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Structural theory of graphite and graphitic silicon
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The graphitic phases of C and Si are studied with the use of the pseudopotential local-density-functional
approach. For graphite, good agreement with experiment is obtained for the in-plane lattice constant, in-

terlayer spacing, isotropic bulk modulus, and graphite-diamond structural energy difference. Graphitic Si
has relatively weak bonding and its formation is unlikely since its energy is 0.71 eV/atom higher than the
diamond phase and a large negative pressure of —69 kbar is required.

Carbon and silicon in the diamond structure are the pro-
totypical covalent solids and many of their structural proper-
ties are well understood. Graphite has also been studied ex-
tensively and this material serves as the prototype of layer
materials. Hence there is considerable interest in the carbon
graphite-diamond transition and the properties of the weak
binding between layers which is believed to be of the van
der Waals type. The nature of the interlayer bonding is of
particular importance for the study of intercalated graphite
compounds.

Despite the fact that Si is one of the most studied and
best understood materials in science and technology, the
question of the existence of graphitic Si remains open.
Research' on Si in the hexagonal diamond and BC-8 struc-
tures has resulted in detailed information about these meta-
stable phases. Although suggestions that graphitic Si may
exist at negative pressures have been made, this material
has not been observed and precise theoretical estimates in-
dicating the likelihood of success have not be available.

The present study addresses the questions raised above
and also serves as a test of the pseudopotential approach '
and the local-density-functional (LDF) approximation. It is
found that this method which was very successful' for
computing ground-state properties of tetrahedral semicon-
ductors and metals can be used to study layered systems
with o- and n bonds. In addition, some information is ob-
tained about the use of the LDF approximation for the
exchange-correlation potential and its role in van der Waals
bonding. The results include the in-plane and interlayer
spacings, the isotropic bulk modulus, and the total energy
difference between the diamond and graphite structures.
For C, the results are in good agreement with observations,
while for Si it is predicted that the graphite phase is 0.71
eV/atom higher than the diamond phase and therefore very
unlikely to occur.

Ab initio pseudopotentials within the LDF formalism are
used to compute the total structural energy (E„,) using the
momentum space representation. The pseudopotentials
for Si and C have been shown ~ " to yield very accurate
results for the diamond phase. When Et,t is evaluated for a
variety of crystal structures as a function of atomic separa-
tion, a determination of the lowest-energy structure, lattice
constants, elastic moduli, and phase diagrams is possible.

This is the first application to the graphitic phase. In the
present calculation the pseudopotential Schrodinger equation
is solved self-consistently' for each structural case con-
sidered. A plane-wave basis set is used with kinetic energy
up to a cutoff, Ep of 35 Ry for C and 11.5 Ry for Si. The
valence charge density used to generate screening potentials
in the self-consistent procedure is evaluated at six special k
points" in the irreducible Brillouin zone for the graphitic
phases. ' Although graphite is a semimetal, since the over-
lap between the valence and conduction bands occupies
such a small part of phase space, this contribution is con-
sidered to be negligible in calculating Et,&. The exchange-
correlation contribution to E„, was evaluated using the
Wigner interpolation formula, " but other forms were also
tested as described below.

For (hexagonal) graphite, the ratio of the lattice constants
c/a was fixed at first at the measured'6 value (2.726) and
E„, was calculated for five values of a in 2'/o steps. A
least-squares fit to the Murnaghan equation of state" ields
the calculated equilibrium lattice constants, a0=2.47 and
co= 6.73 A, in good agreement with the experimental values
of 2.461 and 6.709 A..'7 This suggests that the pseudopo-
tential LDF approach is describing the in-plane o-- and m-

bonding quite accurately. The calculated isotropic bulk
modulus is 2.36 Mbar, which is in reasonable agreement
with the value of 2.86 Mbar derived from experiment. ' We
expect numerical uncertainties of 1'/o and 20'/o for the equili-
brium latice constants and the isotropic bulk modulus,
respectively. ' When different functional forms are
used for the exchange-correlation energy, the equilibirum
lattice constants are found to be smaller by —1'/o and the
isotropic bulk modulus is —5-8o/o larger than for the corre-
sponding results using the Wigner form. '

To obtain a convergent value for the cohesive energy, we
calculate E„, for graphite at the measured lattice constants
using 18 special k points and a large E~„(E„„=42Ry;
about 1100 plane waves are used. ) For comparison, the to-
tal energy is also calculated for diamond at the measured
lattice constant (3.567 A) using 28 special k points and the
same E,„." These results are compared in Table I along
with results for the isolated atom. The total energy is
decomposed into various components in Table I. E~, is the
sum of electron-electron and core-core electrostatic energy
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TABLE I. Comparison of various energy contributions (in units
of Ry/atom) to the total energy for graphite (Es) and diamond
(E~) using measured lattice constants (E~ 42 Ry). Data in the
last column are energy differences between the diamond and the
graphite phase of Si (E„;b is neglected for Si).

Graphite
EE

Diamond
Ed

C
Ed—Eg

Si
Ed Es

kill

Exe
Ep.t
Eva
E~ot

8.3244
3.4175

16.2709
0.0122

—11.3518

8.4051
—3.4753

—16.2939
0.0133

-11.3508

0.0807
—0.0578
—0.0230

0.0011
0.0010

0.102
—0.077
—0.077

—0.052

and electron-core interaction. We note that the kinetic en-
ergy (Ek;„) and the zero-point vibrational energy24 (E„;b)
favor a graphite phase. The opposite is true for E~, and
exchange-correlation energy (E„,). The signs are majorly
due to the fact that graphite has larger equilibrium volume
than diamond. The calculated cohesive energies ' of gra-
phite and diamond are, respectively, 7.70 and 7.69
eV/atom. 2s Compared with the corresponding experimental
values of 7.374 and 7.349 eV/atom, both cohesive ener-
gies are too large by —0.3 eV/atom. Similar results for the
cohesive energy of graphite have been found by Weinert,
Wimmer, and Freeman. It was suggested that the
discrepancy comes mainly from the configuration-
interaction-type correlation.

As shown in Table I, the total energy of graphite is lower
than that of diamond by 0.001 Ry/atom. Since this energy
difference is very small, we repeated the calculation of this
quantity using different forms of exchange-correlation ener-
gy. The energy difference is —0.002, —0.003, and —0.003
Ry/atom for the forms in Refs. 20, 21, and 22, respectively.
Taking these results into consideration, the present study
shows that graphite has almost the same total energy as dia-
mond within an estimated error of 0.003 Ry/atom resulting
from numerical computa'tion and various forms of
exchange-correlation energy. This is in agreement with the
experimental finding27 and the calculated number is of the
same order as the experiment value (graphite is more stable
by 0.002 Ry/atom). However, a more straightforward com-
parison of this quantity is not warranted because of the ca1-
culational uncertainties.

It is of great practical interest to transform graphite to dia-
mond. Although our study and experimental data indicate
that the thermodynamic transition pressure is within the
kbar pressure range, the transition rate is extremely slow
because it involves a large activation energy to break strong
directional covalent bonds. Practical diamond synthesis is
usually carried out by the solvent-catalyst method in which
graphite is dissolved in a metal solvent to reduce the activa-
tion energy and subjected to high temperature and high
pressure (of the order of 1500 K and 100 kbar, respective-
ly).

If the lattice constants a and c are varied independently,
we find that the variation of a has the dominant effect on
the total energy. This is because the in-plane covalent
bonding is much stronger than the interlayer van der Waals
bonding. To study the interlayer interaction independently,
we keep a fixed at its measured value and vary c in the total
energy calculations for graphite. The calculated total ener-

TABLE II. Bond lengths (A) of the graphite and diamond phases
and their ratio of C and Si. The experimental values are from Ref.
16. The calculated values for diamond phases are from Refs. 5 and
10.

C
Graphite phase
Diamond phase
Ratio

Si
Graphite phase
Diamond phase
Ratio

Calc.

1.426
1.537
0.928

2.249
2.361
0.952

Bond length (A)
Expt.

1.421
1.545
0.920

2.351

gies are fitted to a second-degree polynomial and the result-
ing cs value and the elastic modulus C3s are 7.05 A and
0.54 Mbar, respectively, accompanied by large computation-
al errors of 10% and 50'/o. 0 The co value is larger than the
experimental value by 5% and C33 has larger deviation
[measured value is 0.365 Mbar (Ref. 18)]. The percentage
deviation is of the same order of magnitude as those for
rare-gas solids ' and trigonal Se, which also involve van
der Waals interactions. These calculations suggest that a
LDF approximation is capable of determining equilibrium
spacings for van der Waals interactions to an accuracy of—10% even though the fluctuating dipole nature of this in-
teraction is not adequately described. We suggest that it is
because equilibrium lattice constants (and elastic moduli)
are determined mainly by the short-range repulsive force
which is adequately described by the LDF theory. The weak
long-range van der Waals attraction plays a minor role in
this aspect, even though it determines the interlayer
cohesion. 3'

The properties of graphitic Si were examined in the same
manner as for graphite. The ratio of the lattice constants
c/a was fixed at the measuredts value (2.726) for graphite.
The calculated ao, co, and isotropic bulk modulus are 3.90
A, 10.62 A, and 0.50 Mbar, respectively. To estimate the
m-bonding influence in the graphitic phases of C and Si, we
show in Table II the calculated and measured bond lengths
for the graphitic and diamond phases of C and Si. As a
consequence of extra m bonding, both graphitic phases have
contracted bond lengths compared with their corresponding
diamond phases. The graphitic bond length of Si has a
smaller contraction than that of C. Since a short bond
length usually indicates a strong bond, it suggests that the
graphitic m bonding for Si is not as strong as for C. Other
evidence comes from the total energy comparison between
the two phases (see the last two columns in Table I). While
the two phases of C are very close in energy, the graphitic
phase of Si is unstable against its diamond phase by 0.71
eV/atom. This confirms the suggestion34 that m bonds are
relatively weaker (as compared with o bonds) for third-row
elements than for second-row elements. We believe that
the origin of these differences between Si and C arises from
differenece in their atomic configurations. There are no p
electrons in the atomic core of C yielding a more compact
charge distribution for the valence p orbitals and strong m

bonds.
There has been some suggestion from the phase dia-

grams" of Si and C that the graphitic phase of Si might be
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stable at negative pressures. The present study indicates
that the pressure is —69 kbar which is too large a negative
pressure to be practically possible.
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