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Since their discovery in 1990, the study ofsp2 bonded carbon nanotubes has grown into a field of
research in it’s own right; however the development of thesp3 analog, diamond nanowires, has been
slow. A number of theoretical models have been proposed to compare the relative stability of
diamond and graphite at the nanoscale; and more recently, to compare nanodiamonds and fullerenes.
Presented here is a study of the phase stability of nanocarbon in one-dimension. The structural
energies of carbon nanotubes and diamond nanowires have been calculated using density functional
theory within the generalized gradient approximation, and used to determine the atomic heat of
formation as a function of size. ©2004 American Institute of Physics.
@DOI: 10.1063/1.1643354#

INTRODUCTION

In recent years carbon nanomaterials have been the sub-
ject of intensive experimental and theoretical efforts, probing
their structural, energetic, mechanical, and electronic proper-
ties. The discovery of graphitelike bonded carbon nanotubes
~CNT! by Iijima1 in the early 1990s inspired a new branch in
materials science, dedicated to the development of technol-
ogy at the nanoscale. Numerous studies have been con-
ducted, exploring the unique structural to electronic proper-
ties of nanotubes,2 such as high mechanical strength, high
thermal and chemical stabilities, excellent heat conduction.3

The mechanical properties of CNTs have been investi-
gated theoretically4–6 in numerous studies. The energetic,
structural; and elastic properties~including Young’s Modulus
and Poison’s ratio! of CNTs were calculated by Herna´ndez
et al. using nonorthogonal tight-binding; and later re-
examined by Shenderovaet al.5 in comparison with diamond
nanorods. Recent work by Troianiet al.6 examined the prop-
erties of ductile nanotubes under axial strain using tight-
binging calculations, finding that the nanotubes either devel-
oped a linear cumulene type chain or a junction before
failing; in agreement with their observations using high reso-
lution electron microscopy.

Although thesp2 bonding of CNTs offer many structural
advantages, the smallest nanotubular structure has been pre-
dicted to posessp3 bonding,7 assp2 bonding appears to be
unfavorable.8 These structures were predicated by Stojkovic
et al.7 to be approximately 4 Å in diameter, and were later
observed experimentally9,10 with the results of Qinet al.9

supporting the suggesting ofsp3 bonding more akin to dia-
mond. Diamond based materials have also been suggested to
be the optimal choice for nanomechanical designs, as they
possess other unique structural to electronic properties such
as high elastic modulus and strength-to-weight ratio.11 This

has prompted a number of theoretical studies investigating
various aspect of diamond at the nanoscale.

Although a number of studies have reported on structure
and properties of semiconductor nanowires including
carbon,12 the development of diamond nanowires has been
slow. The growth of carbon nanowires has been achieved
using a number of techniques;13–16 and aligned diamond
nanowhiskers have been successfully synthesized,17 showing
well-defined characteristics of diamond.18 Diamond nanocyl-
inders with a diameter of approximately 300 nm have been
fabricated,19 and most recently, nanorods of single crystalline
diamond have been reported.20 The details of the respective
experimental techniques used for the successful synthesis of
diamond nanowire to date are outlined in Refs. 16–20.

Recently it has been shown fromab initio calculations
that nanocrystalline diamond is structurally stable in one
dimension,5,21 under certain conditions. The stability, charac-
terized by the variation in these structural properties from
that of bulk-diamond, was found to be dependent on both the
surface morphology and the crystallographic direction of the
principle axis of the nanowire.21 In a study conducted by
Shenderovaet al.,5 the stiffness and fracture force of hydro-
genated diamond nanorods has been compared with those of
single-walled and multiwalled carbon nanotubes, also con-
cluding that the mechanical properties of the nanorods de-
pend on both the diameter of the nanorod, and the orientation
of the principle axis. Similarly, the electronic structure of
fine ~stable! dehydrogenated and hydrogenated diamond
nanowires has been briefly examined by Barnardet al.,22

with results indicating that the band gap of diamond nanow-
ires is not only smaller than that of bulk diamond, but that it
varies depending upon the surface morphology, diameter and
~again! the orientation of the principle axis.

Still few diamond nanowires structures have been ob-
served experimentally, which raises questions as to the phase
stability of one-dimensional~1D! diamond structures. If dia-
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mond is to play a significant role in the future of nanode-
vices, it is important to gain a full understanding of the phase
stability of dehydrogenated diamond nanowires and carbon
nanotubes, to determine if diamond nanowires are energeti-
cally favorable, compared to carbon nanotubes. Theoretical
work compiled regarding carbon phase stability23–29 has so
far only concentrated on 0D structures such as graphite nano-
particles and nanodiamond. These models predict that for
particles under 5–6 nm in diameter nanocrystalline diamond
is more stable than graphite. As an extension of this, we have
recently outlined a model for examining the relative stability
of graphite, nanodiamond and fullerenes,30 as well as the
intermediary structures known as bucky-diamonds.31 This
model successfully predicted that at the ultrananoscale
fullerenes, and not nanodiamond, are the most stable allot-
rope. This intersection occurred at a cubic nanodiamond di-
ameter of approximately 1.9 nm, indicating a ‘‘window’’ of
stability for nanodiamond.

This model has now been applied to carbon nanotubes
and stable diamond nanowires, in an attempt to ascertain if
diamond nanowires are thermodynamically viable.

STRUCTURE AND ENERGETICS

The structure of a nanotube may be describe entirely in
terms of the length and chirality. The chirality and diameter
are uniquely defined in terms of the magnitude of the com-
ponents of the chiral vectorCh5nāl1mā2[(n,m), where
n,m are integers andā1 ,ā2 are the unit vectors of a hexago-
nal, graphene sheet. The chiral vectorCh therefore connects
two crystallographically equivalent sites on the sheet. The
particular chiralities known as ‘‘armchair’’ and ‘‘zig–zag’’
are named for the cases wherem5n andm50, respectively.
The term ‘‘chiral’’ is used for all other values ofm. Both
zig–zag and armchair structures are considered here, for all
n53 to 12.

Three stable dehydrogenated nanowire morphologies
have been included in this study, characterized by pure
dodecahedral forms and combinations of cubo-dodecahedral
forms, with increasing average lateral diameter. To assist in
clarity, one cubo-dodecahedral group is denoted as ‘‘cylin-
drical’’ due to the circular cross section, and the other as
‘‘cubic’’ due to the square or rectangular cross section. The
dodecahedral structures are bounded by~110! surfaces in all

lateral directions, with a square cross section; and have a
principle axis in the@100# direction. The cylindrical nanow-
ires considered here are bounded by four C~100! surfaces
and four C~110! surfaces in the lateral directions, with a cir-
cular cross section, and have a principle axis in the@100#
direction. The cubic diamond nanowires are bounded by two
C~100! surfaces and two C~110! surfaces in the lateral direc-
tions, with a rectangular cross-section, and have a principle
axis in the@110# direction. The initial structures have been
‘‘cleaved’’ from a bulk diamond lattice, with both
C(110)(131) single dangling bond and C(100)(131)
double dangling bond surface structure. Three nanowires of
each morphology have been considered~with increasing di-
ameter!, with periodic boundary conditions~PBC! applied in
the x direction and sufficient vacuum space added in they
andz directions to create infinite 1D structures. Examples of
these nanowires are shown in Fig. 1, viewed laterally from
the @100# direction.

All nanowire and nanotube structures have been relaxed
using density functional theory~DFT! within the generalized
gradient approximation ~GGA!, with the exchange-
correlation functional of Perdew and Wang~PW91!.32 This
has been implemented via the Viennaab initio Simulation
Package ~VASP!,33,34 using ultrasoft, gradient-corrected
Vanderbilt-type pseudopotentials.35,36 The valence orbitals
are expanded in a plane-wave basis up to a kinetic energy
cutoff of 290.00 eV. The relaxation technique used here is an
efficient matrix-diagonalization routine based on a sequential
band-by-band residual minimization method of single-
electron energies,37,38 with direct inversion in the iterative
subspace. Both the ionic positions and super-cell volume
have been relaxed. Thus both the symmetry and the lattice
parameter are free to alter, resulting in expansions or con-
tractions of the entire structures. We have successfully ap-
plied this technique to the relaxation of bulk diamond,39

nanodiamond,40 diamond nanowires,21 and fullerene30 struc-
tures in previous studies.

Phase stability model

The method use here to estimate the phase stability of
the relaxed carbon nanotubes and diamond nanowires is
based on the atomic heat of formation, as a function of size.
The atomic heat of formation of dehydrogenated diamond-

FIG. 1. Examples of the diamond nanowire morphologies considered in this study, including dodecahedral~left!, cylindrical ~center!, and cubic~right!.
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like @DH f
o(D)/NC# and fullerenic@DH f

o(F)/NC# structures is
expressed in terms of the C–C bond energyECC and dan-
gling bond energyEDB , such that
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NC
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D 2 1
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o~DB!!

1DH f
o~C!, ~1!
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5

3

2
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F 1DH f
o~C!1

Es

R2 , ~2!

where,NC is the number of carbon atoms,NDB is the number
of dangling bonds on the surface of the structure and
DH f

o(C) is the standard heat of formation of carbon at
298.15 K. A dehydrogenated surface has been used for the
diamond nanowires@see Eq.~1!#, as the main intention here
is to compare diamond nanowires with carbon nanotubes,
which do not have a hydrogenated surface. We note that the
various bond energiesECC and EDB are calculated at 0 K
~using DFT! while DH f

o(C) is determined at 298.15 K, but it
has been assumed in this model that the corrections required
due to this are small, and have therefore been ignored in this
treatment.

This model also assumes that the strain energy of a
nanotube contains only two in-plane elastic constants, and
that the chiral graphene sheet is homogeneous and elastically
isotropic. Hence, ignoring higher order effects such as tor-
sional bending, the deformation energy consists of stretching
~first-order! and bending~second-order! terms. In nanotubes,
the stretching term is the cohesive energy of the carbon at-
oms, and the bending term provides the strain energy asso-
ciated with curvature of the cylindrical structure. Therefore
the strain in an elastic cylinder can be approximated as bend-
ing and stretching of a suitable elastic sheet, where the strain
~bending! energy of each atom (Estrain/NC) per unit area (A)
is given in terms of the sheet thickness (h), by

Estrain

NC
5

Akh3

NC24R2 , ~3!

wherek is the bending modulus of the sheet, andR is the
radius of curvature. For a nanotube, if we assume a cylindri-
cal model,R is also equal to the mean radius,A52pRL,
andNC52pRLr. This results in an expression for the strain
energy per carbon atom, which is linearly dependent on the
inverse square of the curvature of the structure,

Estrain

NC
5S kh3

r24D 1

R2 5Es

1

R2 . ~4!

This is a suitable definition for use here asEs may be ob-
tained by fitting the calculated energy to the inverse of the
square of the nanotube curvature. Hence, the strain energy
and cohesive energy may be obtained from the slope and
intercept of a linear fit to the energy per ion versus 1/R2

respectively, as

E

NC
5Es

1

R2 1
Ecohesive

F

NC
, ~5!

where E is the total nanotube energy calculated explicitly
with DFT ~see Fig. 2!, for all the zig–zag and armchair nano-
tubes fromn54 to 12.42 There are many ways of defining
the strain energy in nanotubes,43–46 however the type of ap-
proach used here~which has also been successfully applied
before47! has proven to be most useful in the presented
model.48 The stain energy obtained here is in agreement with
those obtained using other models,43–46after suitable conver-
sions are made for units and approximations.

Similarly, ECC
D andEDB

D for the diamond nanowires may
also be obtained by extrapolating the energy per atom versus
the number of dangling surface bonds per atom~see Fig. 3!.
The slope and intercept of the linear fit gave values for the
cohesive energy of27.55 eV ~whereECC

D is half the cohe-
sive energy! and a dangling bond energy of 1.32 eV, respec-
tively.

DISCUSSION OF RESULTS

The fitted values forECC
D , EDB

D , ECC
F @as Ecohesive

F

5(3/2)ECC
F ] and Es @with the experimental value for

DH f
o(C)57.432 eV~Ref. 41!# were then inserted in to Eqs.

~1! and ~2!, and the atomic heat of formation calculated for
the nanotubes and diamond nanowires. This was then plotted

FIG. 2. The calculated energy per atom vs the inverse square of the radius
of curvature, for the zig–zag and armchair carbon nanotubes (n53 – 12)
structures, with the linear fit.

FIG. 3. The calculated energy per atom vs the dangling surface bonds per
atom, for the stable diamond nanowire structures, with the linear fit.
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as a function of the number of carbon atoms per unit length,
rather than the number of carbon atoms,30 as these are effec-
tively infinite structures. In all cases the final, relaxed length
was used. This is shown in Fig. 4, along with the lines of best
fit. By extrapolating the fits the intersection of diamond
nanowires and carbon nanotubes was found to be
;450 atoms/nm. This is approximately equivalent to a dia-
mond nanowire of;2.7 nm in diameter, or ann527 arm-
chair nanotube.49

However, Fig. 4 shows that the atomic heat of formation
of nanowires varies considerably among the structures, with
three points falling almost among the nanotube results. This
variation is due to the different morphologies of the diamond
nanowires, and it is the dodecahedral nanowires that have
formation energies akin to nanotubes. These nanowires re-
tained the diamondsp3 bonding following relaxation, and
have been found previously to represent the most structurally
stable nanowire morphology.21 This significant result indi-
cates that diamond nanowires with C~110! surfaces, and a
principle axis in the@100# direction are not only structurally
stable, but almost as energetically favorable as comparable
carbon nanotubes.

As part of our previous study of nanodiamond crystals
and fullerenes,30 the atomic heat of formation of graphite
was estimated using experimental values for the bond ener-
gies ~rather than calculated values!. Using the fit obtained
from this work, the intersection of diamond nanowires and
nanotubes with graphite was also investigated. In order to

preserve the correct dimensionality, the number of atoms in
the graphite model was scaled~per unit length! in two chiral
directions, equating tou50 andu530° ~whereu is the chi-
ral angle!. Both directions were examined, to determine
whether scaling of this type would be meaningful. The inter-
section of the heat of formation as a function of atoms per
unit length for diamond nanowire and carbon nanotubes with
graphite was then obtained for each ‘‘chiral scaling.’’ These
results, along with the phase stability crossing-point between
diamond nanowires~averaged over morphologies! and car-
bon nanotubes, are contained within Table I. Table I also
contains ~based in the number of carbon atoms per unit
length of each crossing-point! an estimate of the correspond-
ing diameters of diamond nanowires, and chiral indexn of
an armchair nanotube.

These results indicate a ‘‘window’’ of stability for dia-
mond nanowires, between approximately 450 to 870–930
atoms per unit length. The upper limit of this range~where
graphite becomes the most energetically preferred allotrope!
is sensitive to the chiral scaling direction, indicating some
uncertainty surrounding this phase stability crossing point.
At the lower limit of this range, it is apparent that although
carbon nanotubes are energetically preferred, the exact phase
stability crossing-point is sensitive to the morphology of the
diamond nanowire. However, irrespective of these uncertain-
ties, the results show that thermodynamic stability of dia-
mond nanowires may only be expected in avery limited size
range, at best. This will obviously have an impact of the
effective synthesis of these structures.

This size range is however in agreement with a number
of other experimental and theoretical studies. Nanocrystal-
line diamond has recently been obtained directly from car-
bon nanotubes at high pressure,50 and theoretical simulations
@using the empirical many-body potential energy functional
~PEF! and~canonical! molecular dynamics at 1 K# by Erkoç
et al.51,52 have shown the transformation of carbon multi-
walled nanotubes into ta-C nanowires, in line with experi-
mental observations.53

CONCLUSIONS

Presented here is a theoretical investigation of the rela-
tive phase stability of 1D carbon nanostructures, using a heat
of formation model previously used successfully to compare
the phase stability of diamond nanocrystals and fullerenes.
The results of this study indicate that carbon nanotubes rep-
resent the most energetically preferred form for fine 1D car-
bon nanostructures, and that~the sp3 analog! diamond
nanowires occupy a ‘‘window’’ of stability. This window
ranges from approximately 2.7 nm to 3.7–9 nm in~lateral!

FIG. 4. The calculated atomic heat of formation vs the number of atoms per
unit length, for the stable diamond nanowire structures and carbon nano-
tubes, with the extrapolations indicated by the lines of best fit. The diamond
nanowires with a significantly lower heat of formation, almost matching that
of carbon nanotubes, are representative of the dodecahedral morphology,
whereas the diamond nanowires with the higher heat of formation~well
above that of carbon nanotubes! are representative of the cubic and cylin-
drical morphologies.

TABLE I. Size ranges of phase stability for 1D carbon nanostructures, including approximate corresponding
diameters of diamond nanowires and chiral index of carbon nanotubes.

Carbon nanostructure NC /L f (nm21) DNW Diameter~nm! CNT chiral indexn
Carbon nanotubes~CNT! &450 &2.7 ,27
Diamond nanowires~DNW! ;450 to 870a–930b ;2.7 to;3.7a–;3.9b 53a–57b

Graphite .870a–930b *3.7a–;3.9b .53a–57b

aGraphite scaled in theu50 chiral direction.
bGraphite scaled in theu530° chiral direction.
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diameter, beyond which graphite is energetically preferred.
The limits of this range are sensitive both to the nanowire
morphology, and the method used to scale the graphite struc-
tures~required to ensure dimensional consistency!.

These results are considered to be useful in estimating
the size range for which diamond nanowires may be ex-
pected during synthesis, and as a guide to the relative stabil-
ity of somesp2 and sp3 carbon in 1D nanostructures. Fur-
ther work is required to investigate the relative stability of
other nanocarbon structures such as nanopeapods,
bucky-wires54 and amorphous carbon nanostructures in 1D.53
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