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Possible high-pressure phase of diamond

S. Serra,* G. Benedek, M. Facchinetti, and L. Miglio
Istituto Nazionale per la Fisica della Materia, Dipartimento di Scienza dei Materiali dell’Universita`, via Einaudi 15,

I-20126 Milano, Italy
~Received 22 August 1997!

We theoretically investigate a hypotheticalsp3 form of diamond carbon with 16 atoms per unit cell. It
contains fivefold rings as a possible result of fullerene transformation under pressure and could be a stable
phase of diamond at high pressure. We have calculated the ground-state structure, the cohesive energy, the bulk
modulus, and the electronic density of states by means of tight-binding molecular-dynamics and density-
functional total-energy calculations. Finally we have compared the phonon spectra atG and the Raman spectra
to existing Raman data for a possible noncubic phase of diamond.@S0163-1829~98!02109-2#
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I. INTRODUCTION

The progress made in growing diamond films and d
mondlike films has renewed interest in the identification
novel possible allotropes of carbon. This research aim
improving our knowledge of the carbon phase diagram,
favoring the determination of new structures and pha
which may appear in the synthesis of diamondlike film
Since the calculations of Fahy and Louie,1 it became clear
that these allotropes should be found only in threefold- a
fourfold-coordinated structures even at pressures of the o
of 10–20 Mbar, any higher coordination having a too lo
stability. These first studies1,2 have shown a remarkably dif
ferent behavior of carbon with respect to silicon and germ
nium, because of the large difference in the enthalpy
fourfold- and threefold-coordinated networks with respect
those with sixfold, eightfold, and 12-fold coordination. The
are found to be 2.5, 4.5, and 5 eV/atom less stable t
diamond, respectively. As a consequence only fourfo
coordinated phases~bc-8, st-12,R8, cubic diamond, and
hexagonal lonsdaleite! have been predicted at pressures,20
Mbar, while metallic sixfold-coordinated phases~such as
simple cubic! should appear only at larger pressures~20–30
Mbar!.

The unique bonding strength of diamond makes it a m
terial of extreme properties with technological applicatio
of enormous importance. Among them, particularly intere
ing for this context is the development of diamond anvil ce
~DAC’s! capable of sustaining megabar pressures.3 In this
work we address the problem of the behavior of carbon
pressures,20 Mbar, which is still a matter of discussion
lacking reliable experimental data. The present limit to
pressure experimentally attainable in hydrostatic conditi
approaches 4.5 Mbar. Unfortunately, this value is still too
away from the calculated stability limit of diamond in th
aforementioned conditions, so that the theoretical predicti
cannot be directly verified. The theoretical attempts to de
mine an upper bound on the stability limit of carbon ha
focused on the determination of phase transitions from to
energy calculations of different crystalline structures likeb-
Sn, face-centered-cubic, body-centered-cubic, hexago
close-packed, simple cubic, and several fourfold-coordina
networks. From these calculations the simple cubic struc
570163-1829/98/57~10!/5661~7!/$15.00
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is found to be the most stable structure in the high-press
part of carbon phase diagram for pressures higher than
Mbar.1,2 At lower pressures the results are still a matter
debate. By analogy with silicon and germanium, bc-8~a
body-centered-cubic structure with eight molecules per u
cell! has been proposed by Fahy and Louie1 to be the stable
phase of carbon in the intermediate region, where it beco
more stable than diamond for pressures as large as 11 M
Further studies, by Clarket al.,4 have lowered the transition
pressure to 6 Mbar, in particular from diamond to a rhomb
hedralR8 structure~a rhombohedral structure with eight a
oms per unit cell!, which seems to be stable from pressure
6 Mbar up to 30 Mbar. Anyhow, the question is far fro
being solved; new phases may lower the limit further, a
changes in the transition pressures ofR8 may be obtained
using more accurate calculations~Clark et al.have used only
30 Ry for the energy cutoff!. The st-12~simple tetragonal
with 12 atoms per unit cell! is always less stable tha
diamond.1

Recentab initio simulations5 making use of the variable
cell method6 have questioned this argument, as the diamo
to bc-8 transition or to any other proposedsp3 carbon net-
work has not been observed; on the contrary a sudden t
sition to a new metallic phase, called sc-4, has been fou
which turns out to be only metastable with respect to bc
Although also this approach suffers some limitations due
the brief simulation times and small size of the simulati
box ~which can induce an overestimation of the transiti
pressures!, it indicates the presence of high energetic barri
which make the transformation to bc-8 or R-8 very unlike
Moreover, it was already pointed out by Fahy and Louie t
bc-8 should not be a metastable phase of carbon at low p
sures, in contrast with the case of silicon, since the recon
sion into graphite would proceed with no energy barri
Similar arguments can be applied also toR8, being much
less stable than diamond at low pressure. These cons
ations suggest that bc-8 may not be the high-press
fourfold-coordinated allotrope of carbon and stimulated us
search for a possible alternative. Concerning the experim
tal data, they clearly show that diamond is stable up to
pressures reachable, which are unfortunately much lo
than the theoretically determined limit.

So far we have considered only the case of hydrost
5661 © 1998 The American Physical Society
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FIG. 1. Left panel: bct-4 crystal structure with the additional bonds~in black! considered in the rebonding procedure. Right pan
resulting crystal structure of tcl-16.
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compression. Experimentally diamond is known to unde
changes in the bonding properties under uniaxial stres
much lower pressure (;2 Mbar!, where the Raman respons
changes and fluorescence emission is observed. This
been demonstrated by Mao and Hemley7,8 and Liu and
Vohra.9 In particular they have shown that these transform
tions occur in diamond by a tetragonal distortion~compres-
sion along thê 001& axis! of the unit cell. The nature o
these changes is not still clear, but it may indicate a str
tural transformation of diamond under uniaxial compressi
The structuresR8 and bc-8 do not seem to be good can
dates for such transformations as they are much less s
~0.9 and 0.7 eV/atom, respectively! than diamond at low
pressures (, 1 Mbar!, and alternative phases must be fou
also in this important case, where the stability limit of di
mond is much smaller.

Our search has been biased by the conjecture that
presence of fivefold rings in ansp3 network may increase
the stiffness of diamondlike materials, resulting in a mate
harder than diamond. Moreover, such a structure may g
an alternative and more favorable way of reconverting f
lerite under moderate pressure, involving a relativ
straightforward atomic rearrangement. Thus, we have
dicted a possiblesp3 triclinic form of diamond with 16 at-
oms for the unit cell, which we have named tcl-16. Th
phase is characterized by periodic arrays of fivefold, sev
fold, and sixfold rings~Fig. 1, right panel!. We have calcu-
lated the structural and electronic properties of this phase
means of tight-binding molecular dynamics~TBMD!, based
on a very flexible potential that we have previous
developed.10 Then, we have refined our predictions by
state-of-the-artab initio approach. We have found that tcl-1
has a high stability and a large bulk modulus, comparabl
body-centered~bc-8!, R8, and simple tetragonal~st-12!
phases,1 both features pointing it out as an interesting a
competitive hypothetical material.

The paper is organized as follows: In Sec. II we pres
the topological properties of tcl-16; in Sec. III we give som
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computational details on the methods, along with the str
tural and electronic properties of this new phase, its b
modulus, and transition pressure. In Sec. IV we present
phonon and the Raman spectra of tcl-16 atG as calculated by
TBMD. Comparison to recent spectroscopic results and c
clusions are found in Sec. V.

II. TOPOLOGY OF THE tcl-16 PHASE

The tcl-16 phase can be generated through the rebon
of the bct-4 phase. The bct-4 phase is an allsp2 structure
proposed by Hoffmanet al.11 and quantitatively studied by
Liu and Cohen,12 who found it relatively stable~0.3 eV
above diamond!. The bct-4 crystal consists of buckled laye
of carbon chains joined by bonds parallel to thec axis ~see
Fig. 1, left panel! and displays a body-centered tetragon
unit cell with four atoms per unit cell. It has been predict
to be mechanically stable with respect to the transforma
into diamond, at variance with a similar phase of hexago
symmetry, named H-6.13 The basal planes of H-6 and bct-
are very similar to the~111! and ~100! diamond surfaces
respectively. As a consequence it was suggested tha
would be possible to grow a bct-4 carbon crystal as
pseudomorphic phase on the diamond~100! surface. As can
be seen from Fig. 1, bct-4 is constituted by large rings of
atoms. Such rings can be unstable towards rebonding, e
at low pressures, which leads to smaller rings.

In Fig. 1 ~left panel! we show a possible rebonding pro
cess which generates tcl-16 from bct-4. A compression al
a and b axes directly leads to the closure of the large te
membered rings, giving pentagons and heptagons along
two crystallographic directions and hexagons along the th
one. This transformation involves continuous deformatio
without any bond breaking, so that this transformation p
should have a comparatively low barrier and might occ
even at low temperature. The resultingsp3 structure has a
triclinic symmetry and has 16 atoms per unit cell~Fig. 1,
right panel!.
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57 5663POSSIBLE HIGH-PRESSURE PHASE OF DIAMOND
In Fig. 2 we show a two-dimensional projection of th
tcl-16 unit cell along two different crystallographic dire
tions, which shows the characteristic periodic array of fiv
fold and sevenfold rings along thea andb axes and sixfold
rings along thec axis. From a topological point of view bct-
is a platonic three-fold-connected net (103)4,14 while tcl-16
is a four-fold-connected net (63527)16. This means that two
of the six shortest rings per atom are five-fold rings aga
only one seven-fold ring. The conjecture about a large s
ness of tcl-16 relies on this topological argument.

It is interesting to note that tcl-16 can be seen as a se
buckled hexagonal layers stacked along thec axis in
a . . . ABCD. . . sequence and joined by pentagons and h
tagons. This would suggest that tcl-16 could spontaneo
appear from diamond or lonsdaleite simply by sliding t
buckled hexagonal layers, which are present also in th
structures. In particular this may happen at high press
during the process of carbon metallization.

There is an important difference between diamond, lo
daleite, bc-8, and our tcl-16, since in the latter the hexago
rings are stacked in planes which are progressively rota
by 30°. The resulting misorientation is accommodated by
presence of pentagons and heptagons with bonds of diffe
lengths and angles.

Incidentally, this peculiarity may stabilize tcl-16 with re
spect to the reconversion into graphite, contrarily to bc-8
the latter case an elongation of the bonds along thec axis
leads directly into graphite, while in tcl-16 it would give ris
to misoriented graphite planes, making this path unrealis
Therefore, reconversion into graphite should take a differ
and more complicated path, involving atomic rearrangeme
at a larger extent, probably with a higher-energy barr
These qualitative considerations suggest that the tcl-16
be a metastable phase of carbon even at low pressure.

III. STRUCTURAL AND ELECTRONIC PROPERTIES
OF THE tcl-16 PHASE

Both the actual equilibrium configuration of the atom
within the unit cell and the sides of unit cell have been d
termined by minimizing the total energy with tight-bindin
molecular dynamics based on the Serra-Molteni-Mig
~SMM! carbon potential.10 This potential has been fitted t
the ab initio calculations of the band structure and total e
ergies of diamond, graphite, and linear chain. Thanks to
inclusion of a many-body part in the repulsive part of t
potential, it is able to reproduce very well the phase diagr

FIG. 2. Two-dimensional representation of tcl-16 structu
alonga, b, andc axes.
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of carbon even for the high-pressure phases of car
~simple cubic, body-centered cubic, face-centered cub!.
The TBMD method makes use of the TB potentials to c
culate the ionic interactions in molecular-dynamics simu
tions. Due to the explicit inclusion of the electronic degre
of freedom in the calculation, it has been proved to hav
reliability and transferability much higher than totally em
pirical potential and comparable to theab initio simulations.
TBMD is particularly efficient in performing structural relax
ation or for studying structural transformations or simply
calculate phonons even in disordered systems. As a matt
fact we used TBMD to determine the liquid and amorpho
carbon structure, finding good agreement with the exp
mental data of their structural properties. A detailed desc
tion of this potential and its performances concerni
phonons, stability, and equilibrium properties of many d
ferent carbon politypes twofold-, threefold-, and fourfol
coordinated~always within few percent of the corresponde
experimental orab initio results! has been given elsewhere.10

On the basis of these previous calculations we expect
potential be able to work well for the structural propertie
stabilities, and phonons of carbon polytypes, in particular
threefold- and fourfold-coordinated networks even at h
pressure.

The computational scheme that we have adopted is
following: We first fix the cell parametersa andc/a and let
the atoms freely relax to their ground state by a simula
annealing~SA! technique. Then, starting from these atom
positions, we slightly adjust the values ofa and c/a and
iterate the SA run. We have repeated this procedure for s
eral unit cell parameters until the global minimum w
found. In Fig. 3 we show the resulting bond length and bo
angle distributions. As for the bc-8 structure,1 tcl-16 does not
display a perfectly tetrahedral site symmetry, albeit four c
ordinated. Owing to the low symmetry, the number of u
equivalent bonds is quite large, resulting in a sensible spr
of the bond length and bond angles.

These results have been checked and further refined bab
initio calculations in the local density approximation~LDA !,
using a state-of-the-art pseudopotential description of
electron-ion interaction. Besides we have adopted grad
corrections in the exchange and correlation function
within the generalized gradient approximation~GGA!,15

which are known to have an important influence on the tr
sition pressure.

All the calculations have been done with 32 points in t
irreducible Brillouin zone of tcl-16~125 for diamond! and
with an energy cutoff of 40 Ry in the plane wave basis s

FIG. 3. Bond length distribution of tcl-16~left panel! and bond
angle distribution~right panel!.
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This ensures good convergence in our calculations.
total-energy curve has been calculated for different volum
with a constant energy cutoff. For each volume we ha
minimized the ionic positions by a standard gradie
conjugated algorithm and found the strain-free configurat
of the cell ~no off-diagonal elements in the stress tensor!.

We have obtained the most stable configuration hav
unit vectors of the crystal latticea, b, andc equal to (d,0,0),
(0,d,0), and (u,u, f ), respectively, with d54.717 Å,
f 54.6768 Å, andu51.144 Å. Actually, the TB calculations
are within 2% of the LDA ones. The total energy vers
volume was also obtained within the same tight-bind
scheme, and the bulk modulus was calculated by fitting
total-energy curve by the Murnaghan equation of stat16

Taking full advantage of the relatively low computation
cost of the semiempirical TB scheme, we used a very h
number ofk points in the Brillouin zone~8000 points!. The
cohesive energy turns out to be only 0.23 eV above tha
diamond against 0.3 eV for the bct-4 structure, while
LDA calculation gives 0.30 eV. Moreover, the bulk modul
is found to be 413 GPa by the TB scheme, and 408 GPa
the LDA, which represents, to our knowledge, the stiffe
phase of carbon after the hexagonal~lonsdaleite! and cubic
diamond forms.17

In order to confirm the conjecture that tcl-16 could be
metastable phase of carbon at low pressure (, 1 Mbar!, we
have calculated the energy barrier for the reconversion
tcl-16 into graphiticlike planes. Following Fahy, Louie, an
Cohen,18 this is possible by only breaking one bond per ato
by a progressive elongation of thec axis with a relaxation of
the atomic positions. Along this path, which transform
tcl-16 into a graphiticlike structure with misoriented gr
phitic planes, we have found an energy barrier of 0.21 eV
atom. Looking to the topology of tcl-16 it seems likely th

FIG. 4. Ab initio LDA results for total energy vs atomic volum
~upper panel! and enthalpy vs pressure~lower panel! for tcl-16 and
diamond~solid line!.
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this is the path which transforms tcl-16 into a graphitic stru
ture with the lowest-energy barrier. This result suggests
tcl-16 is a metastable phase of carbon at low pressure.

In Fig. 4 we show the total energy and enthalpy vers
atomic volume of tcl-16 and diamond. A remarkable featu
is the high density of this new phase, slightly smaller th
that of diamond and consistent with the high stability a
bulk modulus. In particular, the smaller value of the bu
modulus with respect to diamond is due to the elongation
the bonds on thec axis of the unit cell, which produces a
increase in the mean bond length and in turn a decreas
the density. Concerning this point, we recall that the b
modulusB, as it has been shown by Cohen,19 is inversely
proportional to the bond length. Unfortunately this effe
overcompensates the stiffening of the bonds induced by p
tagons and yields an overall softening of the bulk modul
From these data it has been possible to calculate the tra
tion pressure from cubic to tcl-16 diamond, by simply fin
ing the common tangent to their energy curves. We h
found the value of 18 Mbar~12 Mbar with the TB scheme!,
which is in the expected range of pressure and comparab
the one for the diamond–bc-8 transition. This confirms t
our tcl-16 is in competition with bc-8 andR8 in this range of
pressure. Even if both bc-8 andR8 have a lower transition
pressure for hydrostatic compression, tcl-16 may hav
lower transition barrier in the uniaxial load case, being mu
more stable than bc-8 andR8 at lower pressure. Conse
quently it could be easier to obtain it with a transition in t
uniaxial load case. Concerning this point, we want to po
out that a compression along the~001! direction, as in the
previously mentioned experiment of Mao and Hemley, m
lead to a sliding of the~111! hexagonal planes, giving rise t
a phase transformation compatible with the tcl-16 structu
Investigations along this direction are now in progress.

In Fig. 5 we show the electronic density of states~EDOS!
of tcl-16 and diamond, along with the main character of t
electronic states. It can be seen that the gap is only slig
increased~5.55 eV instead of 5.5 eV!. The s band at lower
energy is wider with respect to diamond while thep band
becomes more localized, resulting in a lack of thesp hybrid
peak, which is characteristic of diamond.

It is interesting to note that the tendency to become m
tallic by an increasing of pressure in fourfold-coordinat
structures seems to be related to the presence of tetrah
bonds in the eclipsed configuration. Indeed the fourfo
coordinated nets bc-8, hex-4~lonsdaleite!, and tcl-16 display
this behavior, unlike diamond, which is the only fourfold

FIG. 5. Electronic density of states of diamond~left panel! and
tcl-16 ~right panel! in comparison.



57 5665POSSIBLE HIGH-PRESSURE PHASE OF DIAMOND
FIG. 6. Raman spectra of tcl-16 obtained from a TBMD simulation.
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coordinated net with bonds only in the staggered configu
tion. This can be understood from simple geometric cons
erations, based on the fact that the eclipsed configura
increases thep coupling between second neighbors, resu
ing in a spectral broadening of antibonding states, wh
shrinks the gap.

It is our opinion that metallization of carbon proceeds fi
by partial reconversion of tetrahedral bonds from a stagge
to eclipsed configuration. This can be achieved by sliding
hexagonal planes, possibly leading to bc-8,R8, or tcl-16: By
increasing pressure, the presence of eclipsed bonds sh
favor the reconversion into the final simple cubic lattice. T
latter mechanism is due to the fact that the eclipsed confi
ration promotes the closure of bonds between second ne
bors, forming the squared rings of the simple cubic netwo
We believe that the negative results of Scandoloet al.5 may
be related to the relatively short period of time accessible
computer simulations, along with the stiffness of carb
bonds. As a matter of fact, it is clearly stated in that pa
that bc-4 is only a metastable state of carbon at high p
sures with higher enthalpy with respect to bc-8.

IV. CALCULATED RAMAN SPECTRA OF tcl-16

In order to characterize new phases which may occu
artificial diamondlike materials and thin films, it is very us
ful to know their vibrational spectra and in particular the
Raman spectra. Comparison to the experimental data
vides indications on the nature and structure of the obse
samples.

We have calculated theG-point phonon density of tcl-16
by a TBMD calculation of the velocity correlations. The R
man spectra have been directly derived from M
simulations,21 within the bond polarizability model due t
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Bermejoet al.22 This model, thanks to the fine transferabili
of the bond polarizability parameters, is known to give go
results for diamond and graphitelike materials, fulleren
included.23 In Fig. 6 we show the theoretical Raman spec
of tcl-16 for the different components of the Raman tens
The spectra are characterized by the presence of a st
anisotropy between thezz component and thexx and yy
components, as given by the reversal in the intensity of

FIG. 7. Comparison between experimental Raman d
~Ref. 24! ~b! and vibrational spectrum obtained by a TBMD sim
lation ~a!.
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two major peaks located at 1190 cm21 and 1020 cm21,
respectively. For comparison, diamond displays only o
peak at 1330 cm21, the higher value of the frequency re
flecting the higher value of the bulk modulus. Such a chan
in the Raman tensor components from thec axis to thexy
plane is structurally consistent with the fact that bonds alo
the z axes are longer~and weaker! than those of thexy
plane.

In Fig. 7~a! we report the total zone-center phonon dens
as obtained from MD simulations. This includes, besid
Raman-active modes, also infrared-active and silent mo
belonging to various irreducible representation of the crys
point group. In the next section we discuss these result
the light of recent Raman scattering data collected for cr
talline carbon materials and intermediate phases which oc
during the growth process of diamondlike films.

V. CONCLUSION

The relatively high stability of tcl-16, which is compa
rable toR8, bc-8, and st-12 phases, suggests it as a poss
intermediate phase in the transformation fromsp2 to sp3

carbon networks and that it can be competitive with oth
well-known sp3 crystalline forms. We have given som
qualitative and quantitative arguments along this line, in p
ticular for the transformation from bct-4 to tcl-16. This con
version to tcl-16 seems to be easier than to diamond its
due to the structural affinity between bct-4 and tcl-16. Mo
over, in the polymerization of C60 fullerites under pressure,20

the presence of five-membered rings is believed to be imp
tant for the transformation into diamondlike forms, by inco
porating pentagonal rings in a tridimensional structure. Th
tcl-16 could be favored with respect to diamond, londsda
ite, or bc-8 sp3 networks, which are constituted only o
hexagons. These phases should have a higher-energy b
for their transformation, needing complicated bond-break
and rebonding mechanisms, which is certainly difficult at t
comparatively low temperatures~700–900 K! used, e.g., in
the experiments of Kozlovet al.20
e
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As a matter of fact, in another work, Kozlovet al.24 have
found the presence of anoncubic (or hexagonal)phase of
diamond in diamond films produced by laser ablation of fu
lerite compressed at 2.6 GPa at the temperature of 700

Unfortunately the samples are not yet good enough
allow for a realistic comparison between these different s
of experimental data and our spectra. In Fig. 7~b! we show
the measured Raman spectrum for the above phase.
high-frequency part of the Raman spectra~around 1500
cm21) is probably due to graphitic regions included in th
diamondlike samples, and it is obviously absent in the th
retical spectra. Moreover, the low-frequency structure bel
400 cm21, not predicted in the theory as well, has also
extrinsic origin and can be attributed to impurities. Sti
there is no acceptable correspondence of the experime
Raman spectrum with the calculated ones, whereas s
general feature of the total phonon spectrum show so
similarity with the experiment@Figs. 7~a! and 7~b!#. Thus we
can argue that at present no evidence for tcl-16 has b
found despite its intriguing position in the phase diagram
carbon. If any such form occurs as microcrystals in t
samples of Kozlovet al., they should be heavily perturbe
by defects and impurities.

In conclusion, we predict a triclinic form of diamond
which displays interesting properties, such as a high stiffn
comparable with that of diamond and a high stability even
low pressure. This may indicate the possibility of a new~in-
termediate or final! phase in the growth of diamond films o
in the transformation of fullerite. Our calculations show th
it could be a stable phase of carbon at medium-range p
sure; in particular, it displays interesting properties for t
uniaxial load case. In this perspective this phase is even m
interesting than the extensively studied bc-8 phase.
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