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ABSTRACT

First-principles (FP) calculations of the electronic and vibrational properties of three different Haeckelite structures have been performed. The
relatively low cohesive energies (when compared to Cg) of these phases suggest the possible synthesis of such novel carbon arrangements.
In agreement with previous tight-binding calculations (Terrones, H.; Terrones, M.; Hernandez, E.; Grobert, N.; Charlier, J.-C.; Ajayan, P. M.
Phys. Rev. Lett. 2000, 84, 1716), the Haeckelite structures exhibit a clear metallic behavior. In addition, within the ab initio framework, we
predict the IR and Raman frequencies, which constitute the fingerprint of their structure and allow for their unambiguous identification. STM
images and quantum conductances of various tubular Haeckelite structures are also calculated within a tight-binding framework. The three
investigated Haeckelite structures are shown to be good candidates of conducting wires with great potential in nanoelectronics. The results
presented here provide a catalog of properties that will aid in the identification of other Haeckelite structures as well as carbon systems
containing pentagonal and heptagonal defects.

Following their identification by lijima in 199%, carbon understood by analyzing a graphene sheet, in which pentagon
nanotubes (CNTs) have attracted considerable attention forheptagon defects perturb the?sgmarbon framework. As a
their fascinating electronic and mechanical properties. Specif-direct consequence, the band dispersion at the Fermi level
ically, it has been theoretically predicted and experimentally (z—s* states) and the Fermi surface are drastically modified.
demonstrated that CNTs could exhibit electronic properties  Crespi et af proposed an alternative theoretical way to
ranging from small gap semiconductors to good conduéfors. generate metallic carbon sheets by considering an ordered
Because of their quasi one-dimensional electronic struc- planar arrangement consisting only of pentagons and hep-
ture, electronic transport in metallic CNTs occurs ballistically tagons. As opposed to a graphene layer, which is a semi-
(i.e., without scattering).However, various effects at the metal, the planar structure proposed by Crespi and co-
nanoscale could perturb such ideal situation: (i) the hybrid- workers exhibits a finite density of states at the Fermi level
ization of theo* and =* states of the graphene netwérk  and could be considered as a good metal. This indicates that
due to tube curvature, and (ii) the presence of topological pentagor-heptagon defects induce a dramatic increase of
defects! In the latter case, it has been demonstrated that thethe metallicity within CNTSs.
creation of bond rotation defect (the so-called “Stene By extrapolating this idea, a new family of metallic layered
Wales” defect) closes the gap in large-gap CNTSs, opens thesp-like carbon crystals was propost@ihese novel systems,
gap in small-gap CNTSs, and increases the density of statesnow termed Haeckelites, are characterized by the presence
at the Fermi level in metallic CNT%This behavior can be  of a large number of pentagons and heptagons, in addition
+ Corresponding author, to the hexggons, Whlch typlcally'cover a graphmc plane.
tUnite de Physico-Chimie et de Physique des Matex (PCPM), Their stability and unigue electronic and mechanical proper-
Universit'eCatholique de Louvain. _ ties were predicted within a tight-binding (TB) framewdrk.
CERMIN, UniversiteCatholique de Louvain. From the electronic point of view, the new family of carbon-
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of states at the Fermi level, an effect caused by the presence ,
of the large number of odd-membered rings within the
structure.

An analysis based on the structural stability of Haeckelites,
compared to graphite ands@molecule, suggests that they
could be synthesized in the laboratory. However, no experi-
mental evidence of their existence has been reported hitherto
It is therefore important to predict and characterize their d)
physical properties that will ultimately allow for researchers
their experimental identification.

This account focuses on the properties of three different E_% <“<_)

b)

Haeckelite structures. First-principles calculations are used
to confirm their stability and to investigate their electronic 7} '
properties and vibrational spectra. The latter allows for the F}"C}*) O O O
unambiguous identification of different phases using Raman D—) <_\ O . O
scattering or IR absorption techniques. Finally, semiempirical

tight-binding Is usgd to compute the scanning tunneling Figure 1. Schematic representation of four different layere# sp
microscopy (STM) images and quantum conductance prOp_Iike carbon atomic arrangements with their respective unit cell: (a)

ertie; of one-dimensional tubular Haepkelite SUrUCIUres graphite, (b) rectangular ), (c) oblique (@, (d) hexagonal
obtained from the planar phases. STM is a technique that(Hs ). The six-membered rings are highlighted.

permits the clear identification of the atomic configuration

on a surface. Although STM does not actually provide a nheyagons (Figure hd). The hexagonal carbon patterns are
direct information on the atomic arrangempet se it probes  grawn in thick lines in Figure 1 in order to highlight the
the electronic density around the Fermi energy and is gitferences between the various models. Since the three
remarkably sensitive to highly localized states. The goal of |sackelite crystals have different symmetry, we will adopt
this paper is to set up a catalog of physico-chemical i following designation: &, Oss Hsse7for the rectan-
properties that will help researchers in the identification of gular, the oblique, and thevhexégonayl 'Haeckelite models,
such highly defective systems, and subsequently t0 theespectively. The subscripts refer to the type of polygons
exploitation of their remarkable properties. presents in the unit cell. For example, the rectangular model
The atomic coordinates and the cell parameters of all the(RSJ) does not contain any hexagon. In its unit cell, the
structures are fully relaxed within density functional theory, heptagons and pentagons are paired symmetrically on a flat
as implemented in the ABINIT packageéThe exchange-  surface (Figure 1b), and was originally proposed by Crespi
correlation energy is evaluated using the generalized gradientet a|. 8 |t can be visualized as the result of successive
approximation of PerdewBurke—Ernzerhof? Only valence  application of StoneWales (SW) rotations of a graphene
electrons are explicitly considered, and norm-conserving non-pjane (a SW rotation consists in the transformation of pyrene-
local pseudopotentials are used to account for the-€ore |ike ring into two pairs of heptagons and pentagons). The
valence interactions. The wavefunctions are expanded in primitive cell for the oblique model (€ ) is composed of
plane waves up to a kinetic energy cutoff of 30 Ha, and the pentalene and heptalene units bound together and surrounded
k-point sampling for the various phases is chosen sufficiently py six-membered rings (Figure 1c). The hexagonal structure
fine to ensure the numerical convergence of all the calculated(H, , ) exhibits repetitive units of three agglomerated
properties. heptagons, surrounded by alternating pentagons and hexagons
The dynamical properties such as phonon frequencies at(Figure 1d).
the zone center are conventionally computed as second-order The supercell method is used to perform the structural

derivatives of the total energy with respect to atomic re|axations. In this scheme, the thickness of the unit cell (i.e.,
displacements. The latter are obtained using a variationaliy the direction perpendicular to the plane) was chosen
approach to density-functional perturbation theory, also gyfficiently large in order to avoid any spurious image effects
implemented in the ABINIT package. on the calculated total energy and vibrational frequencies.
STM images have been computed using a well-tested semi-in Table 1, we report the space group and the relative energy
empirical approach that is applied routinely in the identifica- per atom with respect to graphene fogy@nd the three
tion of carbon nanotubes. It is based on the Tersoff Haeckelite structures, respectively. For comparison, the
Hamman formalism for the tunneling current between a energy values obtained from TB calculatidase also listed
metallic tip and a substrate, as outlined in ref 12. in this table. Although FP and TB values are significantly
We first study the stability of three planar Haeckelite different, both methods show comparable trends in the
structures and compare our results to the stability of a pristinerelative stability of the three Haeckelite phas&Hs 7 <
graphene sheet. The graphitic plane can be considered a&(Rs7) < E(Os¢7). We found that the three relaxed structures
a collection of hexagonal motifs (Figure la). However, turn out to be metastable when compared to the graphene
Haeckelite structures in turn consist of an equal number of sheet, while they are significantly more stable thap, @
pentagons and heptagons, in addition to a number ofresult which is in qualitative agreement with previous TB
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Table 1. Symmetry and Relative Stability of Haeckelite Planar a) graphite - N g) rectangular
Structures with Respect to Graphene (meV/atom) oL 0 N
point or ) = / s 5%2?
space group B FP g \ ?B N
c 1 419 380 g of ] 8 oF NAS
02?6,7 PhZ/m 408 375 @ » i w?/\,\@
Rs7 Cmmm 307 261 ,.5/ ) ,,5.\&?
Hse7 P6,m 304 246 ™~
graphene P63/mmc 0 0 A R ""r/s\v\l?
calculations. We also note that the most stable Haeckelite = — =
structure, Hg7(246 meV/atom), has no pentagepentagon j§2>/< g)ob“que <\>/ gd); xagonsl
adjacency, whereas the two other phases; 61 meV/ . 0 ==
atom) and @ 7(375 meV/atom), display a single pentagon > — >§
. 5 5B % 5 s
pentagon contact per unit cell. Therefore, TB and FP resultsei 2 5
suggest that Haeckelite arrangements also follow the “isolated § | Z\Of{ ?_m_ >
pentagon rule” (IPR}? a phenomenological rule generally & SN & %k/\
accepted in the context of fullerene structures. 15 }g "5}§g
The band structures and the total densities of states (DOS) B 7 | =
for graphene and the rectangular, oblique, and hexagonal »F=——Ft—f—— & "

Haeckelite phases are given in Figures 2a, 2b, 2c¢, and 2d, . . .
respectively. The Fermi level is identified by a dotted line Figure 2. Band structure and electronic density of states (Fermi

. evel positioned at zero energy) for graphite exhibiting semimetallic
and is taken as the energy of reference. The graphene DO ehavior (a) and for Haeckelites (b). (), (d) showing metallic

exhibits the step function typical to two-dimensional layered pehayior. (b) rectangular (), (c) oblique (@), (d) hexagonal
structures. At first glance, the reason for the presence of such(Hs ). In all plots, the units of the density of states are states per
a shape in the three Haeckelite models is not obvious,eV.
although the DOS is oscillating with marked features around
a constant value. This behavior can be attributed to bandsTable 2. Calculated and Experimental Phonon Frequencies of
that are less disperse (i.e., sharper peaks in the DOS) inGraphite (in cm?) with Their Symmetry Assignments
H.aeckellte pha;es than in graphite (see band structures in- p, (6/mmm) this work expt.
Figure 2). This is a direct consequence of the band folding,
. . . . - Raman
which is due to two main factors: a larger size of the Ez (1) 6.9 .
primitive unit cell (4 atoms for graphite; 8 forsR 12 for EZZ @) 1592.6 1582
Os67 16 for Hsg7) and the loss of symmetry. Another Infrared
important modification takes place when going from graphene Ao (1) 886.2 868
to Haeckelite systems. A non-zero density of states is E1u (2) 1601.8 1587
observed at the Fermi level, confirming the metallicity of )
. . . . Silent
the three Haeckelite crystals. This observation confirms Bay (1) 1273 127
previous TB calculations, for which only electrons were B, (2) 880.2 .
taken into account (one-electron picture). For the hexagonal
Haeckelite phase, the DOS exhibits a particularly intense for different types of defects (e.g., non hexagonal) within
peak at the Fermi level (see Figure 2d), characteristic of thesesp>-hybridized carbons. As shown in Figure 3, the simulated
types of systems. IR spectra for different planar Haeckelites exhibit very
The calculated phonon frequencies and their symmetry different features from one phase to another. For graphene,
assignments for graphene and Haeckelite structures aretis worth noting that among the two allowed IR peaks only
summarized in Tables-25. The calculated IR absorption one (at 1602 cm') gives rise to an intense signal (Figure
spectra and the Raman peak positions are presented in Figur8a). Similar behavior is observed for the Haeckelite structures
3. As no experimental information on the Haeckelite planar (Figures 3b-3d); only few symmetry allowed peaks lead to
structures is available yet, we start by discussing the intense response in the IR mode. Two intense signals (at
calculated vibrational frequencies of graphene, for which 1173 and 1279 cni) are especially unique to the rectangular
experimental values are availaBfeAn excellent agreement  arrangement, whereas three (at 1440, 1547, and 167%) cm
between the theoretical and experimental values is presenteénd one (at 1254 cm) are obtained for obliqgue and
in Table 2. This indicates that the theoretical method used hexagonal phases, respectively. Furthermore, these differ-
is appropriate for predicting the vibrational modes of other ences also occur among the different Haeckelites in the
forms of sp carbon structures such as Haeckelite arrange- Raman vibrational frequencies, leading to the observation
ments. that both Raman scattering and IR absorption spectroscopy
From the experimental point of view, IR and Raman are well-suited experimental techniques for the identification
spectroscopic techniques will provide characteristic features of Haeckelite structures.
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. - 1 (a) g‘raphit'e T " T
Table 3. Calculated Phonon Frequencies ofd (in cm™1)
with Their Symmetry Assignments |
Dsn (62m)
(b) rectangular
Raman z
E" 2221 3129 5300 6772  760.3 5 || ||| | ||| ”
A1 561.0 1019.3 1349.0 1517.8 1714.6 E
Infrared g (¢) oblique
A 369.9  699.6  813.9 z || I
IR + Raman
E' 532.4 674.0 918.6 1001.9 1227.6 (d) hexagonal
1253.8 1282.8 1446.8 1615.2 1643.2 I I ||
Silent
" f L L I s ) s L ) !
Aq 169.8 824.0 0 =00 7000 300
A2 7028 9063 10397 12422 14911 Frequency (em”)
Table 4. Calculated Phonon Frequencies af7Rin cm™) with Figure 3. Simulated infrared absorption spectra for graphite (a)

and Haeckelite planar structures (b), (c), (d): (b) rectangulas)(R

Their Symmetry Assignments : A
(c) oblique (G 6,9, (d) hexagonal (kls 7). The Raman frequencies

D2n (mmm) (vertical lines) are also given.

Raman

Bsg 447.2 795.7 pentagonal pinch mode of theslC(Ay(2): 1470 cm?)

Bag 461.9 783.7 and display an analogous pattern for the atomic displace-
Big 815.0 1022.0 1420.2 1586.2 ments

A 1145.8 1452.5 1488.1 1606.9 o .

K Similar to carbon nanotubes, Haeckelite sheets can be

Infrared rolled up in such a way as to form hollow cylinders. In this
Biu 397.3 650.6

study, we also considered three Haeckelite nanotubes ob-

Bau 555.3 1172.7 1279.0 ) ) ;
Bay 830.6 1098.5 1594.2 tained by rolling up the three flat systems considered above.
Silent We have computed their STM images for positived(4 V)

A' en 438.7 and negative 0.4 V) tip—substrate bias potential. The

potential is applied in such a way that occupied states of the
tubes are imaged for positive bias while unoccupied states
determine the image obtained with negatively polarized tip.

The simulated STM images are reproduced on Figure 4. We

Table 5. Calculated Phonon Frequencies of 3 (in cm™)
with Their Symmetry Assignments

Can (Mmm) remark that the superimposed atomic structure is barely
Raman recognizable from the simulated images, and those images
By 2347 2705 5849 7140 7705 computed for opposite tip polarities are unmistakably dif-

825.0 ferent. These two characteristics are explained by the fact
Aq 6173 7567 8411 10364 10645 that the tunneling current mainly originates from nanotube-

1145.0 1215.6  1432.8  1443.8 1557.8

16975 17677 centered localized donor (positive bias) and acceptor (nega-

tive bias) states, corresponding to the high density of
X‘frarEd boo4 3504 4506 6670 7362 heptagons and pentagons, respectively. This result shows that
B: 5050 6434 8063 9468 10488 the |dent|f|cat|on o_f tubular Hagckellte .structures is a
11637 13211 14402 15470 16774 challenging task using topographic techniques, even more
when no simulation or modeling is available. Incidentally,
The vibrational analysis of Haeckelite structures is a itis possible that these structures have been already observed
sensitive issue, since non-hexagonal rings are sharing edgebut were inadvertently missed, since even high spatial
in such topologies. In the present study, the structuresresolution STM images do not directly reveal the underlying
involved include pentagenpentagon pairs and pentagen  atomic structure.
heptagon pairs, which means that neither heptagons nor The proposition of new carbon allotropes with a large
pentagons are completely isolated in the hexagonal networknumber of pentagons and heptagons was originally motivated
(as pentagons would be insg for example). Consequently, by the search for better metallic compounds, i.e., systems
the attribution of IR or Raman active modes to pentagonal with an increased DOS at the Fermi level and a higher
or heptagonal rings is not straightforward. However, in the electronic conductivity. In order to check the validity of the
three structures investigated here, three active Raman modesystems proposed here, we need to investigate their electronic
(R: 1453 cm? ; O: 1433 cmt; H: 1447 cmt) are mainly transport properties. We investigated the transport properties
localized on the pentagons. These modes are in the samevithin the Landauer formalism using a Green’s function and
range of frequencies as for the pentagonal mode of thetransfer-matrix-based approach for computing electron trans-
corannulene molecule () = 1414 cm?! ) and the port in extended system&Note that the results reported in
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Figure 4. STM image simulation (top) and electronic conductance (bottom) for the tubular Haeckelite structures (a) rectaggul@) (R
oblique (Q ), (c) hexagonal (Kls-). The black solid line bar in the central STM image represents a length of 5 A.

Figure 4 are bulk-like calculations, which means that they In summary, we have calculated the structural and the
were obtained by seamlessly connecting the central “conduc-vibrational properties of three different Haeckelite arrange-
tor” to electron reservoirs on the left and on the right by ments using first-principles calculations. Haeckelites are
leads made up of the same structure. The conductance spectrund to be metastable with respect to a pure graphene sheet,
are derived from the electronic band dispersion, and the and more stable thangsgas already predicted by semi-
number of channels is merely a counting of the bands for a empirical methods. In addition, Haeckelite tubes exhibit an
given energy. Figure 4 depicts the electron conductance ofimproved metallic character when compared to the zero-gap
Haeckelite structures. For example, the rectangular-based andemiconducting graphene sheet. Finally, various ways of
hexagonal-based Haeckelite tubules exhibit a large numbercharacterization are proposed. In particular, infrared and
of available conducting channels at the Fermi level, whereasRaman studies allow us to distinguish different carbon
the oblique displays a small gap around the Fermi level. structures unambiguously. The present results could also be
Although our study demonstrates that Haeckelite structuresused in order to identify haeckelite-type topological defects.
display an intrinsic metallic transport when compared to This could be particularly promising in the understanding
hexagonal carbon nanotubes of similar radii, our study doesof the atomic structure of coiled carbon nanotubes. Using
not assess the robustness of the conducting channels, in otheBTM experiments, Biro et al. have highlighted the tubular
words, how these channels couple with metallic leads in a structure of these carbon systethd’In order to explain the
practical transport experiment. This is important information, helicoidal character of the phases, these authors proposed a
but a full investigation with realistic leads goes beyond the regular organization of non-hexagonal rings in order to
scope of this study. produce haeckelite-type structutéslaeckelite crystals have
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not been identified experimentally, but the IR, Raman, and
STM simulated data presented in this account will provide
experimentalists with additional evidence for detecting such

fascinating carbon allotropes.
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