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The stability of various energetic phases of carbon is investigated with the use of ab initio pseu-
dopotential total-energy methods. In particular, we examine the atmospheric-pressure stability of
the fourfold-coordinated bc8 phase of carbon against transformations to graphitic and diamond
structures lying at lower energy. A group-theoretical analysis is used to determine high-symmetry
transformation paths to these low-energy structures. Ab initio total-energy calculations are then car-
ried out along those paths characterized by minimal bond breaking to identify minimum-energy con-
figurational transformations. In all cases we find energy barriers inhibiting transformation from the
bc8 structure to the lower-energy phases, with the smallest barrier being approximately 0.2 eV/atom
and occurring along specific paths to the graphitic forms of carbon. Consequently, it appears that
bc8 carbon should be metastable at atmospheric pressure against spontaneous transformation to the
lower-energy observed phases. In contrast, we find three metallic high-coordination forms of carbon
(face-centered cubic, hexagonal close-packed, and body-centered cubic) to be mechanically unstable
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against spontaneous transformation to the cubic diamond structure.

I. INTRODUCTION

There has been dramatic progress during the past
decade toward the synthetic growth of diamond and dia-
mondlike films using such techniques as plasma discharge
and chemical vapor deposition.! A recurrent theme in the
literature is the possibility that such diamondlike prod-
ucts may contain new crystalline forms of carbon. Among
the structures that have been discussed are those referred
to as Cg,2 be8,3 various 3- and 4-connected nets, 5 H-
6,57 and face-centered cubic.®

It is the purpose of this paper to examine the mechan-
ical stability® at atmospheric pressure of some of these
hypothetical forms of carbon. That is, we seek to de-
termine whether the total energy surface as a function
of the atomic coordinates truly has local minima corre-
sponding to such high-energy modifications, or, on the
other hand, whether these structures are likely to spon-
taneously transform to one of the lower-energy observed
phases during the course of a lattice vibrational period.
Among three- and fourfold coordinated candidate struc-
tures we have selected the bc8 phase for investigation,
and our results suggest that bc8 carbon is indeed likely
to be metastable at atmospheric pressure and low tem-
perature. In contrast, we find the face-centered cubic,
hexagonal close-packed, and body-centered cubic struc-
tures of carbon to be mechanically unstable at atmo-
spheric pressure in bulk form.

The bc8 structure stands out among other candidate
metastable carbon phases for a number of reasons. It
is predicted to be the high-pressure stable form of car-
bon between approximately 1.1 and 2.7 TPa (1 TPa= 10
Mbar).19712 A bc8 phase of neighboring group-IV mem-
ber Si is also experimentally found to be metastable at
atmospheric pressure.!® Silicon transforms under pres-
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sure from its ambient cubic diamond structure to a 3-Sn
phase, which reverts to a metastable bc8 phase (v-Si)
on decompression.!* Although structural similarities be-
tween members of the same group are common, it should
also be emphasized that an important difference from sil-
icon in the present case is the absence of p electrons in
the carbon core. Another reason for the particular inter-
est in the bc8 structure is the suggestion,® based on bond
length arguments, that a new cubic form of carbon, ap-
parently synthesized by the condensation of carbon plas-
mas onto cooled substrates, was really bc8 and not Cg as
the authors claimed.?

Our results for both bc8 carbon and the more closely
packed structures reaffirm what may be a general expec-
tation: Any bulk form of carbon, which is metastable at
room temperature and atmospheric pressure, is likely to
be either threefold (sp? bonding) or fourfold (sp® bond-
ing) coordinated. First, all well-characterized allotropes
of carbon at ambient conditions exhibit such coordina-
tions. These include cubic and hexagonal diamond,!3
hexagonal and rhombohedral graphite,'® and the Cgq
molecular solid.!® Second, recent ab initio molecular dy-
namics simulations of amorphous carbon, quenched from
a disordered liquid state, show only three- and fourfold
coordinated sites.!® Finally, ab initio total-energy calcu-
lations have so far indicated that structures with higher
coordination are mechanically unstable at atmospheric
pressure, e.g., sixfold 8-Sn and simple cubic.!'? We now
add eightfold coordinated body-centered cubic, and 12-
fold coordinated face-centered cubic and hexagonal close-
packed structures to the list of mechanically unstable
phases of carbon at atmospheric pressure.

The expectation that high-coordination forms of car-
bon are likely to be mechanically unstable in the bulk at
atmospheric pressure does not imply the converse, how-
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ever. In fact, recent theoretical work indicates that three-
fold sp?-coordinated H-6 is also mechanically unstable at
atmospheric pressure.”

The present total-energy calculations have been car-
ried out using ab initio pseudopotential methods. We
believe this to be the first such effort aimed at addressing
the question of the metastability of bc8 carbon at atmo-
spheric pressure. However, equation of state calculations
for this phase have been carried out by three groups, all
predicting a high-pressure transformation from the am-
bient diamond phase of carbon to bc8 in the vicinity of
1.1-1.2 TPa as noted above.}9712 As a test of our calcu-
lations we reproduce these equation of state results and
the high-pressure transition in excellent agreement with
earlier work,10712

In principle, one may demonstrate mechanical stabil-
ity of a given phase by showing that all phonon frequen-
cies are real, which is equivalent to demonstrating a local
minimum in the total-energy surface as a function of the
atomic coordinates. For a structure such as bc8, with 24
modes at each point in the Brillouin zone, such calcula-
tions even at high-symmetry points are challenging to the
point of being impractical. They also provide no infor-
mation about energy barrier heights, a crucial parameter
in any investigation of metastable lifetime.

We therefore follow a different approach, motivated
by the collective aspect of martensitic transformations.
Specifically, we use a symmetry analysis to enumerate
all possible transformation paths from the bc8 structure
to the lower-energy diamond and graphitic phases which
involve 16 or fewer atoms per conventional cell and 6
or more point-group operators. The anticipated energy
barriers associated with these paths may be simply or-
dered according to the number of broken bonds, an or-
dering which is confirmed by ab initio pseudopotential
calculations of the barrier heights encountered along se-
lected paths. We then perform detailed ab initio pseu-
dopotential total-energy calculations for the paths ex-
hibiting the least amount of bond breaking and iden-
tify minimum-energy martensitic transformations from
which we extract the barrier height. These calculations
strongly suggest, but do not prove in an absolute manner,
that bc8 carbon should be mechanically stable at atmo-
spheric pressure, with a barrier height of ~ 0.2 eV /atom
inhibiting its decay to lower-energy graphite phases.

Although our results suggest that bc8 carbon will not
spontaneously decay to one of the lower-energy phases
at atmospheric pressure, it should be cautioned that the
question of whether or not its metastable lifetime is of
practical interest lies beyond the scope of the present
work. This lifetime is likely to depend on the full topol-
ogy of the total-energy surface, beyond just the min-
imum energy barrier discussed here, and will require
some form of finite-temperature molecular dynamics sim-
ulation for its evaluation. To emphasize this point,
note that ab initio total-energy calculations have indi-
cated the existence of a 0.33 eV/atom minimum bar-
rier between rhombohedral graphite and cubic diamond,
and a slightly larger barrier between a hypothetical
-+-[AA] - --stacked graphite and hexagonal diamond.!”
While perhaps relevant to a shock-induced martensitic
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transformation between hexagonal graphite and diamond
phases, '8 reaction rates for the graphitization of diamond
at high temperatures appear to require an effective bar-
rier height closer to the vaporization energy, or about 7.6
eV/atom.!® Thus effective barrier heights of relevance
to thermal stability can in some cases be dramatically
larger.

The paper 1s organized as follows. A detailed symme-
try analysis of the various structures and of their trans-
formation into one another is presented in Sec. II. The
total-energy method is briefly described in Sec. III. In
Sec. IV we present our results for the equation of state of
the different phases of carbon and in Sec. V we address
the issue of the atmospheric-pressure mechanical stability
of these phases. A summary is presented in Sec. VI.

II. SYMMETRY ANALYSIS

There are an infinite number of ways in which one crys-
talline structure may be deformed into another. Sub-
groups common to the space groups of both the initial
and final structures provide one means of generating such
transformation paths in a systematic manner, beginning
with those paths of the highest possible symmetry. In
this section we use such an analysis to determine high-
symmetry paths from the bc8 structure to, what are for
solid carbon, lower energy diamond and graphitic struc-
tures. The most important paths are discussed here,
with more complete symmetry information given in the
Appendix, as well as selected paths from various high-
coordination structures to cubic diamond.

A given crystal structure may be specified by the space
group and site letter(s) as given in the International Ta-
bles for Crystallography.2® The bc8 structure, for exam-
ple, is described by space group Ia3 (77, No. 206) with 16
atoms at the ¢ sites (16¢) of the conventional or unit cell.
There are 8 atoms per primitive cell of the body-centered
cubic Bravais lattice, leading to the nomenclature “bc8.”
The 16¢ sites of Ia3 are given by the coordinate triplets

= 1 - 1 5 1 = 1
z,z,x: T+3,%,z+73, z,x+5,z+ 73,
1 = 1 =
1:+'§,13+'2',$,
(1)
5 5 & 1 = 1 = 1 1
z,z,r z+35,,r+ 3, z, 2+ 5,2+ 3,
= 1 1
z+ 5, v+ 35,7,

plus the same quantities added to the body center
(%,%,%) Here, 2 = —z. In this paper, following es-
tablished conventions in crystallography,?® a coordinate
triplet (z,y, z) will always be taken to imply the position
za + yb + zc, where the vectors a, b, and ¢ define the
conventional or unit cell of the Bravais lattice, and need
not be orthogonal. For the cubic system which includes
bc8, the three vectors. are of course orthogonal and of
equal length. Beyond the generic information given by
the space group and site letter, values of the lattice con-
stant a = |a| and of the dimensionless internal parameter
z must be specified to give that specific bc8 structure
which might, for example, be assumed by carbon at at-
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mospheric pressure. At the equilibrium atomic volume,
our total-energy calculations indicate that z,c.g = 0.0955
for such a hypothetical phase of carbon, consistent with
the experimental value zp.g = 0.1003 for metastable bc8
Si at atmospheric pressure.!® These bc8 lattices have
slightly distorted tetrahedral coordination, in which one
of the bond lengths (between z,z,z and z,%,%) is ~ 4%
shorter than the other three.

The International Tables for Crystallography®® also list
the maximal subgroups contained in each space group.
These may reduce the point group while leaving the Bra-
vais lattice unchanged, decenter the conventional cell as
in body centered (I) — primitive (P), or enlarge the
conventional cell as indicated. By tracing subgroups of
these subgroups, and so on, one may list all subgroups of
the parent space group with, for example, a given num-
ber of point-group operators. Cross comparison of such
lists for two parent structures may yield common sub-
groups, which will indicate transition paths between the
two structures, provided that the site letters also match.
We consider transition paths, which are themselves crys-
tal structures, to be of high symmetry when they have
relatively large point groups and relatively small numbers
of atoms per conventional cell.

We find one space group, orthorhombic Pbca, to be
particularly important among high-symmetry paths from
bc8 to the diamond and graphitic structures. The map-
pings are given in Table I. In addition to the ob-
served allotropes,?! cubic diamond (cd), hexagonal di-
amond (hd), rhombohedral graphite (rg), and hexagonal
graphite (hg), we also consider a hypothetical orthorhom-
bic form?? (og) of graphite. As shown in Fig. 1, og rep-

TABLE 1.
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Orthorhombic

Hexagonal

Rhombohedral

FIG. 1. Graphite structures. The registry of different
hexagonal layers in the unit cell is shown relative to the
dashed hexagon of the basal plane. Solid and open circles
designate inequivalent sites. Only hexagonal and rhombohe-
dral graphite are experimentally observed.

Pbca (D33, No. 61) paths from bc8 to hexagonal diamond (hd), cubic diamond (cd),

hexagonal graphite (hg), and orthorhombic graphite (og, see Ref. 22). The Pbca conventional cell
is primitive orthorhombic with edge lengths a, b, and c. The relations between the Pbca parameters
and the usual cubic (apbcs, Tbes = 0.1, aca) or hexagonal (@nd, chd, @ng, Chg) quantities are shown,
as well as appropriate p = 0 values (ao, bo, and co) of the Pbca lattice constants for carbon. The
dimensionless parameters 1, y1, and z1 define one set of 8c sites; z2, y2, and 22, another. The 8¢
sites are given by +(z,y,2), 2(2+3,9,2+ 1), £(5,y+35,2+ 1), and *(z + 3,9+ 3,%). Note that
the bc8 structure may be described either by zo = zbes or by zo = % — Tbes. Also note that JTbca
(D25, No. 71) suffices for the bc8 — og path, which does not require decentering.

bcs hd cd hg og
a Gbes 2 apg acd/\/§ 2 apg 2 ang
b Qpes V3 ana V2 aca V3 ahg V3 Ghg
c @bcs Chd 2 ac Chg Chg
ao (A) 4.42 5.04 2.52 4.92 4.92
bo (A) 5.42 4.37 5.04 4.26 4.26
co (R) 4.42 4.12 7.13 6.71 6.71
E 3 Zo % % % %
3 1
v Zo 13 0 Fv) 5
1 1
2 Zo 76 76 i i
1 1
z2 =3 zo 3 i 0 5
1 1 1 i 1
Yy2 — 3 To v ry 12 3
-3 Zo T ic i ry
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resents a different registry of the hexagonal layers from
either of the observed forms of graphite. A monoclinic
distortion of the bc8 — og path given in Table I will
admit rg as the final state (see Appendix). On the en-
ergy scale of relevance to this paper, however, all five (cd,
hd, rg, hg, and og) phases of carbon may be considered
degenerate in total-energy at atmospheric pressure, and
equally valid target structures.

To illustrate how Table I provides transformation
paths, recall that bc8 is characterized by one lattice con-
stant a and one internal parameter z. The conventional
cell in Table I is orthorhombic so that in general a re-
laxes to @ # b # ¢, and z relaxes to ¢ # y # z. The
cell has also been decentered so that the 16c¢ sites of Ia3
split into two independent sets of 8¢ sites in Pbca. This
splitting may occur in two different ways according to
whether the bc8 lattice is described by z¢p = zpes & 0.1
or by zo = % — Zphes = 0.15. The latter choice describes
the same bc8 lattice, however, shifted by -(%,%,% It
is evident from Table I that both aspects of the sym-
metry reduction are essential to achieve transformations
from bce8 to hd, cd, or hg; although decentering is not
required for the og case where body-centered Ibca suf-
fices. To establish a transition path it remains only to
define nine continuous functions of a linear transforma-
tion variable a(§), (&), c(€), z1(€),...,22(£) so that for
the range € = 0 — 1 these functions evolve from bc8
values to some set of target values.

Two caveats should be mentioned. First, there are
128 ways in which atoms in two 8c sets of one of the
structures may be associated with those of another. An
obvious choice, which has already been adopted in Table
I, is to associate atoms so as to minimize the individual
atomic displacements required to achieve the transition.
The related issue concerning the choice of zy in Table
I has already been noted. Second, the lattice constants
and perhaps some of the internal coordinates should be
determined along the transition path by minimization
of the total energy. Such a procedure will be used for
the important bc8 — og path, and some adjustment will
also be made to the bc8 — hd path. If the atomic dis-
placements and the associated volume variations are not
too large, however, linearized paths may suffice for initial
qualitative examinations. We take

u = upeg(l — &) + utargetf > (2)

where u = a,b,¢,z;,..., 22, and equilibrium (i.e., zero
pressure, p = 0) values are used for upcg and Ugarget -
Metastability of bc8 carbon would require that all tran-
sition paths to the lower energy diamond and graphitic
phases have positive energy barriers. Those paths with
potentially the smallest, or perhaps no barriers are thus
key to the issue of metastability, and must be investi-
gated by detailed total-energy calculations. Since all of
the present structures are sp? or sp3 bonded, such low-
barrier paths are likely to be those involving the least
amount of bond breaking, and are easily identified. To
demonstrate this point, Figs. 2(a) and 2(b) show the
four nearest-neighbor distances (bond lengths) along lin-
earized Ibca or Pbca paths from bc8 (€ = 0) to og and
hd (¢ = 1), respectively. One of these bond lengths is
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seen to grow larger during the course of the bc8 — og
transformation in Fig. 2(a). It is a bond between atoms
that will end up in different graphite layers at £ = 1, and
is clearly broken during the course of the transformation.
Figure 2(a) also describes the bc8 — hg transformation,
as will be discussed shortly. There are two inequivalent
sites along the Pbca path from bc8 to hd, as is evident in
Fig. 2(b) by the differing evolutions (dotted versus solid
line) of the bc8 short bond. The evolution of the three
long bc8 bonds (dash-dot lines) is the same for each site.

T
v bc8 > og,hg
/
-,'
s
./
7
J
21.0F 7/ 4
o« S
.I
- y
= -,
o L'\‘
= ~.
@ N ~,
— \.\ ‘:§
o S ’\\,.\\\
g S SS
=081 RS 1
.
°~. \'\\'\.
SelL S
‘\‘\\'\- .\'\
~. \'\ '\'
e~ it
(a)
L
0 0.5 1.0
¢
~7T r
N bc8 > hd
s \,
3 N\
7 \
4 \,
a \,
7 .
4 \,
g1.0r 7 \, T
o / N\
a \.
- ; N
= a N,
-~ \-
o * \,
= N,
b —ererr—
o e
=
o - -
S0.8
(b)
.
0 0.5 1.0
3
FIG. 2. Bond lengths along linearized transformation

paths from bc8 (£ = 0) to og, hg, or hd (¢ = 1). (a) The
bc8 — og (path 1, Table 1I) and bc8 — hg (path 2) map-
pings yield identical curves for the first three neighbor dis-
tances, the fourth differs by only 0.5% at & = 0.3. (b) Near-
neighbor distances to one (solid line), the other (dotted), or
both (dash-dot lines) of the two inequivalent 8¢ sites in the
bc8 — hd (path3) mapping. Bond lengths are given relative
to the Wigner-Seitz radius Rws along each path.
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The crossing of the dash-dot curves at the top of Fig. 2(b)
signifies that one of the four near neighbors in hd (§ = 1)
was not a near neighbor at the bc8 starting point (¢ = 0),
i.e., that a bond was broken and then reformed during
the transformation. The linearized paths shown in Fig. 2
are entirely adequate for the topological assessment of
the number of bonds broken during the transformations,
which is for both Figs. 2(a) and 2(b) one bond per atom.
In regard to minimum barrier heights; however, our expe-
rience reported in Sec. IV suggests that these linearized
paths increase c¢/a too rapidly for the graphitic mappings,
and needlessly compress one of the bonds in the mapping
to hd.

Table II lists our high-symmetry mappings from bc8 to
the diamond and graphitic structures arranged in order
of increasing number of broken bonds per atom. Frac-
tional values arise when different numbers of bonds are
broken on inequivalent sites, e.g., 2¢ and 6f of R3. We
believe Table II includes all mappings involving conven-
tional cells of 16 or fewer atoms, and point groups with 6
or more operators, aside from further subgroups of space
groups already in the table which might satisfy these con-
ditions.

It is clear that the first three entries in Table II, those
paths to og, hg, and hd which break only a single bond
per atom, are of greatest interest in regard to the ques-
tion of possible atmospheric-pressure metastability of bc8
carbon. Henceforth, in referring to bc8 — og, hg, and hd
transformations we shall intend these mappings, unless
specifically indicated otherwise. The total energy calcu-
lations reported in Sec. IV show the graphitic routes to
have the lowest barrier heights, and so we conclude this
section with more detailed structural comments on the
closely related Ibca and Pbca paths from bc8 to og and
hg, respectively.

The bc8 structure may be viewed as the stacking of
double layers along, say, the ¢ direction. Taking zpes =
0.1 for illustrative purposes, there are successive layers of
atoms whose ¢ coordinates are

(=0.1, 0.1), (0.4, 0.6), (0.9, 1.1),...,

for ¢ = zpes,

TABLE IL
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or

—0.15, (0.15, 0.35), (0.65, 0.85), 1.15,...,

_1
for £o = 5 — Tbes,

where the parentheses enclose the double layers. When
viewed along the c direction, these double layers resem-
ble a puckered form of the hexagonal layers in graphite as
shown in Fig. 3, where the double layers (0.15, 0.35) and
(0.65, 0.85) are sketched in Figs. 3(a) and 3(b), respec-
tively. This structure suggests transformation paths in
which the double layers are both flattened and pulled
apart from one another in the c direction. The sim-
plest path of this kind is the Ibca path to og, which
was first suggested in the literature without quantitative
descriptions.!? Depending on the choice of g, the target
og parameter values are

=y=3, z=0,

for ¢ = Zpes,
or

a/b=2/V3, z=1%, y=4%, z=1,

for zo = § — Tues-

The atoms starting at (zo, xo, zo) and at
(—zo9, —zo0, —zo) should end up in the same hexago-
nal layers for 9 = zpcs, so that the target value of z
is z = 0; while for z¢g = % — Zpeg, they should end up
in different layers, so the target value is z = %. The for-
mer representation is more easily visualized and has been
adopted in the Appendix when describing a monoclinic
distortion of the bc8 — og path. The latter is adopted
in Table 1 to permit more natural comparisons between
the og and hg paths.

The two choices of origin for the be8 — og mapping
are taken at centers of inversion which lie in the first case
within the double or hexagonal layers, and in the sec-
ond case, between these layers. Only the second choice is

Bonds broken (per atom) in high-symmetry mappings from bc8 to diamond and graphitic structures. The

choice of zo is relevant only to the Pbca/Ibca paths indicated in Table I.

Path Target structure Zo Space group Sites Bonds broken
1 Orthorhombic graphite } — Ibes Ibca 16f 1.0
2 Hexagonal graphite % — Thes Pbca 8¢, 8¢ 1.0
3 Hexagonal diamond Tbes Pbca 8¢, 8¢ 1.0
4 Cubic diamond R3 2¢, 6f 1.5
5 Rhombohedral graphite R3 2¢c, 6f 1.75
6 Orthorhombic graphite Tbes Ibca 16f 2.0
7 Hexagonal graphite ZTbes Pbca 8¢, 8¢ 2.0
8 Hexagonal diamond 1 Tpes Pbca 8¢, 8¢ 2.0
9 Cubic diamon-i -41— — Tbes Pbca 8¢, 8¢ 2.0
10 Hexagonal diamond Pcca 8f, 8f 2.0
11 Cubic diamond Thes Pbca 8¢, 8¢ 2.5
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possible for the bc8 — hg mapping, as hg has inversion

symmetry only at points in between its hexagonal layers.

A comparison of the og and hg target values in Table I
1

shows differences only in the y values, y; = yo—35 = -é for

og, and y; = 1—32, Yo — 5 = 715 for hg. All atoms remain
equivalent along the former path (thus /bca), while two
inequivalent 8¢ sets evolve along the latter, as required by
the two inequivalent sites in the hg structure. Neverthe-
less, linear mappings using the parameters in the table
yield nearly identical near-neighbor environments for the
two cases, with only more distant neighbors introducing
the inequivalency in the hg case. As noted in Fig. 2(a),
distances to the first three neighbors are identical for the
two paths at all stages of the transformation, while that

(a)

(b)

FIG. 3. Projections of the two double layers in the bc8
structure. Boundaries of the conventional 16-atom cell in the
a,b plane are indicated by dashed lines. Cross sections at
%c and %c are given in (a) and (b), respectively. Sites lo-
cated zpcsa = 0.1a above (below) the indicated cross-sectional
planes are represented by solid (open) symbols. Long bonds
between near-neighbor atoms are denoted by solid lines; short
bonds, by dotted lines. The centers of the short bonds lie
exactly over one another in the two cross sections. The
To = % — Tpes = 0.15 description (see Table I) of the bc8
structure has been assumed, with circles and squares show-
ing the two different sets of 8c sites in a Pbca representation.
For this description, all four near neighbors of a given atom
belong to the other 8c set.
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to the fourth is only 0.5% different by £ = 0.3. Since the
total energy for covalent carbon is completely dominated
by near-neighbor interactions, as may be judged, for ex-
ample, from essentially identical equations of state for cd
and hd, we need investigate only one of the two graphitic
paths. The bc8 — og path is the obvious choice because
of the reduced computational expense following from its
smaller number of atoms per primitive cell.

III. THEORETICAL TOTAL-ENERGY METHOD

The results presented below were obtained using ab
initio pseudopotentials implemented with a plane-wave
basis for the expansion of the electronic wave functions.
These pseudopotential calculations are performed within
the framework of local density-functional theory?® ap-
plied in the momentum-space formalism.?* We use non-
local, norm-conserving,?® ab initio ionic pseudopotentials
as tabulated by Bachelet et al.?6 The Ceperley-Alder?”
model is used for the exchange-correlation potential. In
addition to the total energy F, the stress tensor, the pres-
sure p, the enthalpy H = E + pV, and the forces are cal-
culated analytically from the stress theorem.?® Brillouin
zone summations are performed using sets of special k
points generated using the Monkhorst-Pack algorithm.?®
Details of the computational procedure have been docu-
mented in the literature.3°

Carbon is an element for which a pseudopotential de-
scription should be adequate because the core 1s? states
do not overlap significantly with the valence states. How-
ever, since the core of carbon consists only of 152 states,
there is no cancellation for the p and d states in the core
region and, consequently, the resulting pseudopotentials
are very attractive for these angular momentum chan-
nels. As a result, a large number of plane waves are
required to provide a correct description of the carbon
pseudofunction.

IV. EQUATION OF STATE

In this section we report results of our pseudopoten-
tial calculations for the ground-state properties of various
phases of carbon. We first present equations of state for
the eight structures considered in this study, and tabu-
late their ground-state properties and total-energy dif-
ferences between these phases at their equilibrium (i.e,
p = 0) volumes. Most of the crystal structures consid-
ered below are well known, and their description may
be found elsewhere.!3 In addition, the bc8 structure has
been discussed at some length in Sec. I, and a descrip-
tion of the orthorhombic graphite structure is provided
in Ref. 22 and is illustrated in Fig. 1.

The hexagonal diamond phase may be somewhat less
familiar and we now provide a brief description of its
structure. The hexagonal diamond structure consists
of a set of buckled hexagonal rings of atoms stacked
in a ---[AB]--- sequence along the ¢ direction, while
the most abundant cubic diamond structure consists
of a set of buckled hexagonal rings of atoms stacked
in a ---[ABC] .- sequence along the [111] direction.
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The hexagonal diamond structure is characterized by a
hexagonal unit cell with a four-atom basis at positions
+[3(a + b) + zc]and £[3(a + b) + (3 — 2z)c], where
the angle between the lattice translation vectors a and b
in the basal planes is equal to 7/3 and c is perpendicular
to the basal plane. Perfect tetrahedral coordination of
nearest neighbors is obtained for chq/apg = 1/8/3 and
z = Tlg, although these parameters are free and do not
alter the crystallographic symmetry.!3

The results of our ab initio plane-wave pseudopoten-
tial calculations are indicated in Fig. 4 where the cal-
culated total energy is plotted as a function of atomic
volume for the cubic diamond (cd), hexagonal diamond
(hd), bc8, orthorhombic graphite (og), simple cubic (sc),
body-centered cubic (bcce), hexagonal close-packed (hep),
and face-centered cubic (fcc). Inspection of Fig. 4 reveals
an interesting characteristic of the equation of state of
carbon: The high-coordination phases have a larger equi-
librium volume (i.e., a lower density) than the low-energy
fourfold-coordinated phases. This observation is at vari-
ance with the equation of state of neighboring group-1V
member Si where the density is predicted to increase with
increasing coordination number.3!

All calculations whose results are shown in Fig. 4 were
performed with a kinetic energy cutoff of Ecyor = 45
Ry, using Monkhorst-Pack special k points.32 The cor-
responding values of the equilibrium energy Ep, equilib-
rium atomic volume V4, and bulk modulus By are in-
dicated in Table III for the various structures studied.
For the c¢d and og structures, results obtained using var-
ious kinetic energy cutoffs are given to indicate the level
of convergence of the calculation. The values indicated
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FIG. 4. Calculated total energy per atom as a function of
atomic volume for the cubic diamond (cd—solid line), hexag-
onal diamond (hd—solid line), bc8 (solid line), orthorhom-
bic graphite (og—solid line), simple cubic (sc—dotted line),
body-centered cubic (bcc—dashed line), hexagonal close-
packed (hcp—dash-dot line), and face-centered cubic (fcc—
dashed line). All calculations were performed with a kinetic
energy cutoff of Ecuion = 45 Ry. The number of Monkhorst-
Pack special k points used are 10 (cd), 12 (hd), 18 (bc8), 32
(og), 35 (sc), 26 (bcc), 36 (hcp), and 28 (fcc).

TABLE 1II. Ground-state properties of carbon for the cubic diamond (cd), hexagonal diamond (hd), bc8, simple cubic (sc),
body-centered cubic (bcc), hexagonal close-packed (hep), face-centered cubic (fcc), and orthorhombic graphite (og) structures.
For the cd and og structures, results obtained using various kinetic energy cutoffs are given for comparison. The values of the
equilibrium atomic volume V4, bulk modulus By, and equilibrium energy Fo with respect to cd are obtained by fitting the
calculated total energies to Murnaghan’s equation of state (Ref. 33). Available experimental values are given for comparison.

Structure c/a Vo(A®) By (GPa) Eo(eV/atom)
Predicted Observed (Ref. 13) Predicted Observed (Ref. 38)

cd (45 Ry) 5.65 5.67 449 443 0.00

cd (65 Ry) 5.67 441

cd (90 Ry) 5.49 452

cd (120 Ry) 5.49 457

hd (45 Ry) V373 5.67 5.67 448 0.002

bc8 (45 Ry) 5.39 454 0.70

sc (45 Ry) 5.56 309 2.56

bee (45 Ry) 6.63 221 4.08

hep (45 Ry)  /8/3 6.67 168 4.14

fcc (45 Ry) 7.01 233 4.23

og (45 Ry) 2.7259 9.15 271 0.045

og (65 Ry) 2.7259 8.69 263 0.032
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in Table III are obtained by fitting the calculated total
energies to Murnaghan’s equation of state33

Bg
Buoai(V) = B+ (22) ((V,;’(,f‘f)l +1) o ®
0 :

For each crystal structure, the fits to Murnaghan’s equa-
tion of state were performed using several values of the
total energy calculated for lattice constants near the equi-
librium volume. For all the fits, the rms errors were typ-
ically smaller than 10~ eV /atom.

For the bc8 structure, the internal parameter = de-
scribing the positions of the atoms within the bce primi-
tive cell was optimized for several atomic volumes in the

range 2 A® <V <6 A® by calculating the value of =
which produces a vanishing force on the atoms. Our re-
sults indicate that the variation of the internal parameter
z for the bc8 structure in this volume range can be well
described by the linear relation

Thes(V) = 2o —b(V —2), (4)

where xo = 0.1059, b = 3.065 x 10‘3A_3, and V is the
atomic volume in A3.

For the og structure,?? the results shown in Fig. 4
were obtained with a value cog/aog = 2.7259 which cor-
responds to the experimentally observed value of chg/ang
for hg.!3 We have explicitly verified the insensitivity of
the total energy on the value of the ratio cog/acg by
performing several calculations of the total energy as a
function of atomic volume for various values of the ratio
Cog/@og between 2.50 and 2.80. A least-squares fit analy-
sis of the resulting minimum energy as a function of the
value of cog/aog reveals that the total energy at equilib-
rium volume varies by less than 3 meV /atom when the
ratio cog/@og is varied by 0.1 around the minimum value
Cog/og = 2.74.

Total-energy calculations of the og structure performed
for a kinetic energy cutoff of 45 Ry (65 Ry) indicate that
og is unbound with respect to cd by 45 meV/atom (32
meV /atom) at equilibrium. Inclusion of the zero-point
motion of the ions at 7" = 0 K reduces this energy dif-
ference to 30 meV/atom (17 meV /atom). This result
is somewhat at variance with experimental observations
which indicate that hg is bound with respect to cd by 27
meV /atom.!! However, a direct comparison of our results
with available experimental measurements is somewhat
difficult in this case since the stacking of the hexagonal
layers in og differs from that in hg. Moreover, our nu-
merical result that og is slightly unbound with respect
to cd is not significant within the context of the present
study and bears no consequence on the discussion re-
garding the mechanical stability of the energetic phases
of carbon considered below.

The results shown in Fig. 4 for the hd phase were
obtained for a structure characterized by perfect tetra-
hedral coordination, i.e., a ratio cha/ana = 1/8/3 and
an internal parameter z = For these particu-
lar values of chq/ana and z, the hd and cd structures
exhibit identical first neighbor environments, i.e., per-
fect sp3 tetrahedral coordinations with ideal bond angles
0 = arccos(—3) = 109.47°. Consequently, the ground-
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state properties of the cd and hd structures are, not sur-
prisingly, almost identical as an inspection of Table III
reveals. The results shown in Fig. 4 for the hcp phase
were also obtained for an ideal ratio chep/ancp = 1/8/3.

The equilibrium energy per atom FEj relative to the
cd phase is indicated in Table III for the eight struc-
tures studied. The equation of state corresponding to the
various phases of carbon can be approximately divided
into three rather distinct regions well separated in energy
and populated by groups of structures exhibiting similar
coordination: First, the threefold-coordinated graphitic
and fourfold-coordinated diamond and bc8 phases are
grouped in a low-energy region. At the equilibrium vol-
ume, the energy of the bc8 structure is higher than that
of ¢d by Eyves = 0.70 eV /atom. Second, at approximately
2.5 eV /atom above the cd structure lie the sixfold coor-
dinated phases: sc and 3-Sn!? (the 3-Sn phase is not
shown in Fig. 4). Third, at approximately 4.0 eV /atom
above the cd structure, a high-energy region is popu-
lated by phases whose coordination number exceeds six:
the eightfold coordinated bcc and the 12-fold coordinated
hep and fcc phases.

From the calculated equation of state shown in Fig. 4,
one deduces that a cd — bc8 phase transformation is
predicted to occur at a pressure of p,,, = 1.1 TPa = 11
Mbar. The value of the transition pressure was obtained
by equating the enthalpies of the bc8 and cd structures:

Hpeg = HCdv (5)

Eyves + pterCS =FEq + pterdv (6)

This value of the transition pressure is in good agree-
ment with previous calculations which have appeared in
the literature!97? and range from p;, = 1.11 to 1.2 TPa.
Our results also indicate that a subsequent bc8 — sc
phase transformation is predicted to occur at a pressure
of approximately py. = 2.7 TPa, in excellent agreement
with previously reported results.!! However, while sta-
ble at high pressure, the sc phase of carbon has been
predicted to be mechanically unstable at p = 0.12

V. ATMOSPHERIC-PRESSURE STABILITY
OF PHASES OF CARBON

In this section we present results of our ab initio plane-
wave pseudopotential calculations on the atmospheric-
pressure (p = 0) stability of various phases of carbon.
We first consider the stability of the fourfold-coordinated
bc8 structure against a transformation to lower-energy
graphitic and diamond phases. We then consider the
stability of the high-coordination phases of carbon.

A. Atmospheric-pressure stability of be8 carbon

Since the energy of the bc8 structure lies 0.7 eV /atom
above the essentially degenerate diamond and graphitic
structures, we must consider transformation paths to all
of these lower-energy phases as possible sources of me-
chanical instability in a p = 0 bc8 carbon phase. The
discussion presented in Sec. II was based on symmetry



11 586

and geometrical considerations to identify those paths in-
volving the least amount of bond breaking, and therefore
those most likely to exhibit the smallest energy barriers.
Extensive total-energy calculations are carried out along
these paths to identify minimum-energy configurational
transformations between two given phases. We first dis-
cuss the Ibca bc8 — og mapping (path 1 in Table II),
which as noted earlier is essentially identical in regard to
near-neighbor environment to the Pbca bc8 — hg map-
ping (path 2), which therefore need not be separately
investigated. We subsequently discuss our results for the
Pbca be8 — hd mapping (path 3). In addition, so as to
substantiate the geometric bond-breaking considerations
which lead to the results in Table 11, we also consider the
very highest energy mapping in Table II to c¢d (path 11)
which also occurs within the Pbca space group.

1. Transformation from bc8 to orthorhombic graphite

The bc8 — og transformation can be viewed as a two-
step process: First the buckling characterizing the bc8
double layers is removed as the b/a ratio of the body-
centered orthorhombic cell is decreased and subsequently
the c¢/a ratio is increased, resulting in an increase of the
interlayer separation. This transformation is schemati-
cally indicated in Fig. 5.

The final og structure exhibits a - --[AB]- - sequence
along the ¢ axis, but does not correspond to the hg struc-
ture. However, a sliding of the hexagonal planes relative
to one another would transform our final og structure
into rg. We also examine such a transformation at the
end of this section.

The bc8 — og transformation has been described in
Sec. II. We define a linear transformation variable £ which
continuously transforms the structure from the bc8 phase
(€ = 0) to the og phase (£ = 1). Along the bc8—og trans-
formation, the total energy is minimized and a minimum-
energy surface Ey,;, is mapped. This is accomplished in
the following way: For each value of the transformation

bc8
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parameter £, the parameters a, b, and ¢ describing the
orthorhombic primitive cell are varied independently so
as to minimize the total energy. Only the internal pa-
rameters z, y, and z were linearized as a function of £.
Consequently, our calculations correspond to a constant
zero-pressure transformation path.

The results of our calculations for the bc8 — og trans-
formation are indicated in Fig. 6(a) where the minimum
energy Ein is shown as a function of the configurational
variable . Throughout the bc8 — og transformation,
the structures are described by a primitive cell with an
8-atom basis. The bc8 — og transformation involves a
large increase in the value of the atomic volume, from
Vingial = 5.39 A% to Vfirel = 9.15 A®. The final og
structure is characterized by an in-plane bond length of
dog = 1.45 A which is in good correspondence with that
of the observed hg structure, df<** = 1.42 A.13

A kinetic energy cutoff of Ecytor = 35 Ry and 17 spe-
cial k points were used for all the calculations along the
bc8 — og transformation. However, the convergence of
our results with respect to kinetic energy cutoff was ex-
plicitly verified by performing the energy-minimization
procedure described above using a kinetic energy cut-
off of E.uior = 45 Ry. The results of these calculations
at Ecyof = 45 Ry are also indicated in Fig. 6(a) for
& < 0.60, above which the required number of plane
waves exceeds our current computing resources. Inspec-
tion of Fig. 6(a) reveals the existence of an energy barrier
of AEy(bc8 — og) = 0.20 eV /atom along the be8 — og
transformation path. As a result, it appears that the bc8
structure is mechanically stable against a transformation
toward an og structure.

The energy difference between the initial bc8 structure
and the final og structure is 0.548 eV, which is less than
the equilibrium energy difference between the bc8 and
og structures indicated by the equation of state Fig. 4
(= 0.655 eV/atom). This discrepancy likely results from
the utilization of a smaller energy kinetic energy cutoff
(Ecutort = 35 Ry) for the calculations whose results are

Orthorhombic

>

graphite

(c) (d)

Carbon

FIG. 5.

Schematic indication of the bc8 — og transformation (path 1 in Table II). The minimum-energy structure corre-

sponding to the value of the transformation parameter £ are shown for £ =0, £ = 0.3, £ = 0.7, and £ = 1 in panels (a), (b),

(¢), and (d), respectively.
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FIG. 6. (a) Calculated total energy per atom as a function of the parameter ¢ describing the bc8 — og transformation
(path 1, Table II). The bc8 structure corresponds to ¢ = 0 and the og structure corresponds to § = 1. Throughout the bc8 —
og transformation, the structures are described by a primitive cell with an 8-atom basis. Only the internal parameters z, y,
and z were linearized as a function of £&. The energy was minimized at each ¢ with respect to the Ibca lattice constants a, b,
and c to yield a constant-pressure (p = 0) path. The atomic volume varies along the transformation path from Vjinitial — 5 39
A% to '\/oﬁg"al = 9.15 A%, Kinetic energy cutoffs of Ecyior = 35 Ry (solid line) and E.yionr = 45 Ry (dashed line) and 17 special
k points were used for all the calculations. (b) Calculated energy per atom as a function of the monoclinic angle 8 for various
values of the parameter £ characterizing the bc8 — og transformation. The orthorhombic cell is recovered for the case where
B = 90°. A kinetic energy cutoff of Ecyion = 35 Ry and 22 special k points were used for all the calculations. The zero of

energy corresponds to the bc8 structure.

shown in Fig. 6(a) than for the calculations of the equa-
tion of state indicated in Fig. 4 (Ecutor = 45 Ry). This
discrepancy bears no consequence on our conclusions re-
garding the mechanical stability of bc8 carbon, however,
and, as indicated above and shown in Fig. 6(a), conver-
gence studies up to £ = 0.60 reveal that the energy bar-
rier height remains unchanged when the kinetic energy
cutoff is increased from E o = 35 Ry to Ecytor = 45
Ry. The utilization of kinetic energy cutoffs exceeding
Ecuor = 35 Ry are not possible for large atomic vol-
umes [i.e., near the og limit in Fig. 6(a)] with our current
computer resources when the og structure is described by
an 8-atom basis.

The og structure examined above can be transformed
into rg by sliding the og planes relative to each other.
This may be achieved by allowing the angle 3 between
the a and ¢ axes of the 16-atom unit cell to differ from
90°, which results in a lowering of the orthorhombic Ibca
symmetry to monoclinic C2/c¢. The corresponding map-
ping is given in the Appendix, and permits a direct bc8
— rg transition, or an examination of the energetics of
sliding the puckered double layers relative to one another
at any stage during the bc8 — og mapping.

The results of our total-energy calculations for this
sliding of the puckered graphitic layers is shown in
Fig. 6(b) where the total energy is plotted as a function of
the monoclinic angle 3 for various values of the param-
eter £ characterizing the bc8 — og transformation [cf.

Fig. 6(a)]. The bc8 structure corresponds to £ = 0 and
the og structure corresponds to £ = 1. A kinetic energy
cutoff of Ecyior = 35 Ry and 22 special k points were
used for all the calculations. Inspection of Fig. 6(b) re-
veals an increase in total energy as the planes are shifted
with respect to one another. Consequently, the struc-
ture appears to be stable against a monoclinic distortion
of the cell along the bc8 — og transformation indicated
in Fig. 6(a). Therefore, the bc8 structure appears to be
metastable against a transformation toward an rg struc-
ture, at least prior to complete flattening of the puckered
double layers. The results indicated in Fig. 6(b) reveal
that close to the planar og structure (¢ = 0.90), the to-
tal energy is very insensitive to a sliding motion of the
planes relative to one another, as expected, since the in-
teraction between the layers is characterized by weak van
der Waals forces.

2. Transformations from bc8
to cubic and hexagonal diamond

We now consider the energetics associated with the
bc8 — cd and bc8 — hd transformations. The discussion
given in Sec. II indicates that the degree of bond-breaking
and rebonding is quite severe for the bc8 — cd path given
as the last entry in Table II, intuitively suggesting a very
large energy barrier inhibiting this transformation. The



11 588

Pbca bc8 — hd mapping (path 3 in Table II), in con-
trast, requires breaking only one bond per atom, similar
to the og path discussed above. One might expect a simi-
lar barrier, although probably larger given the significant
compression seen in half of the short bonds in Fig. 2(b).34
In order to verify these expectations we have performed
calculations of the energetics associated with the be8 —
cd and bc8 — hd transformations. As in the case dis-
cussed in the previous section we consider a linear trans-
formation which maps the bc8 structure onto the cubic
and hexagonal diamond phases. Unlike the case of the
bc8 — og transformation, the atomic geometry is not
fully optimized (i.e., the total energy is not minimized)
at each configuration point along the linear transforma-
tion for the bc8 — cd transformation. However, limited
minimum-energy atomic configuration searches were per-
formed for the bc8 — hd transformation by optimizing
the ¢/a ratio along the transformation mapping. Con-
sequently, the calculations presented in this section cor-
respond only to an approximately zero-pressure (p = 0)
transformation. We believe this procedure to be accurate
enough to provide qualitative information on the stability
of bc8 carbon since the atomic volume variations charac-
terizing the bc8 — c¢d and be8 — hd transformations are
very small (see below). We estimate that the uncertainty
in the calculated energy arising from not using the p = 0
volumes for the be8 — cd transformation and performing
only an optimization of the ¢/a ratio for the bc8 — hd
transformation is less than 0.1 eV /atom.

The results of our calculations showing the energy per
atom along the transformation path associated with the
bc8 — cd and be8 — hd transformations are shown in
Fig. 7. Throughout the bc8 — cd and be8 — hd trans-
formations, the structures are described by a primitive
cell with a 16-atom basis. The bc8 — cd and be8 —
hd transformations both involve a small increase in the
value of the atomic volume: from Vinitial = 539 A3 to
vinal — 565 A3 and Vfiral = 567 A3, A kinetic energy
cutoff of E.ytonr = 30 Ry and 8 special k points were used
for all the calculations. Inspection of Fig. 7 reveals the
existence of an energy barrier of AEy(bc8 — hd) = 0.5
eV/atom along the bc8 — hd3* and of an energy bar-
rier of AEy(bc8 — cd) ~ 2.0 eV /atom along the bc8 —
cd. Comparison between Figs. 6(a) and 7 supports the
qualitative argument of Sec. Il in which the number of
broken bonds associated with different transformations
can be used to deduce general results on the relative en-
ergy barriers corresponding to these transformations.

The results presented in this section suggest that
fourfold-coordinated bc8 carbon would be mechanically
stable at atmospheric pressure against a transformation
to a lower-energy graphitic or diamond phase. In this
respect, bc8 carbon would behave similarly to bc8 Si
which is experimentally observed to be mechanically sta-
ble at atmospheric pressure when recovered from the
high-pressure 3-Sn phase. The energy barriers found for
the transformations from bc8 carbon are ordered in ac-
cordance with simple arguments based on the number
of broken bonds for each transformation: AFE,(bc8 —
0g) < AFEy(be8 — hd) < AEp(bc8 — cd).
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B. Atmospheric-pressure stability of
high-coordination metallic phases of carbon

Having presented results which suggest the
atmospheric-pressure metastability of  fourfold-
coordinated bc8 carbon, we now consider the stability of
high-energy phases of carbon in which the coordination
exceeds four. This determination of the mechanical sta-
bility of high-coordination phases of carbon is interesting
on the basis of a comparison with neighboring group-IV
member Si which, in the liquid state, is experimentally
observed to exhibit an average coordination between 6
and 7.353% Moreover, sixfold and tenfold Si clusters have
been predicted to be particularly stable.3”

It has already been reported in the literature that the
sixfold-coordinated simple cubic and 8-Sn phases of car-
bon were mechanically unstable (i.e., without the exis-
tence of an energy barrier) against a transformation to
the lower-energy cubic diamond structure.!? In this sec-
tion we also consider the stability of the fcc (12-fold coor-
dinated), hep (12-fold coordinated), and bee (8-fold co-
ordinated) phases against a transformation to the lower-
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FIG. 7. Calculated total energy per atom as a function

of the parameter £ describing the bc8 — cd (path 11, Table
11) and bc8 — hd (path 3, Table II) transformations. The
bc8 structure corresponds to £ = 0 and the value £ = 1 cor-
responds to the cd or hd phases. Throughout the bc8 — cd
and bc8 — hd transformations, the structures are described
by a primitive cell with a 16-atom basis. The calculations cor-
respond to an approximately constant-pressure (p = 0) path
and the atomic volume varies along the transformation path
from Vjirital — 539 A to V" = 5.65 A% and V{fif* = 5.67
A3, A kinetic energy cutoff of Ecyior = 30 Ry and 8 special k
points were used for all the calculations. The zero of energy
corresponds to the bc8 structure.
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energy cd structure. Transformation paths are identified
in the Appendix which in each case evolve four of the
original 12 or 8 near neighbors in these structures into
the four near neighbors of c¢cd. The fcc and hep transfor-
mations are described with four-atom conventional cells
in space group Pnma; the bcc transformation, with a
two-atom cell in space group R3m.

The results of our calculations are shown in Fig. 8
where the calculated energy per atom is indicated as
a function of the parameter £ describing the following
transformations: fcc — cd, hep — cd, and becec — cd.
Throughout the linear transformations, the structures
are described by a primitive cell with a 4-atom basis for
the fcc — c¢d and hep — cd transformations and a 2-
atom basis for the bcc — cd transformation. The fcc
— ¢d, hcp — cd and bece — c¢d transformations all in-
volve a reduction in the value of the atomic volume: from
Vinitial = 7.01 A3, yinval = 6,67 A3, and Vjnita! = 6.63

A3 to yfinal 5.65 A3. A kinetic energy cutoff of
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FIG. 8. Calculated total energy per atom as a function of

the parameter & describing fcc — cd (solid line) and hcp — cd
(dotted line) transformations, using the 4c sites of space group
Pnma, and a bcc — cd (dashed line) transformation, using
the 2c sites of space group R3m. Throughout the transforma-
tions, the structures are described by a primitive cell with a 4-
atom basis for the fcc — cd and hcp — cd transformations and
a 2-atom basis for the bcc — cd transformation. The atomic
volume varies along the transformation path: The initial and

final atomic volumes are V(iM% = 7.01 A?, Vhig:,'ia' = 6.67
A3, Vinidal — 6 63 A% and VA" = 565 A%, A kinetic energy
cutoff of Fcyor = 45 Ry was used for all the calculations.

The number of special k points used was 27 for the fcc —
cd, 27 for the hcp — cd and 28 for the bcc — cd. The zero
of energy corresponds to the (cubic or hexagonal) diamond
structure.
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TABLE IV. R3 (C%,, No. 148) paths from bc8 to cubic
diamond (cd) and rhombohedral graphite (rg). The R3 con-
vential cell is rhombohedral, i.e., edge lengths a = b = ¢ and
angles « = § = v, where « is the angle between b and c.
The relations between the R3 parameters and the usual cubic
(abcs, Toes ~ 0.1, aca) or rhombohedral (arg, a = 39.5°)
quantities are shown, as well as the corresponding p = 0 val-
ues ag of a. The dimensionless parameters z; define 2¢ sites
[£(z,z, )], while z2, y2, and z, define 6f sites [%(z,y, z),
*(z,z,y), (v, 2 2)] .

R3 bc8 cd rg
a aves V3/2 Gcd arg /3 — 2C0S arg
ao (A) 3.83 3.57 4.40
cos o -3 0 —1+4+2/(3 —2cosarg)
a 109.5° 90° 68.1°
Z1 2zpes ':; %
T2 2Zpes + 3 2 2

1 5 2
Y2 2 5 3

1

22 0 H é

Ecuwor = 45 Ry was used for all the calculations. The
number of special k points used was 27 for the fcc — cd,
27 for the hep — cd, and 28 for the bece — cd.
Inspection of Fig. 8 reveals that the fcc, hep, and bec
high-coordination metallic phases of carbon are mechan-
ically instable at atmospheric pressure against a trans-
formation to a low-energy cubic diamond phase. This
result is in agreement with previous theoretical results
which have demonstrated a similar mechanical instabil-

TABLE V. C2/c (C%,, No. 15) paths from bc8 to or-
thorhombic (og, see Ref. 22) and rhombohedral (rg) graphite.
This monoclinic distortion (angle 8 between a and c different
from 90°) of the bc8 — og path in Table I permits sliding of
the graphitic layers over one another toward an rg final state.
The relations between the C2/c parameters and the usual
cubic (@pcs, Zoes = 0.1), hexagonal (ang, cng), and rhombo-
hedral (arg, arg = 39.5°) quantities are shown. The dimen-
sionless parameters z,, y;, and z, define one set of 8f sites;
and z2, y2, and 22, another. The 8f sites (/12/al setting/cell

choice) are +(z,y, z) and +(z + %, ¥, 2), plus the same added

LO (%7%7%)'

bc8 og rg
abes V3 Qhg \/6(1 — cos arg) arg
b abes 2 ang 8(1 — cos arg) arg
c @bes Chg V/3(1 +2cos arg) arg
1/2
1—cos a
1—cos arg
COSﬂ 0 0 [3 (l+coso,5)]
1 1
1 Tbes 12 1z
1 1
hn Tbes B s
2 Tbes 0 0
1 1
T2 Thes 13 1
1 5 5
Y2 5 + ZTbes 2 2
22 —ZTbes 0 0
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TABLE VI. Pnma (D)%, No. 62) paths to cubic diamond
(cd) from face-centered cubic (fcc), hexagonal close packed
(hcp), and body-centered cubic (bcc) structures. The Prnma
conventional cell is primitive orthorhombic with edge lengths
a, b, and c, whose relations to the various lattice constants
are shown. The dimensionless parameters z and z specify
the 4c sites given by *(z,1,z) and %(Z + 3, 2 z2+1). The
number of fcc, hcp, or bee near neighbors which evolve into
near neighbors in the cd structure is given by n.
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TABLE VII. R3m (D34, No. 166) paths to cubic diamond
(cd) from face-centered cubic (fcc) and body-centered cubic
(bcc). The R3m conventional cell is thombohedral, i.e., edge
lengths a = b = ¢ and angles « = 8 = v, where « is the
angle between b and c¢. The relations between a and the
usual lattice constants of the various structures is shown. The
dimensionless parameter z specifies the 2c¢ sites £(z,z, z).
The number of fcc or bcec near neighbors which evolve into
near neighbors in the cd structure is given by n.

fcc hep bec cd fce bcc cd
a Qfcc \/§ Qhcp \/5 Qbec afcr:l/\/§ a 3/2 QAfcc Qbcc acd/\/i
b Qfcc Chcp 2 apec 'J'Cd/\/‘E a cos™! (%) = 33.6° 90° 60°
c Qfcc Qhcp Abcc Gcd z % % %
. i : P s i -
z 0 0 0 H
n 4 4 2 —

ity for the sc — cd and B-Sn — cd transformations.!?

On the basis of these results, one might speculate that
all high-coordination phases of carbon would exhibit me-
chanical instabilities at atmospheric pressure. They also
suggest the unlikely occurrence of stable or metastable lo-
cal structure with coordination number higher than four
in liquid and amorphous carbon as well as in carbon clus-
ters, unlike the situation for Si. Ab initio molecular dy-
namics simulations of liquid and amorphous carbon have
recently confirmed these expectations.®

VI. SUMMARY

The stability of various energetic phases of carbon at
atmospheric pressure has been investigated by the use
of a space-group-theoretical analysis of possible trans-
formation paths to lower-energy phases, combined with
ab initio pseudopotential calculations of the total en-
ergy along these paths. In particular, we have exam-
ined the stability of the fourfold-coordinated bc8 phase
of carbon, and identified natural, low-barrier decay chan-
nels to threefold-coordinated graphitic structures and to
the hexagonal form of diamond. We find energy barri-
ers along all of these paths, with the smallest encoun-
tered along nearly identical paths to an intermediate or-
thorhombic form of graphite and to the observed hexag-
onal form. A simple distortion of the first path leads to
the observed rhombohedral form of graphite, although
the required sliding motion of the incipient graphitic lay-
ers over one another is energetically unfavorable until
the transformation to orthorhombic graphite is nearly
complete. Our results suggest the existence of a barrier
of at least ~ 0.2 eV/atom inhibiting transformation of
an atmospheric bc8 phase of carbon to all lower-energy
graphitic and diamond phases. Consequently, it appears
that the bc8 phase is likely to be mechanically stable at
atmospheric pressure.

In contrast, we find three metallic high-coordination
forms of carbon (face-centered cubic, hexagonal close-
packed, and body-centered cubic) to be mechanically un-

stable against spontaneous transformation to the cubic
diamond structure. This result reaffirms the general ex-
pectation that possible metastable phases of carbon at
atmospheric pressure are likely to be three- or fourfold
coordinated.
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APPENDIX

In this appendix we provide supplementary informa-
tion about the transition paths discussed in Sec. II. Table
IV gives the R3 mappings from bc8 to cd and rg, which
were listed in Table II. The 2c¢ sites of higher symmetry
R3m are a familiar path from cd to rg.!” The mapping in
Table IV quadruples this cell by taking the rhombohedral
angle for cd to be 90° rather than 60°.

Because of the importance of the bc8 — og path given
in Table I we provide a monoclinic distortion of this path
in Table V. These C2/c mappings permit lateral slid-
ing of the graphiticlike layers over one another, at any
stage of the transformation in Table I, and include the
possibility of an rg final state.

Previous theoretical studies'? have predicted that the
sixfold coordinated B-tin and simple cubic phases of car-
bon would be mechanically unstable at atmospheric pres-
sure, and speculated that all high-coordination structures
would be similarly unstable. To test this possibility we
provide transformation paths to c¢d from fcc, hep, and bee
structures in Tables VI and VII. It seems intuitively clear
that the most natural paths will be ones in which four of
the near neighbors of these high-coordination structures
evolve into the four near neighbors of cd. Thus we choose
the Pnma paths in Table VI for the fcc and hep cases;
and the R3m path in Table VII, for the bcc case.
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