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We apply first-principles density-functional calculations to study strain in dense amorphous tetrahedral
carbon @-tC). While the large strain present in small-ring structures, particularly three-member rings, could
argue against their existenceantC, we demonstrate, based on energetic arguments, that strainedtbneaH
and four-membegrrings are plausible topological microstructural elements. We present two bulk carbon struc-
tures made up entirely of fourfold-coordinated atoms: the first with every atom in one three-member ring, the
second with every atom in one four-member ring. Calculations show these bulk ring structures are relatively
low in energy, only 0.37 and 0.23 eV/atom above diamond, respectively. This computed strain energy is much
less than that present in recent modelsdeaiC. We examine properties of these structures with the intention
to provide benchmark calculations for more approximate models, and to investigate the impact small rings
might have on the properties @-tC. We use a recently developed linear-response algorithm to compute
phonon spectra for these ring structurg0163-18209)02901-X]

I. INTRODUCTION produced three-member rings. However, no experimental
measurable result has yet been identified that would be spe-
Generating realistic, accurate model structures for amoreifically sensitive to three-member rings, and simulations
phous tetrahedral carboa<{tC), and understanding how that have obtained mixed results. Hence, whether three-member
structure relates to materials properties, is an important stefings exist ina-tC remains an unresolved question, and, fur-
toward realizing the technological promise of this new ma-thermore, how the presence of these small rings might affect
terial. Although much effort has been invested recently inthe properties o&-tC is unknown.
simulations meant to generate candidate structures using Determining whether these rings existaatC, and how
semiempirical methods,? and both approximafeand con-  their existence affects the properties of the material is diffi-
vergent density-functional approacies? little is defini-  cult. Density-functional methods can and have been used to
tively known about the microstructure that characterizegyenerate structural models fartC (Refs. 8 and Pand ac-
a-tC. For densea-tC (~3 g/cn?), experiments indicate a curately reproduce experimental RDF. However, the compu-
highly strained network of predominantly fourfold- tational requirements of a fully convergent calculation con-
coordinatedonly nominally tetrahedral asp®), with a non-  strain the size of the amorphous unit cell as well as the
negligible and perhaps a significant proportion of threefoldength of the annealing dynamics. The number of structures
coordinated(only nominally sp?) atoms''~® Simulations  that one can generate is consequently also limited. With only
suggest the threefold-coordinated atoms are connected into small sample of small structures, one cannot ensure that
(possibly branchedchainlike clusters of even siZ€:"8In predicted microstructures are not artifacts of the limited sta-
the current work we focus on the issue of the existence ofistics or dynamics. Further advances in our understanding of
small rings ina-tC. a-tC will require using more approximate models, such as
The bonding network ira-tC is conveniently character- tight-binding molecular dynamic§TBMD), to overcome
ized in terms of ring statistics. The topology aftC struc-  these limitations.
tures predicted from simulations is dominated by five- six- On one hand, recent convergent density-functional simu-
and seven-member rings;®8near the six that characterize lations using small unit cells have predicted modest numbers
crystalline carbor(diamond or graphite While some early  of three-member ring? On the other hand, TBMD simula-
simulations predicted no three- or four-member riig8, tions, using larger unit cells and better annealing dynamics
and analyses of experimentally derived radial distribution(slower cooling rates predict far fewer three-member
functions (RDF'’s) typically assume no rings smaller than rings!® These results, coupled with the large strain embodied
five, strong evidence now supports the existence of fourin such small rings, might be used to argue against the pres-
member rings ire-tC. The RDF derived from the results of ence of three-member rings atC. However, while more
neutron-scattering experimefts® revealed a feature near approximate (LBDF, TBMD, semiempirical or first-
2.1 A, and Markset al.® noted this can only be explained as principles-basedmethods can improve the quality of the an-
the distance across a diagonal in a four-member ring. Simwealing dynamics and allow for better statistics, they do so at
lations by Drabold, Fedders, and Sturhusing a local basis the cost of reduced accuracy in structural energetics. We
density-functiondf (LBDF) method, and Markst al.® have  have previously shown that this reduced accuracy, particu-
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larly in highly strained environments such@<C, can have TABLE I. Contracted Gaussian LCAO basis set for carbon used
potentially profound consequences on predicted structdres.in this study, of the form=c;r' exp(-air?).

For example, the proportion of threefold bonded atoms, and - -
energetics of strain in small, particularly three-member, s function p function
rings, are poorly described in methods without adequate ba- «; Ci a; Ci
sis set flexibility. Using first-principles local-density approxi-
mation(LDA) calculations, we showed that a minimum basis

5.666 238 0.436 204 4.726 973 1.695 053

description overestimates the strain energy in cyclopropané'833 119 —1.266 412 1.516 922 1.034.004
(CsHg) by 0.7 eV with respect to a converged basign ~ 1.416 558 0351997 0551519 0.559458
calculations for a suite of hydrocarbon molecules, Poreza§-463 040 0.661 100 0.162 507 0.121 087
et al,?° found that the TBMD method, while otherwise giv- 0.157 112 0.231 601

ing excellent results, overestimates the strain energy in cy
clopropane by 1.6 eV with respect to an LDA res(dnd spinless local-density approximatfon(LDA) to density-

experiment functional theory® in the first-principles calculations. For

e ll:/;?;e S?&?Jﬁzﬁlg:]ztebmeti:] oigsir?]ree:ggyget?\;? tﬁ’gf%rgth%d' tructural determinations and energetics we use a Gaussian-
q P ased linear combination of atomic orbitald CAO)

adopted be adequately accurate to faithfully reproduce thmethod2.4 The LDA employs the Perdew/Zunger

energetics for the full structural complexity presenahiC. trizatio® of the C lev/Ald lect
Rather than generating yet another limited sample of amof2drametrizatiom ot - the Leperiey/Alder electron gas
sults?® and uses the generalized norm-conserving pseudo-

phous models, we adopt the approach of studying smalld€SU'S,” an A
crystalline systems incorporating key microstructural elePotentials(in the nonlocal form of Hamanﬁ to remove
ments potentially present @-tC. In this work we focus on explicit treatment of the chemically inert core e_Iectrons.
small ring structures, and examine the properties of these AS our study focuses on structures with fourfold-
structures in isolation. We present two crystalline carbor¢oordinated carbon atoms, the Gaussian basis sets have been
structures, one incorporating three-member and the othdptimally contracted for carbon in the diamond structure.
four-member rings. The strain energy in these small rings i€onstruction of the basis started in standard fashion with a fit
less than might be expected, and is substantially less than tite pseudoatomic orbitals, but the contraction coefficients
average computed strain energy antC models generated were modified to give the best minimum basis description for
from convergent density-functional calculations. The threediamond, i.e., best energy. This defines a reference atom.
member rings are higher in energy than four-member ringsParameters for this basis are listed in Table |. Five Gaussians
but are comparable on the scale of the background straiare contracted to give as function, four Gaussians to
energy present ia-tC models. Thus, if four-member rings give ap function. A singles andp shell produces a minimum
exist in a-tC, this suggests that three-member rings shouldasis single-zetéS5Z) description of the atom: (& p/1slp).
also exist. A double-zeta plus polarization (DZP) basis

The bulk crystal ring structures also serve as valuable neWss4pl1d/2s2pld) gives a second degree of freedom in the
benchmarks in testing the transferability of approximateradial description via segmentation, by adding to the basis
methods, such as the tight binding method, for the generatiothe longest range Gaussian of each shell, and a single Gauss-
of a-tC structures. Indeed, calculated properties of theséan (decay constant: 0.86/bdhd function for angular polar-
structures would be a useful part of a database for refiningzation. This reproduces well the detailed results of basis-
parameters of approximate models such as the tight bindingonverged plane-wave calculatiofis. Calculations to
model. Here we present not only the equilibrium structuresietermine equilibrium structural parameters used a DZP ba-
and total energies, but also the full phonon spectrum for botis and were converged with respectktpoint sampling.
structures, using a recently developed linear-response For calculations of phonons in the bulk ring structures, an
algorithm?' The phonon spectrum provides additional occupied subspace invariant linear-response algorithm is
benchmark data for approximate methods, describing elastigsed?’ The present implementation of this method uses a
properties in these highly strained systems. plane-wave basi® These calculations employed Troullier-

We begin in the next section with a brief account of com-Martins pseudopotentiafs and a plane-wave cutoff of 50
putational details. We then discuss the energetics and bon@y/atom. The dynamical matrices are computed oix444
ing topology of a pair of relaxed-tC models, to frame the k-space grid, and transformed to real space to give phonon
issue of the character and magnitude of the strain energy iftequencies on a fine mesh. Diagonal terms are obtained
a-tC. In the following section, we present the structures andvariationally using a Lanczos algorithth?%3! First-order
energies of the bulk ring structures, along with a sampling olvariational corrections are added to the off-diagonal terms to
other crystal structures. We examine some properties afnsure a convergence rate similar to the diagonal terms. This
these bulk structures, with the intent of understanding thealgorithm gives results identical to other linear-response
nature of the bonding and how it relates to the bonding informulations®? but does not require explicit knowledge or
a-tC. We close with a discussion of the importance of thesaise of stationary states in the occupied subspace. It does
models for the simulation 0&-tC and some brief conclu- require having some representation of the occupied sub-
sions. space.

1. COMPUTATIONAL DETAILS . AMORPHOUS TETRAHEDRAL CARBON MODELS

None of the structures examined in this work incorporate Large strain characterizes the bondingaitC. To estab-
dangling bonds or unpaired electrons. Hence, we use thiésh a baseline for the energetics of strain in this study, we
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start with two small(64-aton) bulk models. The first is a
2.94 gleni structure generated by Drabold, Fedders, and
Stumn{ (DFS) using a minimum basis Harris functional
method®® and, the second, a 2.91 g/&nstructure from
Marks etal,® using a first-principles Car-Parrinello
method® Previously, we had done a full quench within our
LCAO method to find(metajstable minimum-energy struc-
tures based on these two starting structdféghe two DZP- (a) (b)
relaxed structures, besides their very different origins, had
notable similarities: in the proportion of threefold atoms
(near 30%, number of four-member rings, and, most strik-
ingly, the total energies of the two models differed by only
0.08 eV, at 0.62 eV/atom above diamond. ) .
The two structures, however, do differ in one importantp?rcel_l sizes are rather limited as well, to only 64 atoms. For
particular, the average nearest-neighbor bond length. ThiS size supercell, we observe that an atom stiibugh
DFS+DZP structure has an average bond length of 1.552 Aweakly) interacts with its image in neighboring supercgll: the
and the Marks-DZP structure gave 1.534 A. Given the oth- LCAO basis orbitals do not have zero overlap. Certainly the
erwise similar character of the structures, this difference sugStrain field given by a three-member ring feels its image in

gests a significant difference in the average bond order of thi1® next cell, and this may cause these rings to “crystallize,”
atoms in the two lattices. We introduce a simple linear bond@"d make it more difficult for them to break up by trapping
length/bond-strength relation them in local minima. Finally, this represents a very limited

sample of structures, and confident predictions are therefore

FIG. 1. Two layers of the carbon bulk ring structures, viewed
from above. The dashed lines represent the unit-cell basis vectors
within the plane(a) hcp-C3 structure(b) bct-C4 structure.

(1.74 A—Ryy) not possible because of the inadequate statistics.
bond order(atom=>, ——, ) Additionally, once a model is generated, it is difficult to
NN 0.20 A isolate what the properties of a particular microstructural fea-

ture such as a three-member ring hawesitu. Provided the
to measure the degree of' bondedpess about an atom. Usiggnulation generated a model representativa-o€ that in-
this formula, a nearest-neighbor distance of 1.54 A, such agjyded three-member rings, what properties of that model are
in diamond, has a bond order of exactly one, and a nearesge to the ring, and what can be attributed to the local envi-
neighbor distance of 1.34 A corresponds to a double bondgonment, different around every ring? Rather than generating
Any atom beyond 1.74 A is unbonded. %/et another potentially flawed structural model, we take the

The DFS+DZP structure gives an average bond order ofapproach of examining the properties of likely microstruc-

tedly a crude measure, this result suggests that the DFS
+DZP structure is underbonded with respect to the Marks
+DZP structure, and with respect to diamofahd an ideal IV. BULK CRYSTAL RINGS
value of 4.00. The degree to which the DRDZP structure
is underbonded suggests that the system is under stress, and
that the condition of fixed volume neglected an important We have constructed two carbon crystal structures, de-
degree of freedom in generating an optimal structure. Calcusigned to probe the properties of small rings in bulk carbon.
lations varying the volume hydrostatically and relaxing theln both structures, every carbon atom is fourfold coordi-
atomic coordinates upon a global scaling of the cell sizehated. In the first structure, every atom is in exactly one
confirm this hypothesis. The DRDZP model prefers to three-member ring, and in the second, in one four-member
compress, by 1.7% in lattice parameter, to an optimal densitying. The first structure can be thought of as an hcp array of
of 3.10 g/cmi and an average bond order of 3.93 bonds/atomthree-member rings, as depicted in Figa)l Hexagonal
The Marks+ DZP model also compresses, by 1.0% in latticesheets of equilateral triangles are stacked vertically in an
parameter, to 3.00 g/chand 4.04 bonds/atom. Note that the ABABsequence. The triangles in tBesheets are rotated 60°
average bond order relation presented in @yfunctions as S0 as to align the bonds between the sheets. We will label
a rather good, if crude, figure of merit for the level of global this structure hcpE3. The second structure, labeled 64,
stress in a model. The energy of both DZP-relaxed structurels also a layered structure, with planes of squares stacked to
remained approximately 0.6 eV/atom above diamond. form the body-centered-tetragonal array of four-member
The two relaxed structures have the same number of fourings shown in Fig. (b). The hcpC3 structure belongs to
member rings, three, but full relaxation of the minimum- space groug?6;/mmcand the bct€4 structure belongs to
basis Harris functional DFS structure leaves only one threespace group4/mmm
member ring. The relaxed Marks structure keeps all three A full structural optimization within a DZP basis was per-
from the original structure. It is not necessarily true, how-formed, subject to these symmetry constraints. Three param-
ever, that basis-converged first-principles calculations giveeters define both structures. One convenient way to represent
better predictions of the real material. Because of the greate¢hem is with the planar lattice parameirthe interplanar
computational demands of first-principles methods, the anrepeat spacing, and the intraring bond length. Alternatively,
nealing dynamics is necessarily abbreviated. The small ringsvo bond lengths, intra- and inter-ring, and a bond angle
might prefer to dissolve, but the length of the simulationdefine the structures. The optimal parameters for G&pand
might be inadequate to observe this event. Furthermore, sibct-C4 are presented in Figs(& and Zb), in a side sche-

A. Structure
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FIG. 4. Contour plots of the bond density, i.e., the total density
minus the density of overlapping spherical reference atoms. Solid

FIG. 2. Schematic side view of the local bonding {a) the . . .
. lines denote increased electron density, dashes the loss of electron
hcp-C3 structure,(b) the bctC4 structure, andc) the diamond . ) . A . i
o . .density.(a)—(c): the bond density along the chains connecting ring
structure. The DZP optimized structural parameters are included in . . :
the fiqure planes for hcpe3, bct-C4, and diamond, respectivel{d)—(f): the
gure. bond density in the plane of the rings for h€®, bct-C4, and

o _ ) diamond, respectively. Again, the gray lines connect atom centers.
matic view of the structures to emphasize the bonding topol-

ogy about each atom. For comparison, the corresponding paubtract a density given by overlapping neutral spherical ref-
rameters for the analogous calculation for diamond are alserence atoms. Over the unit cell, the resulting subtracted den-
presented, in Fig. (). From this perspective, it is apparent sity integrates to zero, and captures all the directional rear-
how planes of rings, with their strained bonds, are connectethngement of charge in the structure that describes the
by chains of relatively unstrained bonds in thdirection. bonding.

While the vertical chains are relatively unstrained, they do The result along the chain bonds is presented in the con-
feel the effect of the strain within the rings in the plane. Thetour plots of Figs. 4a)—4(c). With a spherical background
chain bonds become progressively stronger and shorter iremoved, the charge redistribution driven by the bonding in
going from diamond to bc€4 to hcp-C3, to make up for each of the structures reveals a buildup of density in the
the loss in bond strength due to increased strain in the othaenter of the bonds. Each mound in the bond center contains
intraring bonds of the atom. An examination of the chargeabout 0.1 electrons in each of the structures. Although the
density reveals the character of the chain bonds in these threfain bond lengths differ by up to 3% between these three
crystals. The total charge density, however, as that for diaerystals, the bond character is clearly similar.
mond presented in Fig. 3, is not very illuminating. To high- The chain bond angles also show a systematic progres-
light the directional bonding character of the structures, wesion, increasing from tetrahedral in diamond to 115.3° in
hcp-C3. The intraring bond lengths, however, do not exhibit
the same trend. The intraring bond in K&# is 2.0% longer
than in diamond, while in hci@3 it is 1.0% shorter than in
diamond. Bond density plots in the plane of the rings, pre-
sented in Figs. @)—4(f) provide an explanation for this
anomalous behavior. The bonds in four-member ring, given
in Fig. 4(e), look much like the bonds in diamond, Figf$
only more tightly wound. The result for the three-member
ring in Fig. 4d), however, shows a more marked bowing of
the bond outside a line connecting the atom centers, and
shows a buildup of density in the middle of the ring. This
stands in contrast to thslight) loss of charge in the middle

FIG. 3. Contour plot of the total charge density in diamond. Theof the four-member ring in bc€4 (and in diamongl
contour values increases linearly, from dot to dash to solid lines, The shorter bond length in the three-member ring could,
etc. The gray lines connect the atom centers. in part, be explained as a result of the bowing outwards of
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TABLE II. Computed relative total energies of different carbon
bulk crystal structures, using a high-quality DZP and SZ minimum
basis. Energies are referenced to diamond, in eV/atom. The triple
zeta plus polarizatiofTZP) calculation was performed using the
DZP structure.

Structure SZ DzP TZP
fce +5.14 eVIC  +4.64 eVIC  +4.63 eVIC
bce +4.98 +4.40 +4.38

(a) (b) sc +2.98 +2.64 +2.63
BCS +0.79 +0.69 +0.69

FIG. 5. The bonding in the minimum basis SZ description of the
hcp-C3 structure.(a) The schematic representation of the local hcp-C3 +0.65 +0.38 +0.37
structure with structural parameters optimized using the SZ basict-C4 +0.28 +0.23 +0.23
cf. Fig. 2a). (b) The bonding density in the plane of the three Diamond 0.00 0.00 0.00
member ring. Note the loss of density in the center of the ring in

comparison to the gain of density in the DZP description in Fig. . . o o
4(d). even with their strain, fit the pattern of lower coordination

implying lower energy. Being four-coordinate structures,

the bond, and the bond length along this bowed directiorf€Y are lower in energy than the six-coordinate simple cu-
being conserved. However, this implies the four-membefPiC, the eight-coordinate bec, and then the 12-coordinate fcc

ring should also have a shorter bond, which it does not. Thétructures. The latter multicoordina_te structures are several
eV/atom higher than the four-coordinate structures. Interest-

buildup of charge in the middle of the three-member sug- .
gests an alternative: constructive interference of the bonds ifi9ly: they all have zero bond order as the nearest-neighbor

the ring that strengthens the interaction of the bonds withirfliStances are greater than the bond cutbfr4 A given in

the ring, thereby making shorter bonds. The six electrons oFa- (). ) )
the ring bonds in hcpE3 satisfy the 4+ 2 rule for a con- The bctC4 structure is only 0.23 eV/atom higher than

structive interference, in much the same way that thezsix diamond. Despite the supposedly much larger strain, the

electrons in benzene strengthen its bonds via resonance. TAEP-C3 structure is only 0.14 eV/atom higher yet, at 0.37
eight electrons of a four-member ring violate this rule, the€V/atom above diamond. This relatively modest increase is
interference is destructive, and the bonds are longer. Consgonsistent with the analysis above concerning the stabilizing
quently, the average bond order of the Iat- structure, at effect of the constructive interference within the three-
4.11 bonds/atom, is near ideal, as the shorter inter-ring bond@&mPer rings as opposed to the four-member ring.

counterbalance the longer intraring bonds. However, with all_ N fact, both 5””9 structures are much more stable than the
bonds shortened, the ha@p3 structure has a much larger BC8 structure® a structure that has received attention re-

average bond order of 4.83 bonds/atom. cently in carbon as a structure to which diamond might con-

. _39 .

This effect is made apparent when quality of basis set {¥€'t under very high pressy?é. The BC8 structure is an
considered. Our earlier work demonstrated that a minimun§ight-atom bce Bravais lattice structure, where every atom is
basis description significantly overestimates the strain energgPProximately tetrahedrally coordinated. In silicon, it is a
in cyclopropane. The current work confirms that to obtainlOW-€nergy structure obtained via high-pressure cycling from
accurate results for strained microstructures requires a higft€ diamond struct.un’ér’. Because of more efficient packing,
quality basis. While the diamond and b€# equilibrium the BC8 structure is denser than diamond. For carbon, our
structures obtained using a SZ basis do not differ much fronPZP result(defining parameters,=4.427 A,x=0.09428
the converged DZP results, the h8 structure shows im- for the BC8 structure is 1.7% denser and 0.69 eV/atom
portant differences, as shown in Fig. 5. The intraring bond9her . Snergy than diamond, in agreement with earlier
distance in hcpe3, Fig. §a), rather than being shorter than studies’** Both the hcp€3 and bctC4 structures are less
in diamond, is now as long as the bond in 4 The strong  dénse than diamond, by 21.3 and 5.3%, respectively.
bowing of the charge outside the bond line is still present. Interestingly, theBC8 structure, with its strained packing
However, the bond density plot in the ring from the SZ cal-Of approximately tetrahedral atoms, is comparable in energy
culation in Fig. 5b) reveals a loss of density in the center of {0 the a-tC models above, with their dominantly fourfold-
the ring, instead of the buildup observed for the DZP calcucoordinated, approximately tetrahedral, strained bond|_ng net-
lation, seen above in Fig(d). This connects the strengthen- WOrks. However, both the fourand the three-member rings
ing of the ring bonds with the constructive interference. TheStructures have much less strain energy than the bonding
problem in the minimum basis description is it lacks theN€Wworks given in thes@-tC models. The three-member
flexibility to adequately accommodate the crowding of sixfings have only~60% of the average strain energyantC

electrons in such a confined area. models(0.6 eV). S _
This stability of three-member rings is only true with an

adequately converged basis set. We optimized the same set
of structures using a SZ basis set. These results are also
Table Il summarizes the energetics of these structuregresented in Table II. While theelative energies of other
and also lists the energies of a sampling of other carbostructures only change slightly, the SZ basis fails badly to
crystal structures, for comparison. The bulk ring structuresdescribe the strain energy in h8. Now, rather than being

B. Energetics
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TABLE 1ll. Computed electronic gap energies, in eV. 1600.0

Diamond bct-C4  hcp-C3 BC8 a-tC*  a-tCP

4.2 eV 2.3 2.3 2.4 13 0.5 /

1200.0

8DFS+DZP relaxed structure.
bMarks+DZP relaxed structure.

much more stable than the averageaiiC, the energy of 'g 800.0
three-member rings is comparable. The minimum basis sets

has the same difficulty in treating the strain energy of these

small rings in the bulk, as it had in molecular systefhis

further highlights the perils of using a minimum basis 400.0 |
method to perform simulations ad-tC. The TZP results
show that the DZP basis is well converged: there is negli-
gible benefit in adding further radial flexibility to the orbit-
als.

SN AN
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C. Some properties
. . . . FIG. 6. Plot of the computed phonon band structure for the
Given that these small rings are likely to be present Myet-C4 structure. A doubled tetragonal unit cell was used in the

a-tC, we would like to know how their presence might affect cajcyjations, and thus the symmetry point symbols. The correspond-
the properties of the-tC, and identify characteristics by jng vibrational density of states is given on the right.

which their existence could be determined. The four-member
rings had a clear structural signature: the feature at 2.1 A iBrehensive route made possible by recent developments in

RDF’s between the large first and second-nearest neighb@fear-response algorithms: to compute the phonon spectra,
peaks>*® uniquely identifies the rin§.The three-member and search for the imaginary modes that indicate a structural
rings have no such clear structural signature—its neighbojstability. The character of such a mode, should it exist,
distances all lie buried under other peaks in the RDF. would specify the nature of the distortion.

Table Ill summarizes the computed gap energy in the These calculations started with different pseudopotentials
four-aooordlnate structures. In agreement with previousand basis than the structural determinations. As a first step,
work,™ the electronic gap in diamond is computed to be 4.2herefore, the optimal structure parameters were checked, to
eV, and is indirect. Th&C8 structure, though with a smaller ensure that the atoms are at equilibrium positions. The struc-
gap of 2.4 eV, is also a good insulator, in agreement withyral differences between the LCAO results and the plane-
earlier results® The bulk ring structures produce similar gap wave results were negligible for the bulk ring structures.
energies. Both hC[@3 and bctC4 are gOOd insulators The resumng phonon band structure for &4 is de-
(hcp-C3 having a direct gap dt), especially considering the picted in Fig. 6, and that for hc@3 in Fig. 7. The bctc4
usual LDA underestimate of gap energies. The computed gap
energies ina-tC models are much smaller. Hence we con- 1600
clude that, in the environment aftC, the presence of three-
and four-member rings is unlikely to trigger defect levels in % >
that this array of four-member rings would prefer to distort 0 ?
to some lower symmetry, and lower energy, structure com- AL M r A H K I DOS
posed of buckled rings. FIG. 7. Plot of the computed phonon band structure for the
A full exploration of the possible distortions of the hcp-C3 structure. A hexagonal unit cell was used in the calcula-

the gap, and therefore is consistent wathiC. The rings are
also unlikely to contribute to electron transport or conductiv- 1200

bct-C4 lattice by varying the structure directly would be a tions, with its symmetry point symbols. The corresponding vibra-
tedious proposition. We adopted a less direct but more comntional density of states is given on the right.

/

[
-
ity. Hence, observation of small rings axtC will be diffi-

cult electronically.

Molecular analogs of the three-member rings discussed
here are a common part of modern chemistry, cyclopropane
(C3Hg) being the most basic example, drid1.1] propellane
(CsHg), a molecule where three three-member rings share a
single edge, being a molecule that is readily synthesized.
Four-member rings exist in chemistry as well, but with one
important distinction. The carbon ring of cyclobutaneldg)
is most stable when buckled, while in bc4, the ring is
constrained to be planar and square. This presents the possi
bility that the bctC4 structure is not a stable structure, and

~ A
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0.15 V. DISCUSSION

&) Approximate methods, such as LBORef. 18 or the
o ®@ Q tight-binding method;® are typically tested and refined
against a suite of molecules or clustétsr a small sampling
®) of high-symmetry bulk carbon crystal structufediamond,
graphite, simple cubic, fcc, bec, etc., and compared to accu-
rate first-principles benchmarks. It is unclear how well the
results for small hydrocarbons or carbon clusters carry over
to bulk systems. It is very clear, however, that the high-
symmetry structures typically used to validate methods do
not probe well the transferability of a method to the highly
strained, anisotropic local environments presemt-itC. The
six-, eight-, and 12-coordinated atoms of the sc, bcc, and
fcc/hep structures are, at best, raritiesatC, and further-
more, the atoms in these crystals are located in highly iso-
000 Lz ) ‘ tropic sites. The various high-coordinated metallic crystal
) 500.0 10000  1500.0  2000.0  2500.0 structures are all much higher in energy than the average in
o (em”) a-tC. In fact, we find the simple cubic structure is not even
a metastable structure for carbon. It is unstable to a tetrago-
FIG. 8. Projection of one three-member ring breathing modenal distortion forming four-member rings, the bonding topol-
onto the hcpe3 bulk phonon spectrum. The dashed line indicatesogy of the bctC4 structure. Fixing the unit-cell dimensions
the bulk density of states of hap3; the shaded spectrum indicates at the simple cubic optimum, our calculations demonstrate
single ring breathing mode density of staf@ustrated in inset  that this transformation occurs with no energy barrier.
They axis has been rescaled. The arrow indicates breathing mode Arguably, even reproducing correctly a graphite reference
frequency of cyclopropane. has little value in demonstrating the reliability of a method
for generatinga-tC models. No simulations have produced
spectrum was computed in the eight-atom tetragonal unit ceRromatic microstructures in published modeknd are un-
(rather than the four-atom body-centered-tetragonal).cell likely to given the high atom density cd-tC. Fourfold-
The calculation y|e|ds no imaginary modes for 64 coordinated structures such &C8, and structures with
Therefore, bctE4 is stable against structural distortions, andthreefold atoms and double bonds serve as better tests of
the rings, unlike in the molecule, do not buckle. Unsurpris-transferability. The bc€4 and hcpE€3 structures presented
ingly, hcp-C3 is also stable, exhibiting no imaginary modes. here, with their local anisotropy, should be particularly good

The spectra are otherwise unremarkable, except in ondystems to test and validate the ability of a method to treat

respect. The strain in the rings should, in principle, corre-h'ghly strained environments, and a method intended to pre-

spond to larger effective force constants, and hence, ingICt the populations of small rings should be able to repro-

L2 : : duce the energetics of these reference structures accurately.
creased vibrational frequencies, particularly for the three-, ™~ ; . X
member rinas. In Eia. 8. the ring-stretch breathin —modeAn important figure of merit for approximate methods
brati fg . | t% ' b g-stre acted gt th should be how well they can reproduce the detailed results—
vibration of a single three-carbon ring 1S projected onto € o4 e, energies, and phonons—provided in this paper as

bulk phonon density of states, holding all other atoms fixedy o chmarks.
As expected, the intraring density of states dominates the o; calculations above show that a minimum basis
high-energy portion of the spectrum. The weight of the pro-method will fail this test for hcpe3. Indeed, semiempirical
jected spectrum is concentrated in three peaks centered §ethods such as the tight binding method may do better for
1350, 1410, and 1450 cm. Thus, a major portion of the these strained systems than ostensibly better first-principles
ring-stretch vibrational density of states lies above the top obased methods constrained to a minimum basis. Despite be-
the entire bct€4 phonon spectrum, as well as that of ing effectively minimum-basis methods, tight-binding
diamond* For comparison, LDA predicts the ring-stretch schemes have more adjustable degrees of freedom, due to the
frequency of cyclopropane to be-1200 cmi?’, in good ability to fit matrix elements to obtain the desired results.
agreement with experimerft. Therefore, embedding the Good results for these reference structures has been
three-member carbon ring in a carbon host increases its ringlemonstratetf using a tight-binding methotf.
stretch frequency significantly. The population of small rings ia-tC and particularly of
This feature holds out &perhaps weakpossibility of three-member rings, will be sensitive to the energetics of the
finding a vibrational signature of three-member ringaitC  atoms in those rings, which in turn will be sensitive to the
through infrared or ultraviolet Raman measurements. Theuality of the calculation. This work has shown that the
other less strained parts of the dominantly fourfold latticestrain energy in three-member rings is modest in comparison
will contribute to vibrational frequencies lower than the to the average strain energy presentatC models. Four-
characteristic frequency of three-member rings, while themember rings are only slightly lower energy, and experimen-
modes deriving from the double bonded threefold atomstal evidence supports their existence. Therefore, three-
with their strong cross sections, scatter with higher frequenmember rings are also likely to be relatively common.
cies. However, if the strain energy is significantly overestimated,
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as in a minimum basis calculation or inadequately transfer- VI. CONCLUSIONS
able tight-binding method, the predicted population of these

rings will be significantly reduced, perhaps even eliminated. o:gg Qf\;;;:er?r?n;eqrg\goatgﬁgﬂg t(:r:?/:(tf:nztr;utfgrjrﬁi (S:or;;
To make reliable predictions of ring populations requires be'gtrained as the agr]e. have lower energies than the ag\]/e’ra o
ing able to compute accurately the relative energetics of vari- . y are, 9 9
ous microstructural elements that composeC. Other atom in current predicted-tC structures. These results dem-

structural elements, without similar artificial energetic handi_onstrate that both four- and three-member rings are likely to

cap, will gain a greater proportion of atoms in a simulation a gt;iozrmggg'& roivtr#iféuml EleLnael;:tsigl(é u?;?ggsogh%r\:\?rt-he
the expense of three-member rings. While energetics a 9 ' gn-q Y

clearly not the sole consideration determining the composiE ree-member rings to be quite plausible energetically in

tion of a-tC (kinetic effects play a large rolethey are an a-tC, we have shown that a calculation using inadequately

s approxaons, sich o & L basisestment
The structural properties of the ring structures reveal ng 9 9 9y

new feature that could be used to identify the three-memberr’ender the three-member rings unfavorablea#tC. Semi-

rings ina-tC in the same way that four-member rings haveempirical_ methodg should be able to demonsirate they can
been identified. Nor is there an obvious electronic signaturer.]andle h!ghly strained structurgs such as th.ree-member.rlngs
However, the strain in the rings leads to high-frequency feqll a-1C In order to r'nake' re!|able .pred|ct|ons of relat|ye
tures in the phonon spectrum that can be associated wi opulations of these rings in simulations. The two small-ring
these rings, and the three-member rings vibrations are | oulk structures presented here offer useful benchmarks to test
cated in a frequency range where it might be possible t _nd .refme more approximate me.thOd.S SUCh. as the t|_ght-
identify them ina-tC. inding m(_athod. The greater erX|b|I|.ty. in modifying matrix
difficult in approximate methods. However, for the purposes rinpci les methods in treatin pthese <mall rinas. The com-
of probing many properties of the material, the presence ang"'ncP 9 gs.

number of three-member rings may not be important. Fmpumd phonon specira ofier more benchmark data for

example, the rings are predicted to be electronically inert, agalldayng ”?etho.ds’ and r_eveal a feature that can b? usgd to
the crystals all have large energy gaps. The conductivitypOtent'a"y identify experimentally three-member rings in

electron transport, emission, and other electronic propertie -1C.

are likely to be dominated by the proportion and connectivity

of threefold-coordinated carbon atoms. One model based on

conjugatedm-bonded chains of threefold bonded atoms has ACKNOWLEDGMENTS

been shown to be consistent with the change in resistivity as Sandia is a multiprogram laboratory operated by the San-
a function of annealing® The small rings likely serve merely dia Corporation, a Lockheed Martin Company, for the
as part of a general dielectric backgrou(with relatively ~ United States Department of Energy, under Contract No.
large gap of four-coordinated carbon atoms, from which it DEAC0494AL85000. We thank Dr. D. B. Drabold for pro-
will be difficult to electronically distinguish atoms in the viding the coordinates of their LBDE-tC structure and Dr.
strained rings. It still remains to be proven, however, thatN. A. Marks for providing the coordinates of their structure.
they are not critical for determining important structural We also thank Dr. J. P. Sullivan, Dr. M. P. Siegal, and Dr. D.
characteristics such as the density, or compressibility. R. Tallant for helpful discussions.

1p. C. Kelires, Phys. Rev. Let68, 1854(1992; Phys. Rev. BA7, °D. A. Drabold, P. A. Fedders, and M. P. Grumbach, Phys. Rev. B

1829(1993; Phys. Rev. Lett73, 2460(1994). 54, 5480(1996.
2C. Z. Wang and K. M. Ho, Phys. Rev. Leftl, 1184(1993; J.  1°S. J. Clark, J. Crain, and G. J. Auckland, Phys. Re%5B14 059

Phys.: Condens. Matté&; L239(19949; Phys. Rev. B0, 12 429 (1997.

(1994. 113, 3. Cuomo, J. P. Doyle, J. Bruley, and J. C. Liu, J. Vac. Sci.
3Th. Frauenheim, P. Blaudeck, U. Stephan, and G. Jungnickel, Technol. A9, 2210(199)).

Phys. Rev. B48, 4823(1993. 12D, J. H. Cockayne and D. R. McKenzie, Acta Crystallogr., Sect.
4u. Stephan, Th. Frauenheim, P. Blaudeck, and G. Jungnickel, A: Found. CrystallogrA44, 870 (1988.

Phys. Rev. B50, 1489 (1994). 133, D. Berger, D. R. McKenzie, and P. J. Martin, Philos. Mag.
5C. H. Lee, W. R. L. Lambrecht, B. Segall, P. C. Kelires, Th. Lett. 57, 285(1988.

Frauenheim, and U. Stephan, Phys. Revid311 448(1994. 1D, R. McKenzie, D. Muller, and B. A. Pailthorpe, Phys. Rev.
5B. R. Djordjevic, M. F. Thorpe, and F. Wooten, Phys. Re\v6B Lett. 67, 773(1997).

5685(1995. 5P, H. Gaskell, A. Saeed, P. Chieux, and D. R. McKenzie, Phys.
’D. A. Drabold, P. A. Fedders, and P. Stumm, Phys. Revi9B Rev. Lett.67, 1286(1991); Philos. Mag. B66, 155(1992.

16 415(1994. 18K. W. R. Gilkes, P. H. Gaskell, and J. Robertson, Phys. Rev. B

8N. A. Marks, D. R. McKenzie, B. A. Pailthorpe, M. Bernasconi, 51, 12 303(1995.
and M. Parrinello, Phys. Rev. Lets, 768(1996; Phys. Rev. B 17P. A. Schultz and E. B. Stechel, Phys. Rev5B 3295(1998.
54, 9703(1996. 180, F. Sankey and D. J. Niklewski, Phys. Rev48 3979(1989.



PRB 59 SMALL RINGS AND AMORPHOUS TETRAHEDRAL ... 741

19Th. Frauenheim, G. Jungnickel, Th: Ker, P. Sitch, and P. Blau- 32J. Harris, Phys. Rev. B1, 1770(1985.
deck,Proceedings of the 1st International Conference on Amor-*R. Car and M. Parrinello, Phys. Rev. Leb6, 2471 (1985.

phous Carbor{World Scientific, Singapore, 1998 35R. H. Wentorf, Jr. and J. S. Kaspar, Scied@8 338(1963; J. S.
20p, Porezag, Th. Frauenheim, Th."Ker, G. Seifert, and R. Kaspar and S. M. Richards, Acta Crystallog, 752 (1964.

Kascher, Phys. Rev. B1, 12 947(1995. 36M. T. Yin, Phys. Rev. B30, 1773(1984.
2lg, B, Stechelunpublishedl S87R. Biswas, R. M. Martin, R. J. Needs, and O. H. Nielsen, Phys.
22W. Kohn and L. J. Sham, Phys. Rel40, A1133(1965; see, Rev. B30, 3210(1984.

also, Theory of the Inhomogeneous Electron Gedited by S. S, Fahy and S. G. Louie, Phys. Rev.3B, 3373(1987.

Lundqgvist and N. M. MarchPlenum, New York, 1983 393, Crain, S. J. Clark, G. J. Ackland, M. C. Payne, V. Milman, P.
23p, Hohenberg and W. Kohn, Phys. R&26, B864 (1964). D. Hatton, and B. J. Reid, Phys. Rev.4B, 5329(1994).

24p. A. Schultz and P. J. Feibelman, SeqQuest Progampub-  “°M. T. Yin and M. L. Cohen, Phys. Rev. B4, 6121(1981).
lished; for a description of the method, see, P. J. Feibelman?K. B. Wiberg and F. H. Weller, J. Am. Chem. S04, 15 239

Phys. Rev. B35, 2626(1987). (1982.
25J. Perdew and A. Zunger, Phys. Rev2B 5048(1981). 42p_ pavone, K. Karch, O. SctipWw. Windl, D. Strauch, P. Gian-
26D, M. Ceperley and B. J. Alder, Phys. Rev. Letg, 566 (1980. nozzi, and S. Baroni, Phys. Rev.4B, 3156(1993.
27D, R. Hamann, Phys. Rev. B0, 2980(1989. 43M. Boero and W. Andreoni, Chem. Phys. Le265, 24 (1997.
283, S. Nelson, E. B. Stechel, A. F. Wright, S. J. Plimpton, P. A.**M. J. Mehl (private communication

Schultz, and M. P. Sears, Phys. Rev58 9354(1995. 45D. A. Papaconstantopoulos, M. J. Mehl, S. C. Erwin, and M. R.
2%K. Leung and E. B. Stechélnpublishe Pederson, imight-Binding Approach to Computational Materi-
3ON. Troullier and J. L. Martins, Phys. Rev. &3, 1993(1997). als Science edited by P. E. A. Turchi, A. Gonis, and L.
313, K. Cullum and R. A. WilloughbyLanczos Algorithms for Columbo, MRS Proceedings No. 48Material Research Soci-

Large Symmetric Eigenvalue Computatiof@&irkhauser, Bos- ety, Warrendale, PA, 1998

ton, 1985, Vols. 1 and 2. 463. P. Sullivan, T. A. Friedman, R. G. Dunn, E. B. Stechel, P. A.

32p. Giannozzi, S. de Gironcoli, P. Pavone, and S. Baroni, Phys. Schultz, M. P. Siegal, and N. Missert, @ovalently Bonded
Rev. B43, 7231(1991); X. Gonze, D. C. Allan, and M. P. Teter, Disordered Thin Film Materialsedited by M. P. Siegal, W. I.
Phys. Rev. Lett68, 3603(1992; X. Gonze, Phys. Rev. B5, Milne, and J. E. Jaske, MRS Symposia Proceedings No. 498
10 337(1997; X. Gonze and C.-Y. Leabid. 55, 10 355(1997. (Materials Research Society, Warrendale, PA, 198897.



