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Possible high-pressure phase of diamond
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We theoretically investigate a hypothetich® 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 speCtemdtthe Raman spectra
to existing Raman data for a possible noncubic phase of dianmi80d.63-1828)02109-2

I. INTRODUCTION is found to be the most stable structure in the high-pressure
part of carbon phase diagram for pressures higher than 30
The progress made in growing diamond films and dia-Mbar!? At lower pressures the results are still a matter of
mondlike films has renewed interest in the identification ofdebate. By analogy with silicon and germanium, b¢e8
novel possible allotropes of carbon. This research aims gtody-centered-cubic structure with eight molecules per unit
improving our knowledge of the carbon phase diagram, andell) has been proposed by Fahy and Lduibe the stable
favoring the determination of new structures and phasephase of carbon in the intermediate region, where it becomes
which may appear in the synthesis of diamondlike films.more stable than diamond for pressures as large as 11 Mbar.
Since the calculations of Fahy and Lodié, became clear Further studies, by Clarkt al,* have lowered the transition
that these allotropes should be found only in threefold- angpressure to 6 Mbar, in particular from diamond to a rhombo-
fourfold-coordinated structures even at pressures of the ordéredralR8 structure(a rhombohedral structure with eight at-
of 10—20 Mbar, any higher coordination having a too lowoms per unit ce), which seems to be stable from pressure of
stability. These first studié$ have shown a remarkably dif- 6 Mbar up to 30 Mbar. Anyhow, the question is far from
ferent behavior of carbon with respect to silicon and germabeing solved; new phases may lower the limit further, and
nium, because of the large difference in the enthalpy ofthanges in the transition pressuresR# may be obtained
fourfold- and threefold-coordinated networks with respect tousing more accurate calculatiof@lark et al. have used only
those with sixfold, eightfold, and 12-fold coordination. They 30 Ry for the energy cutoff The st-12(simple tetragonal
are found to be 2.5, 4.5, and 5 eV/atom less stable thawith 12 atoms per unit cellis always less stable than
diamond, respectively. As a consequence only fourfold-diamond®
coordinated phaseédc-8, st-12,R8, cubic diamond, and Recentab initio simulations making use of the variable-
hexagonal lonsdaleitdave been predicted at pressure20  cell method have questioned this argument, as the diamond
Mbar, while metallic sixfold-coordinated phasésuch as to bc-8 transition or to any other propossg® carbon net-
simple cubig¢ should appear only at larger pressuf@8—30 work has not been observed; on the contrary a sudden tran-
Mbar). sition to a new metallic phase, called sc-4, has been found,
The unique bonding strength of diamond makes it a mawhich turns out to be only metastable with respect to bc-8.
terial of extreme properties with technological applicationsAlthough also this approach suffers some limitations due to
of enormous importance. Among them, particularly interestthe brief simulation times and small size of the simulation
ing for this context is the development of diamond anvil cellsbox (which can induce an overestimation of the transition
(DAC's) capable of sustaining megabar pressdres.this  pressures it indicates the presence of high energetic barriers
work we address the problem of the behavior of carbon awhich make the transformation to bc-8 or R-8 very unlikely.
pressures< 20 Mbar, which is still a matter of discussion, Moreover, it was already pointed out by Fahy and Louie that
lacking reliable experimental data. The present limit to thebc-8 should not be a metastable phase of carbon at low pres-
pressure experimentally attainable in hydrostatic conditionsures, in contrast with the case of silicon, since the reconver-
approaches 4.5 Mbar. Unfortunately, this value is still too farsion into graphite would proceed with no energy barrier.
away from the calculated stability limit of diamond in the Similar arguments can be applied alsoR8, being much
aforementioned conditions, so that the theoretical predictionkess stable than diamond at low pressure. These consider-
cannot be directly verified. The theoretical attempts to deterations suggest that bc-8 may not be the high-pressure
mine an upper bound on the stability limit of carbon havefourfold-coordinated allotrope of carbon and stimulated us to
focused on the determination of phase transitions from totalsearch for a possible alternative. Concerning the experimen-
energy calculations of different crystalline structures like tal data, they clearly show that diamond is stable up to the
Sn, face-centered-cubic, body-centered-cubic, hexagonapressures reachable, which are unfortunately much lower
close-packed, simple cubic, and several fourfold-coordinatethan the theoretically determined limit.
networks. From these calculations the simple cubic structure So far we have considered only the case of hydrostatic
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FIG. 1. Left panel: bct-4 crystal structure with the additional bofidsblack) considered in the rebonding procedure. Right panel:
resulting crystal structure of tcl-16.

compression. Experimentally diamond is known to undergacomputational details on the methods, along with the struc-
changes in the bonding properties under uniaxial stress atiral and electronic properties of this new phase, its bulk
much lower pressure~<2 Mbar), where the Raman response modulus, and transition pressure. In Sec. IV we present the
changes and fluorescence emission is observed. This hpkonon and the Raman spectra of tcl-1& ats calculated by
been demonstrated by Mao and Henflgyand Liu and TBMD. Comparison to recent spectroscopic results and con-
Vohra? In particular they have shown that these transforma<lusions are found in Sec. V.
tions occur in diamond by a tetragonal distorti@mpres-
sion along the(001) axis) of the unit cell. The nature of
these changes is not still clear, but it may indicate a struc-
tural transformation of diamond under uniaxial compression. The tcl-16 phase can be generated through the rebonding
The structurefR8 and bc-8 do not seem to be good candi-of the bct-4 phase. The bct-4 phase is ansaff structure
dates for such transformations as they are much less stabpeoposed by Hoffmaret al!! and quantitatively studied by
(0.9 and 0.7 eV/atom, respectivilyhan diamond at low Liu and Cohert? who found it relatively stablg0.3 eV
pressures<€ 1 Mban, and alternative phases must be foundabove diamond The bct-4 crystal consists of buckled layers
also in this important case, where the stability limit of dia- of carbon chains joined by bonds parallel to thexis (see
mond is much smaller. Fig. 1, left panel and displays a body-centered tetragonal
Our search has been biased by the conjecture that thanit cell with four atoms per unit cell. It has been predicted
presence of fivefold rings in asp® network may increase to be mechanically stable with respect to the transformation
the stiffness of diamondlike materials, resulting in a materiainto diamond, at variance with a similar phase of hexagonal
harder than diamond. Moreover, such a structure may giveymmetry, named H-8 The basal planes of H-6 and bct-4
an alternative and more favorable way of reconverting ful-are very similar to thg111) and (100 diamond surfaces,
lerite under moderate pressure, involving a relativelyrespectively. As a consequence it was suggested that it
straightforward atomic rearrangement. Thus, we have prewould be possible to grow a bct-4 carbon crystal as a
dicted a possiblesp? triclinic form of diamond with 16 at- pseudomorphic phase on the diamd@a@0 surface. As can
oms for the unit cell, which we have named tcl-16. Thisbe seen from Fig. 1, bct-4 is constituted by large rings of ten
phase is characterized by periodic arrays of fivefold, sevenatoms. Such rings can be unstable towards rebonding, even
fold, and sixfold rings(Fig. 1, right panel We have calcu- at low pressures, which leads to smaller rings.
lated the structural and electronic properties of this phase by In Fig. 1 (left pane) we show a possible rebonding pro-
means of tight-binding molecular dynami€EBMD), based cess which generates tcl-16 from bct-4. A compression along
on a very flexible potential that we have previously a andb axes directly leads to the closure of the large ten-
developed?® Then, we have refined our predictions by amembered rings, giving pentagons and heptagons along the
state-of-the-arab initio approach. We have found that tcl-16 two crystallographic directions and hexagons along the third
has a high stability and a large bulk modulus, comparable tone. This transformation involves continuous deformations
body-centered(bc-8), R8, and simple tetragonalst-12  without any bond breaking, so that this transformation path
phases, both features pointing it out as an interesting andshould have a comparatively low barrier and might occur
competitive hypothetical material. even at low temperature. The resulting® structure has a
The paper is organized as follows: In Sec. Il we presentriclinic symmetry and has 16 atoms per unit céfig. 1,
the topological properties of tcl-16; in Sec. lll we give someright panel.

Il. TOPOLOGY OF THE tcl-16 PHASE
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alonga, b, andc axes.
of carbon even for the high-pressure phases of carbon
In Fig. 2 we show a two-dimensional projection of the (simple cubic, body-centered cubic, face-centered gubic
tcl-16 unit cell along two different crystallographic direc- The TBMD method makes use of the TB potentials to cal-
tions, which shows the characteristic periodic array of five-culate the ionic interactions in molecular-dynamics simula-
fold and sevenfold rings along treeandb axes and sixfold tions. Due to the explicit inclusion of the electronic degrees
rings along the axis. From a topological point of view bct-4 of freedom in the calculation, it has been proved to have a
is a platonic three-fold-connected net £10' while tcl-16  reliability and transferability much higher than totally em-
is a four-fold-connected net £627),4. This means that two pirical potential and comparable to thaé initio simulations.
of the six shortest rings per atom are five-fold rings againsff BMD is particularly efficient in performing structural relax-
only one seven-fold ring. The conjecture about a large stiffation or for studying structural transformations or simply to
ness of tcl-16 relies on this topological argument. calculate phonons even in disordered systems. As a matter of
It is interesting to note that tcl-16 can be seen as a set dact we used TBMD to determine the liquid and amorphous
buckled hexagonal layers stacked along theaxis in carbon structure, finding good agreement with the experi-
a...ABCD. .. sequence and joined by pentagons and hepmental data of their structural properties. A detailed descrip-
tagons. This would suggest that tcl-16 could spontaneousl{fon of this potential and its performances concerning
appear from diamond or lonsdaleite simply by sliding thephonons, stability, and equilibrium properties of many dif-
buckled hexagonal layers, which are present also in thosterent carbon politypes twofold-, threefold-, and fourfold-
structures. In particular this may happen at high pressuresoordinatedalways within few percent of the correspondent
during the process of carbon metallization. experimental omb initio results has been given elsewhet®.
There is an important difference between diamond, lonsOn the basis of these previous calculations we expect our
daleite, bc-8, and our tcl-16, since in the latter the hexagond?otential be able to work well for the structural properties,
rings are stacked in planes which are progressively rotategtabilities, and phonons of carbon polytypes, in particular for
by 30°. The resulting misorientation is accommodated by théhreefold- and fourfold-coordinated networks even at high
presence of pentagons and heptagons with bonds of differeRt€SSure.
lengths and angles. The computational scheme that we have adopted is the
Incidentally, this peculiarity may stabilize tcl-16 with re- following: We first fix the cell paramete andc/a and let
spect to the reconversion into graphite, contrarily to bc-8. Irthe atoms freely relax to their ground state by a simulated
the latter case an elongation of the bonds alongcttexis ~ annealing(SA) technique. Then, starting from these atomic
leads directly into graphite, while in tcl-16 it would give rise Positions, we slightly adjust the values afand c/a and
to misoriented graphite planes, making this path unrealisticterate the SA run. We have repeated this procedure for sev-
Therefore, reconversion into graphite should take a differengral unit cell parameters until the global minimum was
and more complicated path, involving atomic rearrangementfund. In Fig. 3 we show the resulting bond length and bond
at a larger extent, probably with a higher-energy barrierangle distributions. As for the bc-8 structdrig]-16 does not
These qualitative considerations suggest that the tcl-16 magisplay a perfectly tetrahedral site symmetry, albeit four co-

be a metastable phase of carbon even at low pressure.  ordinated. Owing to the low symmetry, the number of un-
equivalent bonds is quite large, resulting in a sensible spread

of the bond length and bond angles.
These results have been checked and further refinedb by
initio calculations in the local density approximati@rDA ),
Both the actual equilibrium configuration of the atomsusing a state-of-the-art pseudopotential description of the
within the unit cell and the sides of unit cell have been de-electron-ion interaction. Besides we have adopted gradient
termined by minimizing the total energy with tight-binding corrections in the exchange and correlation functional,
molecular dynamics based on the Serra-Molteni-Migliowithin the generalized gradient approximatidGGA),*°
(SMM) carbon potential® This potential has been fitted to which are known to have an important influence on the tran-
the ab initio calculations of the band structure and total en-sition pressure.
ergies of diamond, graphite, and linear chain. Thanks to the All the calculations have been done with 32 points in the
inclusion of a many-body part in the repulsive part of theirreducible Brillouin zone of tcl-16125 for diamong and
potential, it is able to reproduce very well the phase diagranwith an energy cutoff of 40 Ry in the plane wave basis set.

[ll. STRUCTURAL AND ELECTRONIC PROPERTIES
OF THE tcl-16 PHASE
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\qi 110 F E this is the path which transforms tcl-16 into a graphitic struc-
o - ] ture with the lowest-energy barrier. This result suggests that
n, -120 | E tcl-16 is a metastable phase of carbon at low pressure.
I 130 E E In Fig. 4 we show the total energy and enthalpy versus
f& s ] atomic volume of tcl-16 and diamond. A remarkable feature
o -140 7 | 1 | | - is the high density of this new phase, slightly smaller than
- s 10 15 20 2 30 that of diamond and consistent with the high stability and

bulk modulus. In particular, the smaller value of the bulk
modulus with respect to diamond is due to the elongation of
the bonds on the axis of the unit cell, which produces an
increase in the mean bond length and in turn a decrease in
the density. Concerning this point, we recall that the bulk
modulusB, as it has been shown by CohEhis inversely
This ensures good convergence in our calculations. Thproportional to the bond length. Unfortunately this effect
total-energy curve has been calculated for different volumesvercompensates the stiffening of the bonds induced by pen-
with a constant energy cutoff. For each volume we havdagons and yields an overall softening of the bulk modulus.
minimized the ionic positions by a standard gradient-From these data it has been possible to calculate the transi-
conjugated algorithm and found the strain-free configuratiortion pressure from cubic to tcl-16 diamond, by simply find-
of the cell(no off-diagonal elements in the stress tefisor  ing the common tangent to their energy curves. We have
We have obtained the most stable configuration havindound the value of 18 Mbafl2 Mbar with the TB scheme
unit vectors of the crystal lattice, b, andc equal to @,0,0),  which is in the expected range of pressure and comparable to
(0d,0), and (,u,f), respectively, withd=4.717 A, the one for the diamond—bc-8 transition. This confirms that
f=4.6768 A, andu=1.144 A. Actually, the TB calculations our tcl-16 is in competition with bc-8 arf@8 in this range of
are within 2% of the LDA ones. The total energy versuspressure. Even if both bc-8 arRB have a lower transition
volume was also obtained within the same tight-bindingpressure for hydrostatic compression, tcl-16 may have a
scheme, and the bulk modulus was calculated by fitting théower transition barrier in the uniaxial load case, being much
total-energy curve by the Murnaghan equation of state. more stable than bc-8 an@8 at lower pressure. Conse-
Taking full advantage of the relatively low computational quently it could be easier to obtain it with a transition in the
cost of the semiempirical TB scheme, we used a very higluniaxial load case. Concerning this point, we want to point
number ofk points in the Brillouin zong8000 points. The  out that a compression along tf@01) direction, as in the
cohesive energy turns out to be only 0.23 eV above that opreviously mentioned experiment of Mao and Hemley, may
diamond against 0.3 eV for the bct-4 structure, while thelead to a sliding of th¢111) hexagonal planes, giving rise to
LDA calculation gives 0.30 eV. Moreover, the bulk modulus a phase transformation compatible with the tcl-16 structure.
is found to be 413 GPa by the TB scheme, and 408 GPa binhvestigations along this direction are now in progress.
the LDA, which represents, to our knowledge, the stiffest In Fig. 5 we show the electronic density of sta(E®OS
phase of carbon after the hexagoflahsdaleit¢ and cubic  of tcl-16 and diamond, along with the main character of the
diamond forms”’ electronic states. It can be seen that the gap is only slightly
In order to confirm the conjecture that tcl-16 could be aincreased5.55 eV instead of 5.5 eV The s band at lower
metastable phase of carbon at low pressurel(Mbar, we  energy is wider with respect to diamond while theband
have calculated the energy barrier for the reconversion obecomes more localized, resulting in a lack of sgehybrid
tcl-16 into graphiticlike planes. Following Fahy, Louie, and peak, which is characteristic of diamond.
Cohent® this is possible by only breaking one bond per atom It is interesting to note that the tendency to become me-
by a progressive elongation of tiseaxis with a relaxation of tallic by an increasing of pressure in fourfold-coordinated
the atomic positions. Along this path, which transformsstructures seems to be related to the presence of tetrahedral
tcl-16 into a graphiticlike structure with misoriented gra- bonds in the eclipsed configuration. Indeed the fourfold-
phitic planes, we have found an energy barrier of 0.21 eV pecoordinated nets bc-8, hex¢ibnsdaleitg, and tcl-16 display
atom. Looking to the topology of tcl-16 it seems likely that this behavior, unlike diamond, which is the only fourfold-

Pressure (Mbar)

FIG. 4. Ab initio LDA results for total energy vs atomic volume
(upper panegland enthalpy vs pressutwer panel for tcl-16 and
diamond(solid line).
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FIG. 6. Raman spectra of tcl-16 obtained from a TBMD simulation.

coordinated net with bonds only in the staggered configuraBermejoet al?2 This model, thanks to the fine transferability

tion. This can be understood from simple geometric considef the bond polarizability parameters, is known to give good

erations, based on the fact that the eclipsed configuratioresults for diamond and graphitelike materials, fullerenes

increases ther coupling between second neighbors, result-included® In Fig. 6 we show the theoretical Raman spectra

ing in a spectral broadening of antibonding states, whiclof tcl-16 for the different components of the Raman tensor.

shrinks the gap. The spectra are characterized by the presence of a strong
It is our opinion that metallization of carbon proceeds firstanisotropy between thez component and thex and yy

by partial reconversion of tetrahedral bonds from a staggeredomponents, as given by the reversal in the intensity of the
to eclipsed configuration. This can be achieved by sliding the

hexagonal planes, possibly leading to bd<8, or tcl-16: By
increasing pressure, the presence of eclipsed bonds should
favor the reconversion into the final simple cubic lattice. The
latter mechanism is due to the fact that the eclipsed configu-
ration promotes the closure of bonds between second neigh-
bors, forming the squared rings of the simple cubic network.
We believe that the negative results of Scandetlal® may

18 rrr T 1T

[ S A N
b)

be related to the relatively short period of time accessible by
computer simulations, along with the stiffness of carbon

bonds. As a matter of fact, it is clearly stated in that paper
that bc-4 is only a metastable state of carbon at high pres-
sures with higher enthalpy with respect to bc-8.

IV. CALCULATED RAMAN SPECTRA OF tcl-16

In order to characterize new phases which may occur in
artificial diamondlike materials and thin films, it is very use-
ful to know their vibrational spectra and in particular their
Raman spectra. Comparison to the experimental data pro-
vides indications on the nature and structure of the observed
samples.
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We have calculated thE-point phonon density of tcl-16
by a TBMD calculation of the velocity correlations. The Ra-  FIG. 7. Comparison between experimental Raman data

man spectra have been directly derived from MD (Ref. 24 (b) and vibrational spectrum obtained by a TBMD simu-
simulations?® within the bond polarizability model due to lation ().
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two major peaks located at 1190 ¢rh and 1020 cm?, As a matter of fact, in another work, Kozl@t al?* have

respectively. For comparison, diamond displays only ondound the presence of moncubic 6r hexagonal)phase of
peak at 1330 cm?, the higher value of the frequency re- diamond in diamond films produced by laser ablation of ful-
flecting the higher value of the bulk modulus. Such a changéerite compressed at 2.6 GPa at the temperature of 700 K.
in the Raman tensor components from thaxis to thexy Unfortunately the samples are not yet good enough to
plane is structurally consistent with the fact that bonds alongllow for a realistic comparison between these different sets
the z axes are longefand weaker than those of thexy  of experimental data and our spectra. In Figo)Ave show
plane. the measured Raman spectrum for the above phase. The
In Fig. 7(a) we report the total zone-center phonon densityhigh-frequency part of the Raman specti@ound 1500
as obtained from MD simulations. This includes, besidem ™) is probably due to graphitic regions included in the
Raman-active modes, also infrared-active and silent modediamondlike samples, and it is obviously absent in the theo-
belonging to various irreducible representation of the crystatetical spectra. Moreover, the low-frequency structure below
point group. In the next section we discuss these results i400 cm !, not predicted in the theory as well, has also an
the light of recent Raman scattering data collected for crysextrinsic origin and can be attributed to impurities. Still,
talline carbon materials and intermediate phases which occuhere is no acceptable correspondence of the experimental

during the growth process of diamondlike films. Raman spectrum with the calculated ones, whereas some
general feature of the total phonon spectrum show some
V. CONCLUSION similarity with the experimentFigs. 7a) and 7b)]. Thus we

] ) N o can argue that at present no evidence for tcl-16 has been

The relatively high stability of tcl-16, which is compa- found despite its intriguing position in the phase diagram of
rable toR8, bc-8, and st-12 phases, suggests it as a possiblgyrhon. If any such form occurs as microcrystals in the
intermediate phase in the transformation frap’ to sp®  samples of Kozlowet al, they should be heavily perturbed
carbon networks and that it can be competitive with othelhy defects and impurities.
well-known sp’ crystalline forms. We have given some " |n conclusion, we predict a triclinic form of diamond
qualitative and quantitative arguments along this line, in parwhich displays interesting properties, such as a high stiffness
ticular for the transformation from bct-4 to tcl-16. This con- comparable with that of diamond and a high stability even at
version to tcl-16 seems to be easier than to diamond itselfow pressure. This may indicate the possibility of a n@mw
due to the structural affinity between bct-4 and tcl-16. Moretermediate or finalphase in the growth of diamond films or
over, in the polymerization of @ fullerites under pressuf€,  in the transformation of fullerite. Our calculations show that
the presence of five-membered rings is believed to be impoiit could be a stable phase of carbon at medium-range pres-
tant for the transformation into diamondlike fOI’mS, by Incor- sure; in particu|ar' it displays interesting properties for the
porating pentagonal rings in a tridimensional structure. Thusyniaxial load case. In this perspective this phase is even more
tcl-16 could be favored with reSpeCt to diamond, |Ondsda|einteresting than the extensive|y studied bc-8 phase_
ite, or bc-8sp® networks, which are constituted only of
hexagons. These phases should have a higher-energy barrier
for their transformation, needing complicated bond-breaking ACKNOWLEDGMENT
and rebonding mechanisms, which is certainly difficult at the
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