ACTA PHYSICA POLONICA A No.1 Vol. 142

Papers submitted to the Conference “Applications of Physics in Mechanical and Material Engineering”

Geometric Isomers of the (3,1) Carbon Nanotube:
A Theoretical Study

B. BRzOSTOWSKI?, A.P. DURAJSKI?,
K.M. GRUSZKA® AND J. WOJTKIEWICZ%*

@ Faculty of Physics and Astronomy, University of Wroctaw,

pl. M. Borna 9, 50-204 Wroctaw, Poland

b Institute of Physics, Czestochowa University of Technology,

19 Armii Krajowej Av., 42-200 Czestochowa, Poland

¢Institute of Physics, Czestochowa University of Technology,

19 Armii Krajowej Av., 42-200 Czestochowa, Poland

dFaculty of Physics, Warsaw University, Pasteura 5, 02-093 Warszawa, Poland

Doi: 10.12693/APhysPolA.142.21 *e-mail: wjacek@fuw.edu.pl

This paper presents the results of density functional theory calculations for the (3,1) carbon nanotube
ensuing in two structural configurations, representing two local energy minima. To be sure in this
conclusion, we used two distinct density functional theory implementations and three different structure
optimization algorithms. The interatomic distances of the two kinds of (3,1) carbon nanotubes do not
differ too much, but the other properties are more pronounced. We found that the HOMO-LUMO
energy gap of the lower energy configuration is 0.69 eV, whereas the second configuration possesses the
0.36 eV HOMO-LUMO gap. Both isomers have been obtained by optimization because the calculations
started either with a different initial configuration or with different starting parameters critical for
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convergence, efficiency and/or accuracy.
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1. Introduction

Carbon nanotubes (CNTs) — quasi-one-
dimensional allotropes of carbon, constructed as
cylindrical tubes with nanometers in diameter
and up to several millimeters in length — have
attracted significant research interest ever since
their discovery due to their outstanding properties.
It is well known that the physical properties and
the electronic structure of CNTs are closely related
to their chirality (n,m) [1]. In achiral nanotubes,
n = m, when n is a multiple of three, CNTs become
zero-gap semiconductors. Otherwise they become
semiconducting nanotubes with a finite size of the
band gap. The band gap decreases with the in-
creasing diameter of the tube, approaching zero at
infinite diameter. In the case of chiral nanotubes,
n # m, where n — m = 3k with an integer k,
CNTs become metallic. Otherwise, they become
semiconducting nanotubes [2, 3|.

Due to the wide applicability of different CNTs,
many papers explore their various properties, such
as semiconducting and metallicity features [4-6],
and mechanical, magnetic [1], and optical prop-
erties [7, 8], to name just a few. Those papers
are devoted to the study of CNTs’ various prop-
erties according to their configuration described
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using (n, m) notation [9]. In all of them, however, it
is implicitly assumed that the chirality parameter
(n,m) uniquely determines the whole structure of
the CNT.

Here, we want to report detected geometric iso-
mers of the (3,1) CNT. More precisely, we have
found two configurations of non-equal energy, i.e.,
ground state configuration and configuration with
higher energy. The identified second configuration
has local energy minima and, when compared to
the ground state, possesses the identical structure
of chemical interatomic bonds, however, distances
between atoms are different in both of them. More
importantly, both possess different electronic prop-
erties, e.g., the energy gap being equal to 0.69 eV
for the first one, whereas, for the second one, the
gap is 0.37 eV. We have tested carefully to ensure
that both of these structures are equilibrium ones,
i.e., both correspond to local energy minima.

2. Computational methods

To study the electronic properties of investi-
gated materials, first-principles calculations are
performed within the framework of the density-
functional theory (DFT) [10] as implemented in the
Quantum Espresso (QE) [11, 12] and Siesta [13]
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Fig. 1. Histogram of the distance between neigh-
bor C-C atoms for (a) structure#1 and (b)
structure#2.

packages. The exchange and correlation effects
were accounted for by the generalized gradient ap-
proximation (GGA) with PBE exchange-correlation
potential. In Quantum Espresso, the optimized
atomic structures were obtained by fully relaxing
both atomic positions as well as cell parameters
by using the Broyden—Fletcher—Goldfarb—Shanno
(BFGS) quasi-Newton algorithm. For comparison,
in Siesta, two optimization methods were used, i.e.,
conjugate gradients (CG) and fast inertial relax-
ation engine (FIRE) [14]. For all the above three
methods, the optimization algorithm varied the
atomic structure of the system until all forces were
smaller than 10~ eV /A. All parameters critical for
convergence, such as the k-points mesh and the en-
ergy cutoff, were carefully tested to ensure the most
accurate results.

3. Results and discussion

We used various generally available generators to
obtain the initial structure of the (3,1) nanotube.
As a result of optimization, we reach two slightly
different atomic configurations.

After performing geometry optimization, we
found that the structures are very similar for both
CNTs. For structure#2, the cell length along the
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Fig. 2. Total density of states for both investi-

gated CNT structures.

periodic axis (conventionally named the z-axis) is
slightly longer (0.06 A). In Fig. 1, the relative dis-
tances between first three neighbors are presented,
i.e., the distance between each CNT’s atom (num-
bered at outline) and its three closest neighbors.
The observed differences between both structures
are easily noticeable, although the absolute differ-
ences in distances are rather small. As can be seen,
the distances present some oscillatory behavior for
both structures. In the case of structure#1, how-
ever, it seems that neighbor positions vary more
regularly compared to structure#2. It is also worth
noting that when the distance to the first neigh-
bor is shorter, then in most cases, the distance to
neighbor 2 and 3 is more similar.

For the CG method in Siesta, regardless of the
input structure, the optimization always led to
the ground state, i.e., structure#1. However, if we
used as input the optimized structure#2, then the
system remained in this state even for rigorous
optimization parameters. The second optimization
method in Siesta, i.e., FIRE, leads to structure#1 or
structure#2, depending on the initial time step. For
smaller values of this parameter, we get the ground
state configuration, and for larger values — the sec-
ond structure.

In QE, to obtain structure#2, we employed a spe-
cial two-step procedure, in which the first and sec-
ond steps differ in tightness in force convergence
criteria. First, we generated ideal atomic positions
with a fixed 1.41 A in C-C distance and relaxed,
thus obtaining a structure with loose force conver-
gence set to 10™% éV/A. Then we again relaxed the
structure from the previous step, this time setting
the convergence threshold to 10~¢ eV/A. For the
ground state CNT (structure#1), we started from
the same ideal structure this time, however, we fixed
the convergence threshold to 1076 ¢V /A from the
very beginning. In general, we found that reproduc-
tion of structure#2 is rather hard, especially when
starting from randomized atomic orbitals. In that
case, several trial runs had to be performed.
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Fig. 3. Phonon frequency dispersion for
structure#1 (a) and structure#2 (b) along
I'Z-A-M high-symmetry line in the Brillouin
zone.

From the results presented in Fig. 2, we see
that in contrast to semimetal pristine graphene,
the (3,1) carbon nanotube systems exhibit an iso-
lation behavior, with HOMO-LUMO (H-L) energy
gap of 0.69 eV and 0.37 eV, for structure#1 and
structure#2, respectively. Moreover, structure#1 is
energetically more favorable, with energy smaller by
0.68 eV compared to structure#2.

The dynamical stability of investigated struc-
tures was examined through the calculation of the
phonon band structures. The dynamic instability
appears as imaginary frequency. Figure 3 shows the
obtained results. Both CNTs have imaginary fre-
quencies, however, structure#1 has smaller imagi-
nary frequencies. It means that structure#2 is not
only energetically unfavorable — it is also dynami-
cally more unstable.

4. Conclusions

Using different optimization methods in two DFT
implementations, we found for (3,1) carbon nan-
otube two alternative geometric structures with
similar total energies and different electronic prop-
erties. For a large number of tests and despite the
use of various optimization algorithms, it turned out
that if the system converges to structure#2, it re-
mains in this state even for very strict convergence
parameters such as energy cutoff, k-points mesh,
and force tolerance. The HOMO-LUMO gap for the
ground-state structure (0.69 V) is more than twice
as large as the second structure (0.37 €V). Since the
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total energy difference between these structures is
less than 0.7 eV, the coexistence of both structures
is possible. On the base of the phonon dispersion
relations, it seems that structure#2 is less dynam-
ically stable. It remains an open question whether
the previously reported values of the H-L gap for
various carbon nanotubes were for sure obtained
for the ground state. We hope that our results will
provide useful guidance for future experimental and
theoretical studies on CNTs and will allow verifi-
cation of whether a similar effect occurs for other
nanotubes.
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