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The structural and electronic properties of the complex tetrahedral structures B-8 (or “BCS8,” bcc
with 8 atoms per cell) and T-12 (or “ST12,” simple tetragonal with 12 atoms per cell) phases of sil-
icon and carbon are computed with ab initio density-functional calculations of the energy, pressure,
and enthalpy. For silicon, the B-8 and T-12 phases are found to be metastable, consistent with their
formation during pressure reduction in high-pressure experiments. Energies of both structures are
close to that of amorphous silicon. T-12 has an indirect gap larger than diamond-structure Si
whereas B-8 is semimetallic. For carbon, the B-8 phase is found to be stable, relative to diamond
and all previously calculated metallic phases, above pressures of 12 Mbar. This represents a new

limit for the stability of diamond.

I. INTRODUCTION

A variety of phases for elemental silicon and germani-
um can be produced by the use of pressure. In particular
for silicon, at a pressure of ~125 kbar the diamond-
structure phase transforms to the metallic body-centered-
tetragonal f[-tin structure,!? that has been recently ob-
served to further transform to a novel simple hexagonal
structure at pressures in the range of 140—160 kbar.> The
atomic coordination systematically increases from 4 to ap-
proximately 6 and 8 in these pressure-induced transitions.
The metallic B-tin and simple hexagonal phases have re-
cently been found to be superconducting* with transition
temperatures as high as 8—9 K (Ref. 4) and there is much
interest in the dependence of the transition temperatures
with pressures. For germanium the f3-tin phase has also
been observed at pressures of ~ 100 kbar, although the
simple hexagonal phase has only been seen at much higher
pressures [800 kbar (Ref. 5)].

In addition, reducing or quenching the pressure from
the B-tin phases of both silicon and germanium produces
complex crystal structures with large primitive cells and
locally distorted tetrahedral coordination.®~® Two accu-
rately characterized complex structures are B-8 (or
“BC8,” body-centered cubic with 8 atoms/cell) T-12 (or
“ST12,” simple tetragonal with 12 atoms/cell).®’ These
complex phases remain metastable with respect to dia-
mond at ambient pressures, and much thermal treatment
is required to convert these complex structures back to the
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diamond form.®*” The local bonding geometries of B-8
and T-12 are distortions of tetrahedral with 2 or more
bond lengths and a distribution of bond angles. However
the distorted tetrahedra in these phases are packed in a
more efficient space-filling-way than diamond resulting in
densities larger than diamond, but smaller than the closer
packed metallic structures. An understanding of these
dense, covalent structures is essential for study of the
phase diagrams of group-IV elements.

These complex structures have also been of interest
from other points of view. In previous work,® the se-
quence of increasingly complex crystal structures:
diamond—wurtzite—B-8—T-12, has been used to study the
manner in which the properties of the amorphous struc-
ture develop from increasing short-range disorder in the
crystalline phase. The optical properties of T-12, which
has fivefold and sevenfold rings, were found to be similar
to those for amorphous silicon.® The distorted tetrahedral
geometries and the odd-numbered ring topologies are
similar to those proposed for grain boundaries in sil-
icon,”!® and for “z-bonded” reconstructions of the
Si(111) surface.!!

In the present work we also consider carbon in these
complex tetrahedral phases, which we find to be more
stable than diamond at large enough pressures. The sta-
bility of diamond (carbon) is of interest to many fields of
science, and has been a subject of much continuing discus-
sion,!? though little has been established experimentally.
A stability limit for diamond provides a theoretical upper
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bound to the pressures that may be achieved with dia-
mond anvil cells. To date, diamond anvil cells have at-
tained pressures of 1.7 Mbar (Ref. 13) (and possibly
higher), and the extension to higher pressures could pro-
vide crucial experimental tests, e.g., for the existence of
metallic hydrogen, for which predictions of the metalliza-
tion pressure range between 2 and 10 Mbar.'* Predictions
for pressure-induced transitions of a number of elemental
metals and nonmetals also exist.!?

Previous studies have estimated stability limits on dia-
mond carbon based on simple analogies with the metallic
phase of silicon (B-tin).'® However, Yin and Cohen!’
have found diamond-carbon stable against all simple me-
tallic phases considered up to the very high pressure of 23
Mbar, at which point the simple cubic phase was more
stable. These results illustrate an essential difference be-
tween metallic silicon and carbon phases.

In this paper we investigate the relative stability of sil-
icon and carbon in the complex tetrahedral and diamond
structures (and for Si, B-tin also), with ab initio density-
functional calculations. We describe extensive results for
B-8 and limited results for other complex structures.
Some of these results have been presented in a Brief Re-
port.!®  Closely related calculations have been also
presented by Yin.!” Relative to the previously published
work,!8 this paper contains new results and discussions on
the bonding topology of B-8 and T-12 phases, the packing
fractions of these phases and connections to surface
reconstructions. In this paper new calculations for the
enthalpy of Si phases are presented, further results for the
electronic properties of B-8 and T-12-Si are described and
a soft mode of T-12 is identified. The role of zero-point
energies in altering the structural stabilities is also dis-
cussed. This paper is organized into six sections. First
the B-8 and T-12 structures are described in detail in Sec.
I1, followed by a brief account of the density-functional
method in Sec. III. Our results for silicon and carbon are
presented in Secs. IV and V, respectively.

II. THE B-8 AND T-12 STRUCTURES

The structures of the B-8 and T-12 phases have been
studied with very precise x-ray diffraction techniques.
The structural geometries of these phases are summarized
here.

A. B-8

Figure 1 is a projection of the B-8 structure on a (001)
plane, with elevations of atoms in units of a /10, a being
the cube side. The connectivity of the tetrahedra is such
as to produce a body-centered cubic Bravais lattice with
an 8-atom basis and a space group Ja 3 (T,Z).20 All the 8
sites in the primitive cell are equivalent, i.e., they have the
same local environment. The atoms in B-8 form sixfold
rings though these rings are substantially distorted from
those in diamond. Relative to the plane of the ring, the
B-8 atoms consecutively occupy d,d,u,u,d,u positions (d:
down, u: up) in comparison to alternating u, d positions
in diamond. Locally, each atom is connected to four
neighbors by one type-4 bond and three type-B bonds,
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FIG. 1. Projection of the B-8 Si structure on a (001) plane.
The numbers are the elevations of the atoms, above the xy
plane, in units of a/10. a is the cubic lattice constant. All
atoms are equivalent.

with the zero-pressure B-8 silicon structure experimental-
ly found to have shorter 4 bonds (R,=2.30 A) and
longer B bonds (Rz=2.39)A.%?! These bonds form two
inequivalent bond angles ( AB,BB) which are ~99° and
117° for the zero-pressure structure. Though more dense,
the average nearest-neighbor distances in B-8 (and even
T-12 and S-tin) are larger than diamond, indicating weak-
er covalent bonding in the complex structures. The pack-
ing fraction of B-8 is ~10% larger than that of diamond
(at the zero-pressure structure), as indicated in Table 1.

The B-8 structure is completely specified by one inter-
nal parameter x and the lattice constant a. In terms of
these variables the 4 bond length is simply

R, =2V3x (in units of a) . (1
The B bonds have a length of

Rp=(0.25—2x +8x2)!/? (in units of a) . (2)

The difference between the bond lengths is determined by
the internal parameter x, with R, <Rp for x <0.1036,
whereas R, > Ry for x > 0.1036, with x =0.1003 +0.0008

TABLE 1. Packing fractions for structures. The packing
fractions for B-8 and B-tin were for the calculated minimum en-
ergy structure, and for T-12 the calculated lowest energy struc-
ture.

Structure Packing fraction
Diamond 0.340
B-8 0.372
T-12 0.385
f-tin 0.551
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for the experimental zero-pressure structure. The two
bond angles, however, depend only on x and are given
through

(8x2%—x)
AB) = , 3)
costAB) = s (0.25— 2x 4 8x2)1 /2
and
2
cos(BB) = — X" =x) @)

(0.25—2x +8x2)

AB is smaller than the tetrahedral angle, whereas BB is
larger, and the distortion of the angles from tetrahedral is
a monotonically increasing function of x.

The B-8 structure has a center of inversion which is the
midpoint of any A bond. These A4 bond centers lie on a
simple cubic lattice. As is evident from Fig. 1, the 4
bonds are oriented in [111] directions, whereas the B
bonds lie in [ x,p,0] or equivalent planes. Further, all the
bonds are ‘‘staggered,” i.e., the dihedral angles in this
structure are 60°, similar to diamond, but unlike wurtzite.

As is evident from Fig. 1 B-8 forms double layers per-
pendicular to a [100] direction, with all the 4 bonds lying
within the atomic double layers. Further, an interesting
atomic surface can be formed by cleaving the B-8 crystal.

Cutting the crystal normal to a [100] direction and be-
tween two double layers breaks the least number of bonds
(all B bonds) and leads to a natural cleavage plane for B-8.
The resulting (100) B-8 surface has a density of ~11.02
Az/suroface atom, which is comparable to a density of
12.77 A?%/surface atom for the Si (111) surface. Structur-
ally the B-8 (100) surface consists of dimers. Atoms of
the dimers have one surface B-bond, two bonds extending
into the surface, and one dangling bond—this geometry
being very similar to the dimers formed on a reconstruct-
ed Si(100) surface.’? There may well be other interesting
topological similarities between the distorted tetrahedral
geometries of these complex structures and the recon-
structions observed on semiconductor surfaces.

B. T-12

T-12 is a more complex structure than B-8 and Fig. 2
shows a projection of the T-12 structure on an (001) plane
with elevations of atoms in units of ¢ /4. Though not ob-
served for Si, the T-12 structure is well documented in
Ge.” The Bravais_ lattice is simple tetragonal
(a=5.93 A, c =6.98 A) with 12 atoms in the primitive
cell, generating the space group P4;2,2 (D%) or its mirror
image P4,2,2 (D}).?° The atoms in this structure occupy
two inequivalent sites in the primitive cell and, are con-
nected together to form fivefold and sevenfold rings. Be-
cause of these features, T-12 has been proposed as a model
containing local arrangements similar to amorphous semi-
conductors.

T-12  has three  different  bond lengths
(A=2.47 A, B=2.44 A, and C =2.55 A for Ge at zero
pressure) and a spread of bond angles from 90° to 130°, so
than the tetrahedra are substantially more distorted in
T-12 than in B-8. T-12 has a packing fraction of ~0.38
similar to B-8 and larger than diamond (0.34), as indicat-
ed in Table I.
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FIG. 2. Projection of the T-12 Si structure on a (001) plane,
with elevations of the atoms shown in units of ¢/4. The unit
cell is outlined. The A bonds (dotted lines) mark out the spirals
along the (001) axis, and their direction of rotation is shown (ar-
rows). The unit cell contains two inequivalent sites: (i) atoms
having A4,A4,B,C bonds lying within the spirals and (ii) atoms
with B,B,C,C, bonds that connect adjacent spirals.

There are four internal parameters in T-12 (a, x, y, and
z) which have the measured values a=0.1, x=0.166,
y =0.375, z=0.25 in Ge.’ We schematically denote the
two inequivalent atoms in the unit cell as four type-I and
eight type-II atoms. As indicated in Fig. 2, atoms of type
II form fourfold spirals in the z direction. The spirals
have pitch ¢ and are entirely comprised of 4 bonds be-
tween type-II atoms. Atoms on adjoining spirals are
linked together through type-I atoms with B- and C-type
bonds. The choice of z=+7 requires the elevations of
atoms in the spirals to be multiples of ¢ /4, as shown in
Fig. 2. For other values of z, the spirals are less symme-
trical although the bond angles within the spirals always
remain 90°.

The symmetry operation relating the two spirals in the
unit cell is a rotation of 90° around the c¢ axis passing
through the origin, followed by a translation of
(a/2,a/2,c/4), i.e., a screw rotation. All the T-12 spirals
rotate in the same direction giving the structure optical
activity or a definite helicity. Consequently T-12 lacks an
inversion center, since inversion would produce the enan-
tiomorph where the rotation of the spirals is reversed.
Fivefold and sevenfold ring geometries are a way to ap-
proximately preserve local tetrahedral bonding without
large lattice strains, and are a general feature of amor-
phous semiconductors and surface reconstructions such as
the chain model for the reconstructed 21 Si(111) sur-
face,!! as well as, for models of edge dislocations and twin
boundaries in silicon.” 1°
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III. DENSITY-FUNCTIONAL STUDIES

The calculations described in the following sections for
silicon and carbon, employ the well-known density-
functional method?® in the reciprocal-space formal-
ism.?%2> We study the properties of the complex struc-
tures with the simultaneous calculations of the energy E,
forces, pressure P, enthalpy H =E + PV, macroscopic
stresses, and the self-consistent electron density. A gen-
eralization of the viral theorem, known as the stress
theorem,?® allows the components of the stress tensor to
be analytically expressed in terms of the electronic charge
density and the variational wave functions.?® The addi-
tional structural information in calculations of forces and
stresses were essential to relax the complex structures, i.e.,
the atomic positions were varied to make the forces on the
ions zero and in the case of noncubic structures, e.g.,
T-12, B-tin, the c/a ratio was varied to make the stress
isotropic. Since both the forces and stresses are not varia-
tional quantities, more iteration cycles were required to
achieve self-consistency in the calculation.

These calculations were performed with ab initio non-
local ionic pseudopotentials,?’ the local-density approxi-
mation (LDA) using the Wigner interpolation form for
the exchange and correlation energy, and plane-wave basis
sets. With these ingredients equilibrium properties of
simple crystals (i.e., bulk modulii, elastic constants, pho-
non frequencies, etc.) have been calculated to be accurate
to within a few percent of experiment,?® and pressure-
induced transitions to many simple metallic phases have
been described well.?® A shortcoming however, of the
present formalism, particularly of the LDA, are the much
smaller energy gaps between the valence and unoccupied
states in insulators.

IV. COMPLEX TETRAHEDRAL PHASES
OF SILICON

We have used the density-functional calculations to
produce results for Si, summarized in Fig. 3, that show
the energy of the diamond, S-tin, and fully relaxed B-8
structures as_a function of the atomic volume, where
V,=20.024 A® is the experimental diamond-structure Si
volume. Relaxation of the B-8 structure involved calcula-
tions of the force F on the ions, for two different internal
parameters x (at constant volume), from which the bond-
stretching force constant k for the 4 bonds was extracted.
Knowing k, the internal parameter that relaxes the struc-
ture at each volume was then determined.

Though the calculations for the large unit cell B-8 are
much more difficult than for the simple structures previ-
ously considered, we have performed the calculations with
comparable accuracy to previous work.?® The basis set
for all Si calculations was plane waves up to 12 Ry in en-
ergy, corresponding to ~84 plane waves/atom near
V/Vy=0.9. Plane waves from 6 to 12 Ry were treated
with the second-order Léwdin scheme,? that includes the
perturbative expansion of the wave functions and charge
densities in terms of the Lowdin waves. The Lowdin
scheme is a tractable way of handling the large Hamil-
tonian matrices in the complex structures. The basis set
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FIG. 3. Energy of silicon in the relaxed B-8, diamond, and
B-tin phases as a function of reduced volume. The T-12 energy
is shown at one volume. The dashed common tangent lines
show that the stable phases under pressure are diamond and
B-tin. B-8 and T-12 are at slightly higher enthalpy and may be
formed only metastably.

for B-8 comprised of ~225 exact and 450 Lowdin waves
near V/V;=0.9, illustrating the size of the computations.

For the calculations shown in Fig. 3, integrations over
the Brillouin zone were performed with k sets of 1, 2, 4,
and 7 points for B-8; 2 and 10 points for diamond; and 1
and 6 points for T-12. While the smaller sets were ade-
quate for relative energies within each phase, the absolute
energies or energy differences between the phases were
fixed with the respective 7-, 10-, and 6-k-point calcula-
tions. A large number of points (40) was used for the me-
tallic B-tin.

The curves of Fig. 3 are obtained from fitting the calcu-
lated energies at 7, 5 and 8 volumes in the diamond, B-8
and f-tin phases, respectively, to the first-order Mur-
naghan equation of state®

B,V ,
0 [By(1—Vo/V)+(Vo/M 017,

E—Ey=
By(By—1)

(5)

which is derived from the assumption that the bulk
modulus B, varies linearly with the pressure

B(P)=By+B,P . 6)

In the present work, the Murnaghan equation has been
mainly used to connect the calculated energies with
smooth curves. Energy-volume curves have not been ex-
trapolated. Since the first-order Murnaghan equation
[based on Eq. (5)] is expected to be valid for pressures
P < B, more consistent values of the bulk modulus and
its derivative may be obtained from a second-order Mur-
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naghan equation [based on B(P)=B,+B'P++B"P?].

The structural properties of B-8 are first described, fol-
lowed by a discussion of its metastability, and an account
of the properties of T-12.

A. Properties of the B-8 phase

From these calculations we find the equilibrium B-8
structure at V' /¥V;=0.903 and x =0.1022 in satisfactory
agreement with the experimental results, V/V;=0.912
and x =0.1003+0.0008.° The calculated equilibrium
structure with the parameter x =0.1022, leads to bond
angles of 4B =98.42°, BB =117.89°, and bond lengths
R, 4=2.341 A, Rp=2.377 A. The minimum energy for
B-8 is calculated to be 0.13 eV per atom higher than that
of diamond. Fits to the Murnaghan equation of state over
the full volume range, provided the quantities B,=918
kbar, and By~3.79, for B-8.

The enthalpy difference between the B-8 and diamond
phases decreases with pressure, and the two phases are
equally stable at the points given by the common tangent
between B-8 and diamond shown in Fig. 3. The relaxa-
tion of the B-8 structure causes the internal parameter x
to increase to 0.105 at the transition point, i.e., the bond
angles are further distorted from tetrahedral
(L AB~97.41°; BB~118.36°) and more remarkably, the
difference in the bond lengths R, —Rp changes sign with
pressure (R,;=2.329 A; Rg=2.293 A at the transition
point)—the structure now having one long (4) bond and
three shorter (B) bonds. This prediction of the reversal of
the relative bond lengths could be tested by subjecting the
experimentally recovered B-8, to pressure again and per-
forming x-ray diffraction measurements.

From the force constant k associated with this internal
mode, we estimate that allowing for the structural relaxa-
tion lowers the B-8 diamond transition pressure by ~15
kbar, i.e., compared to the unrelaxed case with x fixed at
the experimental value. Further, the calculation of the
force constant k leads to a frequency of 410 cm ™! for the
I'{" optic mode which compared well with Raman mea-
surements®! of 416+2 cm~!. This Raman mode corre-
sponds to a compression of the A bonds and is signifi-
cantly softer than the 520 cm~! optic mode of diamond
silicon. The interpretation of the softening is that co-
valent bonds are slightly weaker in B-8 than diamond
despite the increase in density.

We have examined the electronic structure of B-8 sil-
icon and Fig. 4 shows the energies of the two states
around the Fermi level, at various high-symmetry points
in the Brillouin zone which are labeled with the usual con-
ventions.® The calculation was for a slightly compressed
B-8 volume (V/Vy=0.86 with x =0.1037). Within the
limitations of the LDA, these calculations find B-8 Si to
be semimetallic, with the valence and conduction bands
touching at the H point of the Brillouin zone, in a triply
degenerate state. As indicated in Fig. 4, there 'is band
overlap of ~0.34 eV between the zone boundary points H
and F, leading to a small, semimetallic Fermi surface. An
extremely small overlap also exists between H and N.
These results are different from previous empirical pseu-
dopotential calculations® which found a direct gap at H of
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FIG. 4. Schematic plot of the conduction-band minima and
valence-band maxima for B-8 Si, at high-symmetry points in the
Brillouin zone (using conventions of Ref. 8). B-8 Si is semime-
tallic at H and the structure of the touching bands is shown.
There is an overlap between H and F.

0.43 eV, caused by a different ordering of states at H.
However, the band touching feature at H was found in
the previous calculations for B-8 germanium.® The sem-
imetallic character or the small energy gaps, as well as the
presence of many-conduction-band valleys, may be a
source of novel electrical properties for B-8. We should
note, however, that the semimetallic nature of B-8 calcu-
lated here may be a consequence of the well-known defi-
ciency of the local-density approximation of yielding band
gaps that are substantially smaller than experiment. We
cannot resolve this point here.

We have made a simple estimate of the inaccuracy of
our total energies, that result from not accounting for the
semimetallic properties of B-8 Si. This estimate is based
on the result, derived by Janak,>? that the variation of the
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FIG. 5. Enthalpy H =FE + PV of diamond, B-8, and f3-tin sil-
icon phases as a function of pressure relative to the diamond
phase at zero pressure. [-tin is the stable phase above 70 kbar.
B-8 is metastable, close in enthalpy to the stable phases.
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density-functional total energy E,, with respect to the
state occupation f}, is the variational energy eigenvalue g;
of that state:

SE o /8f=¢; (7a)

Equation (7a) provides an interpretation for the energy
eigenvalues of density-functional theory. Small total ener-
gy differences from the ground state can then be estimat-
ed with the one-electron energies. The energy difference
caused by slightly changing the populations of states is
then

BE =3 8/ . (7b)

For B-8 Si, we find, in our calculations, a small Fermi
surface that contains at most 0.2 electrons out of a total
of 32 electrons/cell, thus causing an energy change of
<0.005 eV/atom. The B-8 total energies are thus insensi-
tive to its semimetallic character.

B. Metastability of B-8 Si

The relative stability of the different structures has been
examined by performing calculations on diamond and
B-tin with the same plane-wave cutoffs as for B-8, leading
to the results illustrated in Figs. 3 and 5. For the fB-tin
energy curve of Fig 3, the ¢ /a ratio was varied to make
the two inequivalent components of the stress equal. As
is evident from Fig. 3 there is a first-order transition from
the diamond to B-tin structures at a pressure, given by the
common tangent between the two phases, which we calcu-
late to be ~70 kbar. These calculations provide transition
volumes that compare very well (within 2 percent) to
those of Yin and Cohen,?® though a somewhat lower tran-
sition pressure.

The relative stability of the structures is more clearly
evident from Figs. 5 which plots the enthalpy of diamond,
B-tin, and B-8 as a function of pressure. Although B-8
becomes more stable than diamond above 107 kbar, the
lowest enthalpy states or stable phases are diamond at low
pressures and f3-tin at pressures above 70 kbar. The f3-tin
phase transforms further to the simple hexagonal phase at
a calculated pressure of ~80 kbar.>* B-8 has an enthalpy
only slightly higher than these phases at all pressures.
This implies that B-8 may only be formed as a metastable
phase over all pressure ranges for silicon, which is con-
sistent with the experimental findings.>’ Further, the B-8
enthalpy is in between that of diamond and 3-tin at pres-
sures below ~45 kbar and above ~ 107 kbar. Figure 5 in-
dicates that if the 3-tin to diamond transition is inhibited
by kinetic considerations at the metallization pressure
(~70 kbar in Fig. 5), B-tin may in fact transform to B-8
at the lower pressure of ~45 kbar where B-8 is more
stable than f3-tin.

The metastability of B-8 relative to diamond at ambient
pressures can be understood by examining a shear distor-
tion path between the B-8 and diamond structures. This
shear path involves a sliding of double layers of diamond.
Since diamond and B-8 are topologically very different,
this transformation requires breaking and reforming as
many as one-quarter of all tetrahedral bonds. This large

bond-breaking implies a high-energy barrier between dia-
mond and B-8, and indicates why B-8 can remain meta-
stable relative to diamond at zero pressure.

It is worth noting that similar transition paths can be
constructed between B-8 and wurtzite. Fewer bonds are
broken in this transformation, than between B-8 and dia-
mond. This suggests why B-8 is often converted to wurt-
zite silicon on thermal annealing.

The phase transformation from the metallic 3-tin phase
to B-8 or diamond involves complex kinetic considera-
tions. The added metallic coordination of B-tin makes it
easier to transform between metallic B-tin and insulating
structures, than between two insulating structures that are
topologically dissimilar, and only very-high-symmetry
distortion paths between f3-tin and diamond have been in-
vestigated.**

In experiments, the Si samples break up into a polycrys-
talline form on transition to the B-tin phase. This micro-
crystalline nature of B-tin along with the presence of grain
boundaries and defects, may ease the nucleation of com-
plex phases like B-8 and T-12, from f3-tin. The kinetics of
phase transformations may be an aspect for further stud-
ies, particularly with molecular-dynamics simulations us-
ing classical interatomic Si potentials.

Our calculation of 70 kbar for the diamond f-tin tran-
sition pressure needs to be scaled upwards to compare
with the experimental value of ~125 kbar. This scaling
may represent inherent inaccuracies of the density-
functional calculation. The calculated pressure of 107
kbar for the point at which diamond and B-8 are equally
stable, could also scale upwards in the same way, imply-
ing that B-8 is metastable. However an alternative possi-
bility is that the corrections for B-8 and diamond are very
similar since they have similar local bonding, but quite
different for metallic B-tin. If the value of 107 kbar com-
pares well with experiment, this would imply that B-8 Si
is a stable phase over a narrow range of pressures (107
kbar to 125 kbar).

C. T-12

In comparison to B-8, T-12 has five structural degrees
of freedom and, lacks a center of inversion, resulting in a
complex Hamiltonian matrix that makes calculations for
T-12 much more difficult than for B-8. A calculation at
one volume for T-12 is indicated in Fig. 3. For this calcu-
lation the five free parameters of T-12 were approximate-
ly relaxed. The important result is that the T-12 structure
was close in energy to B-8, both structures then being al-
most stable in silicon. The energy differences between
these structures and diamond, are close to that measured
(0.123+.007 eV/atom) for amorphous silicon,* through
calorimetry experiments, suggesting there may be a num-
ber of topologically different structures with locally simi-
lar distorted tetrahedral bonding that have similar ener-
gies. This is also supported by calculations of distorted
tetrahedral structures with 16 to 20 atoms/cell.’® These
were found to be only slightly higher energy than dia-
mond ( ~0.01 eV/atom).3® Generally the local tetrahedral
distortions of these phases are smaller than in B-8 and
T-12, but lead to larger unit cells.
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The relaxation of the T-12 structure was achieved with
calculations of the forces and stresses (F;), which were
used to construct a force matrix C;; through

E—Ey=7 > X,C;X; (8)
ij

and

J

Here the definition of F; is generalized to include the
stresses and X; is the structural parameter conjugate to
F;. For T-12, the X; were chosen to be (V' —V,.q)/V,
e3—%(e1 +e,+e3), a, x, y, and z, resulting in the quan-
tities F; being PV,q, (0, —0x,) and the fa, where f were
the appropriate conjugate forces in the unit cell and a the
lattice constant. V4 is the true equilibrium T-12 volume,
e;’s are the elastic strains and o,,,0,, the stresses.

Calculations of the forces F;’s were performed on
changing each X; separately, and led to the construction
of the full 6 X6 C;; matrix through

3F, __
an_ ik >

(10)

and six pairs of calculations. However the matrix C;; was
found to be asymmetric due to the numerical noise in-
volved in computing small differences between forces that
themselves were small. A further attempt to determine
the equilibrium structure seemed unwarranted. The dif-
ferent partially relaxed configurations resulting from
changing each X; separately, differed in total energy by
<0.017 eV/atom at the volume shown in Fig. 3.

Perhaps ab initio methods that use localized basis sets’’
may be less susceptible to such numerical problems and
may be useful for future work on such complex systems.
T-12 may be ideally suited for studies with recently
developed molecular-dynamics simulated annealing tech-
niques within the LDA,*® or with accurate classical two-
and three-body interatomic potential models of silicon.*®
In fact, the structural energies of insulating and metallic
structures, such as presented here has been the key input
in developing such accurate classical potentials that glo-
bally model energies of Si structures.

These calculations revealed a remarkable soft mode of
T-12. This mode involves a rotation of the two spirals of
the unit cell, in opposite senses relative to each other, and
a relative displacement of the spirals along the z axis.
Thus, each spiral undergoes a screw motion in opposite
senses. This mode is associated with bond-bending forces
only between the A4,C; A,B; and B,C bonds, which ac-
counts for its low energy, and should give rise to a low-
frequency I'; phonon. In comparison, bond-stretching
forces are large and displacements that distort the shape
of the spirals are energetically expensive. The energy cal-
culations for T-12 indicate that its bulk modulus may not
be as low as previously predicted.*

Useful information on the electronic structure was ob-
tained from the 6-k-point calculations. We found the top
of the valence band to vary between 10.02 and 10.62 eV,
and the bottom of the conduction band between 12.19 and
12.76 eV, with direct gaps ranging between 1.73 and 2.40
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eV and a smallest indirect gap of 1.57 eV. These calcula-
tions then suggest relatively flat valence and conduction
bands in T-12, in agreement with the empirical pseudopo-
tential calculations of Ref. 8. The energy gaps of T-12 are
generally larger than those calculated for diamond-Si with
this LDA method. It has been argued quite generally®
that the presence of odd-membered rings removes states
away from the gap, whereas the presence of distorted
even-membered rings introduces states into the gap, and
this feature is supported by the present B-8 and T-12 cal-
culations. A well-defined gap in the densities of electron-
ic states is also present in amorphous silicon.

V. THE STABILITY OF CARBON

The discussion of silicon leads to interesting conse-
quences for the high-pressure phase diagram of carbon.
The stability of diamond-carbon is important in setting an
upper limit to pressures that may be achieved in diamond
anvil cells. Previous calculations by Yin and Cohen!’
found that the simple metallic phases (e.g., fcc, bee, B-tin)
were much higher in energy than diamond, and had
equilibrium volumes very close to, or even larger than dia-
mond. This led to the prediction that diamond was more
stable than all the simple metallic phases considered up to
a pressure of 23 Mbar (where the volume is compressed to
1+V,), at which point the simple cubic phase becomes
more stable.

However, on the basis of simple tetrahedral packing
considerations, the complex phases (B-8 and T-12) would
be expected to have equilibrium volumes smaller than the
diamond, and further, should be lower in energy than the
metallic phases. This suggests that these complex struc-
tures can be stable phases of carbon under pressure, and
more stable than diamond at a large enough pressure. We
have investigated the stability of carbon in diamond, B-8,
and the structure proposed in Ref. 41.

To establish the accuracy of our calculations for car-
bon, we first show the calculations of energy versus
volume for diamond in Fig. 6. These calculations were
performed with constant basis sets which produces
smoother energy-volume curves (and hence more con-
sistent values of the calculated pressures), than the
method of constant energy cutoffs (which was used for
silicon). Many more plane waves are required for conver-
gence for carbon, than for silicon, since the absence of p
electrons in the carbon core allows the valence p electrons
to approach closer to the carbon nucleus. Consequently a
very large basis set of 215 exact plane waves/atom was
used for diamond (corresponding to an energy cutoff of
50 Ry near equilibrium and ~ 80 Ry near the transition),
and the resulting energy-volume curve is shown as dia-
mond A4 in Fig. 6. Fitting this curve over the full volume
range to the Murnaghan equation of state led to the
equilibrium properties of V/V,=0.982, B =4.94 Mbar,
dB/dP =2.6, in good agreement with previous calcula-
tions!”37 and experiment?‘1 (Vy=5.673 A3, B=4.42
Mbar, dB /dP ~4).

However a comparison of B-8 and diamond necessitates
calculations of similar accuracy in the two structures and
for this purpose a smaller basis set of ~85 plane
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waves/atom (approximately half were treated by Lowdin
perturbation theory) was used for the diamond B curve in
Fig. 6. Comparison of the curves 4 and B shows the im-
portant result that, although the larger basis set is needed
near the equilibrium volumes, the smaller basis set be-
comes increasingly sufficient (and the calculations B in-
creasingly accurate) at the reduced volumes near the
predicted transition.

The reason the diamond A4 and B curves approach each
other closely at the small volumes is related to the kinetic
piece of the total energy increasing very rapidly (~1/r?)
under compression. At the compressed volume, the po-
tential in the Hamiltonian matrix appears much weaker
relative to the kinetic part, and the basis set becomes more
complete. It is worth noting that the energy difference be-
tween 4 and B is a simple function of the volume
(8E ~V*3).

Consequently the diamond B curve is compared with a
calculation of the B-8 carbon energy at compressed
volumes in Fig. 7. Both diamond B and B-8 curves have
the same basis set (~85 plane waves/atom). The inset
shows that B-8 is lower in energy than diamond for
V/Vy<0.45 and well below the simple cubic phase taken
from Ref. 17. B-8 becomes more stable than diamond at
a pressure of 12 Mbar—the slope of the common tangent
between B-8 and diamond. The transition between these
two phases involves a small volume change of =0.011V,.

The transition can alternatively be seen from Fig. 8
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FIG. 6. Energy of carbon in the diamond phase as a function
of reduced volume. Curves A4 and B are for larger and smaller
basis sets and show that the smaller set used for B and for B-8
are accurate at small volumes near the transition.

which is a plot of the enthalpy H =F + PV, as a function
of the pressure. The solid lines are from the fitted equa-
tions of state of energy versus volume, whereas the points
are from direct calculations of energy and pressure. That
the points are on the fitted curves demonstrates the con-
sistency of computing pressures, and also that from a few
calculations of the pressure and energy, one can infer the
transition and estimate the transition pressure to within
10%.

In performing the B-8 calculations, the B-8 structure
was relaxed as in the Si calculations. The calculated inter-
nal parameter varied from 0.0955 at V/V;=0.85 to
0.1030 at V' /V,=0.45, implying a change of bond angles
of < 1° over this large volume range illustrative of the
large bond-bending forces in carbon. As in Si the conduc-
tion bands touch at H so that there is no gap within the
LDA, though large direct gaps were present at other test-
ed points in the zone.

Also shown in Fig. 7 is a calculation for a proposed dis-
torted  tetrahedral  structure of  Matyushenko,
Stiel’nitskii, and Gusev (MSG) that consists of 8-atom
cubes arranged on a bcc lattice, producing bond angles of
90° and 125°. Although this structure is also body-
centered cubic with 8 atoms per cell, it has the full sym-
metry of the cubic group. We find that this MSG struc-
ture has both higher energy and higher pressure than B-8,

-144 T T - 1447 T T T

CARBON

T

-147

SIMPLE

CUBIC] i

E N,
¢ N
~
]
< -450 -
>
(]
x
w
Z
w
-153
DIAMOND B
~ 158 L L I I I

0.4 0.6 o8 1.0 1.2
VOLUME V/Vy

FIG. 7. Energy of carbon in the diamond and B-8 phases.
Calculations use the smaller basis set. The inset is an expanded
view of the region where B-8 becomes more stable than dia-
mond. The energy of simple cubic from Ref. 17 is shown for
comparison. The 8 atoms/unit cell structure proposed in Ref.
41 is both higher in energy and pressure.
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FIG. 8. Enthalpy H =E + PV of carbon in the diamond and
B-8 phases as a function of pressure P, showing the transition at
12 Mbar. The points are calculated directly and the curves are
fitted equations of state from Fig. 7.

indicating that it is not likely to be either a stable or meta-
stable structure. However, it is possible that in the Soviet
experiment (MSG) the B-8 carbon structure was instead
synthesized, since both the MSG and B-8 structures have
very similar diffraction patterns and the measured volume
was very close to that expected for equilibrium B-8.

To ascertain the sensitivity of these results to the pseu-
dopotential used,*” we examined the different and more
accurate pseudopotential®® which has a smaller core ra-
dius and consequently required many more plane waves
for convergence. A calculation with as many as ~400
plane waves/atom for diamond at V/V;=0.48, yielded
pressures very similar to those previously computed, sug-
gesting that the details of the potential are unimportant
for these conclusions.

A qualification on these results concerns the phonon
energies, which have not been included in the ground-state
total energies shown for silicon and carbon. The Debye
temperatures (energies) of Si and C are 625 K (0.062
eV/atom) and 1860 K (0.185 eV/atom), respectively, and
the zero-point energies can be simply estimated as + of
the Debye energies. Though the zero-point energies ap-
pear large on the scale of Fig. 3, it is the differences in the
vibrational energies between the different structures that
would alter the relative energies of the phases. The mag-
nitude of such vibrational energy differences is difficult to
estimate with the present calculations, since it requires
computations of low-symmetry phonon energies in the
large unit-cell structures. However, calculations of the

9567

phonon spectrum in B-8 and diamond-structure silicon
have been performed,** using the adiabatic bond charge
model. The calculated densities of one-phonon states ap-
pears similar in the B-8 and diamond structures* suggest-
ing that the vibrational energy differences between the
two phases may be small.

Generally the distorted tetrahedral structures have
weaker bonds and may be expected to have softer phonons
(and larger vibrational energies) than diamond, leading to
an increase in the B-8 diamond energy difference. An es-
timate of the contributions of the vibrational energies to
the relative stability of these structures may be an aspect
for further study.

VI. CONCLUSIONS

In summary, we have examined the structural stability
of Si and C in the complex tetrahedral and diamond
structures (and for Si, f3-tin also), with ab initio calcula-
tions of total energies, forces, and stresses. We find the
complex tetrahedral B-8 Si structure to have enthalpy
only slightly higher than the stable phases (diamond at
low pressures and f3-tin at higher pressures). This is con-
sistent with the experimental finding of the metastability
of B-8 and T-12 Si, and their formation during pressure
reduction in high-pressure experiments. B-8 Si is slightly
semimetallic, whereas T-12 Si has an indirect gap larger
than diamond-structure Si. A zone-center optic vibration
frequency for B-8 Si has been computed, and agrees well
with experiment. The determined zero-pressure structural
geometry from the present calculations also agrees well
with x-ray diffraction determinations of the complex
structures. New predictions are made for a reversal of the
bond lengths of B-8 Si under pressure and for an unusual
soft mode of T-12.

For carbon we have found a new stability limit of dia-
mond of 12 Mbar, at which point it becomes more favor-
able for the tetrahedra to distort and pack more closely in
the B-8 phase. Although this is a high pressure, it is
much lower than the pressure of 23 Mbar found previous-
ly'® for transitions to simple metallic phases. However, it
is always possible that diamond may transform to another
structure, not considered so far, at a pressure lower than
12 Mbar. Also uniaxial stresses may lead to transitions at
lower pressures*’ than 12 Mbar found here. These con-
clusions on the stability of diamond rest upon the assump-
tions of the LDA and rigid ionic pseudopotentials at the
greatly compressed volumes. The latter could be checked
by all electron calculations.
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