barrier provided by the
intrachain interactions, making H-6 Carbon unstable.
2 The method

As already mentioned, H-6 Carbon is a periodic structure
composed of arrays of parallel-arranged zig-zag carbon chains.
Those layers are rotated relative to each other by 60� (or 120�).
The structure is shown in Fig. 1(a), where different colors show
different layers of those zig-zag chains. The Bravais lattice is
hexagonal, dened by the unit cell vectors:
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and c ¼ cð0; 0; 1Þ: (1)

For the initial values of a and c for our optimizations, we
adopt the values reported by Zhang,15 i.e. a ¼ 2.618 Å and c ¼
6.295 Å. The unit cell, which is shown in Fig. 1(b), contains six C
atoms with fractional coordinates (1/2, 0, 0), (1/2, 0, d), (1/2, 1/2,
1/3), (1/2, 1/2, 1/3 + d), (0, 1/2, 2/3) and (0, 1/2, 2/3 + d), where d¼
0.228. These positions are identical to those used by Zhang.15

The H-6 Carbon structure is optimized using the DFT
method as implemented in the SIESTA code.17 All the energy
calculations used in the present work have been performed
using this method. For the exchange and correlation functional
we utilize the LDA Ceperley–Adler (CA) functional18 as param-
eterized by Perdew and Zunger,19 and the generalized gradient
approximation (GGA) Perdew–Burke–Ernzerhof (PBE) func-
tional.20 For the pseudopotential of C we utilize the norm-
conserving Troullier–Martins pseudopotentials21 in the Klein-
man–Bylander factorized form.22 The basis for the wavefunction
expansion in real space is an atomic-like double-zeta basis with
polarization orbitals. In order to control the effect of the nite
number of k-points of the reciprocal space, as well as the nite
78188 | RSC Adv., 2016, 6, 78187–78193
value of the mesh cutoff energy for the determination of charge
densities and potentials, on the optimized geometry and total
energy, we performed several calculations combining an
increasing number of k-grid points with increasing mesh cutoff
values for both functionals. Thus, for the k-point grid we used
the Monkhorst–Pack scheme23 with 16 � 16 � 7, 24 � 24 � 10
and 32 � 32 � 14 points and for the mesh cutoff we used the
values 100, 200 and 300 Ry. For optimization we use the
conjugate gradient method. Optimization includes not only
relaxation of the atomic positions, but also relaxation of the
lattice vectors. The structure is assumed to be optimized if the
maximum atomic force and the maximum stress component
become smaller than 0.005 eV Å�1 and 0.01 GPa, respectively.

The H-6 Carbon structure is homeomorphic to diamond and
rhombohedral graphite, which means that from a topological
point of view they are the same. Both diamond and rhombo-
hedral graphite can be considered as forming a hexagonal
lattice, with the unit vectors having the same form as in H-6

Carbon (eqn (1)). For diamond a ¼ 2
ffiffiffiffiffiffiffiffi
2=3

p
a0;dia and c ¼

4a0,dia, where a0,dia is the bond length of diamond. The frac-
tional coordinates of the six atoms contained in its unit cell are
(2/3, 0, 0), (2/3, 0, 3/12), (1/3, 1/3, 1/3), (1/3, 1/3, 7/12), (0, 2/3, 2/3)

and (0, 2/3, 11/12). For rhombohedral graphite a ¼ ffiffiffi
3

p
a0;gr and

c ¼ 3d, where a0,gr is the bond length of graphene and d is the
interlayer separation distance. The fractional coordinates of the
six atoms contained in its unit cell are (2/3, 0, 0), (2/3, 0, 1/3), (1/
3, 1/3, 1/3), (1/3, 1/3, 2/3), (0, 2/3, 2/3) and (0, 2/3, 1). The unit
cells of diamond and rhombohedral graphite are shown in
Fig. 1(c) and (d), respectively.

Since H-6 Carbon, rhombohedral graphite and diamond are
homeomorphic with each other, there is a continuous trans-
formation converting H-6 Carbon to diamond or rhombohedral
graphite and vice versa. The simplest transition path, which
linearly converts H-6 Carbon to diamond, is dened (i) by the
unit cell vectors of eqn (1), with:
This journal is © The Royal Society of Chemistry 2016
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a ¼ aH6 + l(adia � aH6) and c ¼ cH6 + l(cdia � cH6) (2)

where aH6 and cH6 are the values of a and c for H-6 Carbon, and
adia and cdia are for diamond, and (ii) the fractional coordinates
(1/2 + l/6, 0, 0), (1/2 + l/6, 0, d + l(1/4 � d)), (1/2 � l/6, 1/2 � l/6,
1/3), (1/2 � l/6, 1/2 � l/6, 1/3 + d + l(1/4 � d)), (0, 1/2 + l/6, 2/3)
and (0, 1/2 + l/6, 2/3 + d + l(1/4 � d)) of the six atoms contained
in the unit cell, where 0 # l # 1. For l ¼ 0, the structure is H-6
Carbon, while for l ¼ 0, it is the diamond structure. We will
calculate the energy of H-6 Carbon along this transformation
path, to show that H-6 Carbon is unstable.
Fig. 2 (a) Total energy per atom of H-6 Carbon with respect to that of
diamond versus l, calculated using (i) the LDA/CA functional, a Mon-
khorst–Pack k-grid of 16 � 16 � 7 points and a mesh cutoff value of
100 Ry (black solid line), (ii) the GGA/PBE functional, a Monkhorst–
Pack k-grid of 16 � 16 � 7 points and a mesh cutoff value of 300 Ry
(red dashed line) and (iii) the TB approach with FNN interactions only,
used by Tamor and Hass11 for their calculation on H-6 Carbon (green
dotted line). (b) Phonon band structure of H-6 Carbon along
GMKHLAG points.
3 Results and discussion
3.1 Is H-6 Carbon stable?

The optimizations of the initial H-6 Carbon structure described
above lead either to H-6 Carbon or diamond, without any
convergence trend for an increasing number of k-grid points or
mesh cutoff value. The total energy per atom, as well as the
optimized structures found for each case, are presented in
Table 1 of the ESI.†However, for an increasing number of k-grid
points or mesh cutoff values in the range used, the accuracy of
the calculations is not affected by more than 1 meV per atom,
which means that, separately, the results that are referred to for
H-6 Carbon and those referred to for diamond are converged.

In order to clarify if the optimized H-6 Carbon structure
found corresponds to a true energy minimum or a saddle point
of the PES, we calculate the total energy per atom along the
transition pathway described in Section 2, which connects H-6
Carbon with diamond, for increasing the l values from 0 to 1,
with a 0.05 step. The results for both functionals (LDA/CA and
GGA/PBE) are shown in Fig. 2(a). As we can see, the total energy
monotonically decreases as a function of l for both functionals,
and consequently, there is not an energy barrier in the PES
between H-6 Carbon and diamond. Similar results have been
reported by Liu et al.12 Therefore, according to the DFT calcu-
lations, the optimized H-6 Carbon structure found does not
correspond to a true energy minimum.

We verify the above result performing a phonon band
structure calculation for the optimized H-6 Carbon structure
which was found using the LDA/CA functional with a 16 � 16 �
7 Monkhorst–Pack grid of k-points and a 100 Ry mesh cutoff
value. We used the vibra utility of siesta code, with a 5 � 5 � 3
supercell containing 450 atoms and a 0.02 Å displacement of
each atom of the central unit cell along the �x, �y and �z
directions. The phonon dispersion relation was calculated
along the path GMKHLAG, where the high symmetry points G,
M, K, H, L and A of the reciprocal space are dened in fractional
coordinates as G ¼ (0, 0, 0), M ¼ (1/2, 1/2, 0), K ¼ (2/3, 1/3, 0),
H ¼ (2/3, 1/3, 1/2), L ¼ (1/2, 1/2, 1/2) and A ¼ (0, 0, 1/2). The
obtained phonon band structure is shown in Fig. 2(b), where we
can see the existence of negative frequencies u, which prove
that indeed the H-6 structure is unstable.

Interestingly, on the other hand, if we calculate the energy
along the same transition path using the TB method which was
used by Tamor and Hass,11 then an energy barrier appears, as
This journal is © The Royal Society of Chemistry 2016
shown in Fig. 2(a) (green dotted line), indicating that H-6
Carbon might be stable according to the TB calculation.

3.2 Understanding the TB failure

The TB Hamiltonian used by Tamor and Hass utilizes the
Slater–Koster24 parameters of Tománek and Louie25 considering
only rst nearest neighbour (FNN) interactions (i.e. SNN inter-
actions are not taken in account). More details of this TB
method are presented in the ESI.† To eliminate SNN interac-
tions, Tamor and Hass used a cutoff function fc(d) of the
interatomic distance d, which is fc(d) ¼ 1 for d < 1.7 Å, fc(d) ¼
0 for d > 2.4 Å, and for 1.7 Å < d < 2.4 Å, fc decays smoothly from 1
to 0. Such a decay introduces non-physical interactions between
atoms with 1.7 Å < d < 2.4 Å and may lead to erroneous results.

For d < 2.4 Å, the interatomic distances which can be iden-
tied for H-6 Carbon are (i) d12 and d120 between FNN of the
same zig-zag chain, (ii) d13 between atoms connecting rotated
zig-zag chains and (iii) d14 and d140 between atoms belonging to
neighbouring zig-zag chains of the same array, as shown in
Fig. 3(a) with blue, green (solid) and red (dashed) lines,
RSC Adv., 2016, 6, 78187–78193 | 78189



Fig. 3 (a) Interatomic distances in H-6 Carbon. (b) Interatomic distances along the transition pathway. (c) Cohesive energy along the transition
pathway according to the TB method of Tamor and Hass,11 using different cutoff functions. (d) Energy per atom along the transition pathway
converting stretched H-6 Carbon to diamond for several strain conditions. (e) Energy per atom along the transition pathway converting the
graphitic-like structure to hexagonal diamond. The energy per atom of H-6 Carbon for the corresponding transition path converting it to
diamond is shown for comparison. Snapshots of the graphitic-like structure for l¼ 0, 0.5 and 1 are shown. (f) Energy contributionsUrot,Uinter, and
Uintra, as well as their combinations DUTB, DUgr and DULDA, as a function of l.
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respectively. Along the transition pathway connecting H-6 with
diamond, d12 ¼ d120 and d14 ¼ d140 for l¼ 0, and d14 < d140 for l >
0. d12, d13 and d14 vary as a function of the parameter l, as
shown in Fig. 3(b). d12 and d13 increase from 1.47 and 1.45 Å,
respectively, to 1.53 Å, and d14 decreases from 2.37 to 1.53 Å.
Thus, d14 falls in the range [1.7, 2.4] Å, and therefore, 1–4
interactions are inuenced by the non-physical effects of the fc
function.

Using the fc function of Tamor and Hass, the barrier of the
cohesive energy Ucoh along the transition pathway converting H-
6 Carbon to diamond is z0.6 eV, as shown in Fig. 2(a). If
instead of this fc function we use the sharp function fc(d) ¼ 1 �
q(d � d0), (where q(d � d0) ¼ 0 if d < d0 and 1 if d > d0), for d0 ¼
1.7 Å and d0 ¼ 2.2 Å (the former ignores the 1–4 interaction for
d14 > 1.7 Å and the latter for d14 > 2.2 Å), then the barrier seems
to be much smaller, as shown in Fig. 3(c). Based on this, it
seems that a more reliable estimation of the energy along that
transition pathway is obtained using the combination of the
lower energy branches of the energy curves of Fig. 3(c), i.e. for
d0 ¼ 1.7 Å (black solid line) and d0 ¼ 2.2 Å (red dashed line) up
to their crossing point. This is equivalent to using a cutoff
function with d0z 1.9 Å. This TB estimation provides an energy
barrier of z0.1 eV, which seems to be more reliable. Conse-
quently, the non-physical effects, introduced by the cutoff
function in the TB Hamiltonian used by Tamor and Hass,11 are
a large source of error for the energy barrier height.

Still, however, the energy barrier remains in the TB calcula-
tion, in contrast to the DFT results. Despite possible sources of
error, like the transferability of the Slater–Koster parameters,
the form of the repulsive potential and the cutoff function fc, the
most important factor causing this discrepancy is the incorrect
78190 | RSC Adv., 2016, 6, 78187–78193
description (and/or the absence) of SNN interactions and
especially the weak 1–4 pps interchain interactions between the
pt orbitals, which are perpendicular to the parallel-arranged
zig-zag chains. This will be clear in the next subsection.

3.3 Which factors are responsible for the instability?

Liu et al.12 noted that the instability mechanism of H-6 Carbon
might be similar to that of rhombohedral graphite at short
interlayer distances, since the interatomic distance d14 ¼ 2.37 Å
of H-6 Carbon is comparable to the interlayer separation range
(between 2.1 and 2.3 Å, according to Fahy et al.16) at which the
transformation of rhombohedral graphite to diamond is
favoured.

However, the rst indication that the instability mechanism
of H-6 Carbon might be different from the one converting
rhombohedral graphite to diamond is that the in-layer C–C
bonds of the compressed rhombohedral graphite normal to the
graphitic layers are tilted towards that direction much earlier
before its transition to diamond,16,26 causing a buckling of the
graphitic layers. In H-6 Carbon the zig-zag chains do not buckle
and atoms 1 and 4 of Fig. 3(a) remain coplanar with their FNN.
Therefore, if the instability mechanism of H-6 Carbon was the
same as that of rhombohedral graphite under compression,
then the zig-zag chains of H-6 Carbon should be buckled.

Assuming, however, that the instability mechanism of H-6
Carbon is the same as that of compressed rhombohedral
graphite, then H-6 Carbon would be stabilized if d14 was
increased, as it happens with rhombohedral graphite. To
increase d14, we strained (by stretching and/or compressing) the
optimized H-6 Carbon structure, and we optimized the strained
structures again. We tried four different strain cases, which
This journal is © The Royal Society of Chemistry 2016
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increase d14, namely (i) 3x ¼ 3y ¼ 0.1, (ii) 3x ¼ 3y ¼ 3z ¼ 0.1, (iii)
3x ¼ 3y ¼ 0.1 and 3z ¼ �0.1 and (iv) 3z ¼ �0.1, where 3x, 3y and 3z

are the strains along the x, y and z directions, respectively. The
lengths a and c of the unit cell vectors a, b and c of eqn (1), as
well as the bond lengths d12, d13 and d14 for each case are pre-
sented in Table 1. As we can see, in all cases the interatomic
distance d14, which is almost equal to the interchain separation,
is longer than 2.3 Å. For such an interlayer separation distance,
rhombohedral graphite does not turn into diamond.16,26

However, by optimizing the strained structures (i.e. optimizing
the atomic positions for constant a and c values) using the LDA/
CA functional, the optimum structure found for cases (iii) and
(iv) was a strained diamond structure, but for the cases (i) and
(ii), optimization stuck again with the unstable H-6 Carbon
structure. On further calculation, for the energy along the cor-
responding transition pathway described in Section 2, for all
cases, we did not nd any barrier, as shown in Fig. 3(d),
concluding that the strained H-6 Carbon is again unstable.
Consequently, tensile strain can not stabilize the H-6 Carbon
structure (as it would in rhombohedral graphite), and therefore,
the instability mechanism of H-6 Carbon is different from that
of compressed rhombohedral graphite.

In order to understand which factors are responsible for the
H-6 Carbon instability, we consider a hypothetical graphitic-like
structure, which is formed by the arrays of the parallel-arranged
zig-zag chains of H-6 Carbon without any rotation, and we
perform energy calculations along the transition pathway which
converts it to diamond. The unit cell of this structure is dened
by the unit cell vectors a0 ¼ a, b0 ¼ b and c0 ¼ 2/3c, where a, b and
c are dened in eqn (1), with a and c dened in eqn (2). It
contains only the rst four atoms of H-6 Carbon, with positions
which are dened by the fractional coordinates (1/2 + l/6, 0, 0),
(1/2 + l/6, 0, (3/2)[d + l(1/4 � d)]), (1/2 � l/6, 1/2 � l/6, 1/2 ) and
(1/2 � l/6, 1/2 � l/6, (3/2)[1/3 � d + l(1/4 � d)]). The only
difference between H-6 Carbon and this graphitic-like structure
is the rotation of the zig-zag chains. It is worth noticing that the
structure obtained for l ¼ 1 is not common diamond, but
hexagonal diamond (also called lonsdaleite), which is very close
energetically to common diamond.

In Fig. 3(e), we present the energy of this graphitic-like
structure along the transition pathway which converts it to
hexagonal diamond, with snapshots of the structure for l ¼ 0,
0.5 and 1. For comparison we also present in the same gure the
corresponding energy of H-6 Carbon along the transition
pathway which converts it to diamond. As we can see, there is
Table 1 Unit cell vector lengths (a and c) and bond lengths (d12, d13,
d14) in units of Å of H-6 Carbon under strain (3x, 3y, 3z) without
optimization

3x ¼ 3y 3z a c d12 d13 d14

0.0 0.0 2.624 6.363 1.472 1.455 2.368
0.1 0.0 2.886 6.363 1.582 1.459 2.593
0.1 0.1 2.886 6.999 1.539 1.577 2.615
0.1 �0.1 2.886 5.727 1.583 1.308 2.559
0.0 �0.1 2.624 5.727 1.380 1.310 2.340

This journal is © The Royal Society of Chemistry 2016
a 0.03 eV barrier per atom, which would stabilize the graphitic-
like structure, and ensures that this graphitic-like structure
does not spontaneously convert to hexagonal diamond. Obvi-
ously, the graphitic layers at the interlayer distance d14 ¼ 2.368
Å of H-6 Carbon are repelled and this can explain the large value
of d12 in comparison with the graphitic bond length. 1–2 and 1–
20 bonds are elongated in order to accommodate the stress of
the parallel-arranged zig-zag chains.

It is worth noting that as in the case of H-6 Carbon (and
contrary to rhombohedral graphite), the optimized graphitic-
like structure (without any optimization of the unit cell
vectors) does not buckle. This behaviour for both cases is
probably due to the relative arrangement of these layers, which
is different from that of rhombohedral graphite and it seems
that it does not favour buckling, thus strengthening the
conclusion that different mechanisms govern the instability of
H-6 Carbon and the conversion of rhombohedral graphite to
diamond. This graphitic-like structure becomes unstable,
turning into hexagonal diamond, only for d14 < 2.15 Å (which
corresponds to l $ 0.25).

According to the local atomic environment model, which has
been successfully used to accurately predict the energy of gra-
phene akes,27 the energy of graphene-based structures is a sum
of energy contributions depending on the local atomic envi-
ronment of each atom of the structure. Based on this model we
may consider that the total energy per atom DULDA of H-6
Carbon with respect to that of diamond according to the DFT/
LDA calculation (i.e. DULDA ¼ UH-6 � Udia, where UH-6 and Udia

are the total energies per atom of the H-6 Carbon structure and
diamond, respectively, calculated using the DFT/LDA method),
is a sum of three contributions: (i) the contribution of the
intrachain interactions Uintra, representing (a) the strong inter-
actions between the sp2 orbitals and (b) the weak ppp interac-
tions between the pt orbitals of a single graphitic-like sheet of
the above-mentioned graphitic-like structure, (ii) the contribu-
tion of the interchain interactions Uinter, representing the weak
pps and ppp interactions between the pt orbitals of the
neighbouring zig-zag chains, which are arranged in parallel,
and (iii) the contribution of the strain induced by the rotation of
the zig-zag chains Urot with respect to the graphitic-like sheet,
i.e. DULDA ¼ Uintra + Uinter + Urot. The corresponding energy
difference DUgr ¼ Ugr � Udia, where Ugr is the total energy per
atom of the graphitic-like structure presented above, should be
the sum of Uintra and Uinter, since the only difference between
the graphitic-like structure and the H-6 Carbon structure is the
rotation of the zig-zag chains. Thus, DUgr ¼ Uintra + Uinter.
Moreover, the cohesive energy difference DUTB ¼ U(TB)

H-6 � U(TB)
dia of

H-6 Carbon with respect to the diamond obtained using the
modied TB method (i.e. using the sharp cutoff function with
d0 ¼ 1.9 Å) presented in the previous section should be the sum
of Uintra and Urot, since the weak SNN interactions between pt
orbitals of the parallel-arranged zig-zag chains are not taken
into account in the TB calculation, i.e. DUTB ¼ Uintra + Urot.
Based on these three energy expressions, one may estimate the
contributions Uintra, Uinter and Urot, using the relations Uintra ¼
DUTB +DUgr�DULDA, Uinter¼DULDA�DUTB and Urot¼DULDA�
DUrot. Based on these expressions, the values of Uintra, Uinter and
RSC Adv., 2016, 6, 78187–78193 | 78191
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Urot along the transition pathway converting H-6 Carbon to
diamond in the range 0 # l # 0.6 are presented in Fig. 3(f). We
do not present the corresponding Uintra, Uinter and Urot values for
l > 0.6, because the energy separation in rotation, intrachain
and interchain contributions loses its meaning as the structure
is converted to diamond. Obviously, however, all three contri-
butions become zero at l ¼ 1. For 0 # l # 0.6, where the
structure keeps having the geometrical features of H-6 Carbon
(thus allowing the separation of energy to those three parts), we
can see that Uinter and Urot decrease as a function of l, thus
favouring the conversion of H-6 Carbon to diamond, but Uintra

initially increases and then decreases, separating H-6 Carbon
and diamond with a barrier. This barrier can not be eliminated
with the sole combination of either Urot or Uinter with Uintra,
resulting in the barriers which appear in DUTB and DUgr.
However, the synergetic action of both the rotation and intra-
chain contribution eliminate the barrier provided by the intra-
chain contribution, making H-6 Carbon unstable.

Obviously, the rotation contribution can not be eliminated
in the H-6 Carbon structure, however it can be reduced for other
structures of the H-n family (i.e. structures containing zig-zag
ribbons rotated by 60�, instead of just zig-zag chains). Due to
this reduction, other structures of the H-n family might be
stable. On the other hand, the interchain contribution could in
principle be reduced under tensile strain, but as we have already
seen for the four cases we have studied, the strain should be
more than 10% to have the possibility of stabilizing the
structure.
4 Conclusions

The aim of the present work is to shed light on the stability of H-
6 Carbon, which seems to be confusing. We performed ab initio
DFT calculations for the optimization of the H-6 Carbon
structure, using two different functionals (LDA/CA and GGA/
PBE), and increasing the number of k-grid points and mesh
cutoff value. According to our ndings, optimizations lead
either to the H-6 Carbon structure or to diamond, without any
convergence trend related to the increasing number of k-grid
points or the mesh cutoff value. Using a transition pathway,
which linearly converts H-6 Carbon to diamond, we showed that
there is no energy barrier along this transition pathway for both
functionals and consequently, H-6 Carbon is unstable and
converted spontaneously to diamond. This conclusion was
veried by a phonon band structure calculation on the H-6
Carbon optimized structure, which gives negative phonon
frequencies.

On the other hand, performing TB calculations with the
method used by Tamor and Hass11 (which predicted that H-6
Carbon is stable) along the same transition pathway, we
found that there is an overestimated energy barrier between H-6
Carbon and diamond and we showed that a much lower and
more reliable barrier could be obtained by slightly modifying
the cutoff function used.

By performing energy calculations of strained H-6 Carbon
structures, we showed that the instability mechanism of H-6
78192 | RSC Adv., 2016, 6, 78187–78193
Carbon is different from that of rhombohedral graphite, as
suggested by Liu et al.12

In order to understand the factors which are responsible for
the H-6 Carbon instability, we combined the results obtained
from the TB and the LDA calculations of H-6 Carbon along the
transition pathway, with the results obtained using a hypothet-
ical graphitic-like structure, which is formed from H-6 Carbon
without rotation of the zig-zag chains. These calculations
allowed us to express the energy as a sum of three contributions
representing (i) the intrachain interactions of each zig-zag
chain, (ii) the interchain interactions of the neighbouring zig-
zag chains which are arranged in parallel, and (iii) the strain-
induced interactions due to the rotation of the zig-zag chains.
Using this analysis we found that the interchain and rotation
contribution alone favour the conversion of H-6 Carbon to
diamond, while the intrachain contribution does not (there is
a barrier along the transition pathway). The sole combination of
either the interchain or the rotation with the intrachain
contribution can not eliminate that barrier but the combination
of all three contributions can, making H-6 Carbon unstable.
Therefore, the instability of H-6 Carbon is due to the synergetic
action of both the rotation and the interchain contribution.
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