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Structural, elastic, and electronic properties of deformed carbon nanotubes under uniaxial strain
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We report structural, elastic, and electronic properties of selected, deformed, single-wall carbon nanotubes
under uniaxial strain. We utilized a generalized gradient approximation potential of density functional theory
and the linear combination of atomic orbital formalism. We discuss bond-lengths, tubule radii, and the band
gaps as functions of tension and compression strain for carbon nandlihe®, (8, 4), and(10, 10 which
have chiral angles of 0, 19.1, and 30 deg relative to the zigzag direction. We also calculated the Young’s
modulus and the in-plane stiffness for each of these three nanotubes as representatives of zigzag, chiral, and
armchair nanotubes, respectively. We found that these carbon nanotubes have unique structural properties
consisting of a strong tendency to retain their tubule radii under large tension and compression strains.
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Single-wall carbon nanotubdSWCNTS9 can be viewed lected parameters partly suggests the present work that em-
as rolled-up graphene sheets that have a diameter at the org#oys anab initio approach.
of 1 nm. They have properties such as high current density, Three main features characterize our first-principles com-
high elasticity, and stiffness unparalleled by other materialsputational method. The first of these features is the choice of
Their potential applications range from that in building sky-the potential. We utilized the generalized gradient approxi-
scrapers and elevator cables to the ones in very tiny electricahation(GGA) potential of Perdew and Wari§ This density
circuits and machinesThese materials, however, are too functional*~1® potential goes beyond the local density ap-
small for many conventional measurements. This situatioproximation (LDA). We also performed LDA calculations
underscores the possible importance of theoretical studiefQr carbon nanotubg10, 0. The second feature of our
including the one reported here that focuses on structuramethod stems from employing the linear combination of
elastic, and electronic properties of selected single-wall caratomic orbital(LCAO). The third and distinctive feature of
bon nanotubes under uniaxial strain. our work resides in our use of optimal basis sets as per the

In the last several years, tight-binding calculations haveBagayoko, Zhao, and William¢BZW) procedure.~2° As
been extensively used to study the structural and electroniexplained elsewhere, this procedure avoids a basis set and
structure of carbon nanotub&s. T|ght-b|nd|ng approxima- variational effect inherently associated with variational cal-
tions based on the symmetry of the honeycomb lattice ofulations that employ a basis set and leads to the calculated
graphite predicted that SWCNTs could be semiconducting oband gaps in very good agreement with experiméhts.
metallic depending on their chiralityn,m). The tight-  With the above method, we solved the Kohn-SHathequa-
binding model has been able to provide good estimates of théon self-consistently. Self-consistency was followed by the
basic electronic structure of SWCNTs. However, curvaturecalculations of the total energies. Details of these steps, in-
related effects and the hybridization of different electroniccluding the Kohn-Sham equation and the expression for the
states of graphite could lead to structural and electronic progotal energy, are fully described in the literatdfe?®
erties that are substantially different from the result of tight-  In the LCAO method, we expanded the electronic eigen-
binding calculations. Zigza@n,0) (wheren is a multiple of ~ function ¥,; of the many-atom system as a linear combina-
3) SWCNTs which were predicted to be metallic from tight- tion of aftop_’nm wave fl_mctlon§7. The;e mpu_t functions result
binding calculations were found to have small energy gaps.from ab initio calculations for atomic species that are present
Several theoretical groups have studied the elastic propertidd the system. For the calculations, thel§) state was used
of carbon nanotubes. Their approaches include simulatiords the core state. For tH{@0, 0 and the(8, 4) tubes, the
with realistic many_body potentia%,the empirica' force- C(ZSZp) states were used as filled and pal’tla”y filled valence
constant methoaiight-binding forma“smélo pseudopoten- states. The C353p) orbitals were the unfilled electron states
tial calculations with local density approximation that were used to augment the basis set for the calculations.
potentialst! and Born’s perturbation technique within a lat- For the(10, 10 tube, the @2s2p) states were used as filled
tice dynamics modé? and partially filled valence states and th€3§) as the un-

The aim of this work is therefore to study the aforemen-filled state. The empty Bp) state was dropped, in the case
tioned properties of SWCNTSs, utilizingb initio quantum  of (10, 10, due to convergence difficulties.
computations. We specifically report on structural, elastic, Uniaxial strain was simulated by linearly scaling the atom
and electronic properties of SWCNTs under uniaxial strainpositions along the tube axis in the carbon nanotube. To find
Recent tight-binding calculations have led to values of bonchow the tube radius changes with uniaxial strain, after the
lengths and radii, band gaps, and Fermi levels as functions afibe axis was scaled, the radius was identified from the total
strain® The dependence of tight-binding results upon the seenergy minimization procedure. Namely, for a given nano-
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TABLE I. Unstrained bond length&, by, andcp) in carbon [ T ' T T T T T

nanotube$10,0, (8,4), and(10,10. L, is the length of the unit cell; é 1.08F -
ro is the tube radius; an is the number of atoms per unit cell. 2 i o/c. ]
[
(10,0 (8,9 (10,10 E 1.04 .
o I
ao () 1.416 1.414 1.420 5 T oo
bo (A) 1.416 1.419 1.420 8 100k i
o (A) 1.420 1.420 1.418 i i ]
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tube and a given compression or tensile strain, the total en- ¢ (%)

ergy was obtained as a function of the tube radius. The equi- £ 1 Bond lengths and tube radius as functions of compres-
librium ra:dl_us' i.e., the stable one, was th? one correspondingon and tension strais for (10,0 nanotube. Each length is scaled
to the minimum of the total energy. This process was reqg its unstrained length.
peated for each strain to obtain the radius of a tubule as a
function of compression or tensile strain. Similarly, the cal-
culated bond lengths, band gap, and Fermi energies, for
given nanotube and a given strain, are the one correspondi
to the minimum of the total energies.

The Young’s modulus for each SWCNT was calculated b
fitting the total energy/unit cell for each straiy, to the

report. As per Figs. 1 and 2, the calculated and normalized
I%ngths(i.e., alag, b/by, orc/cy) of bonds with a component
r<1§ong the axis decrease or increase linearly with compression
or tensile strain, respectively. These variations are quantified
Ywith the slopesn provided in Table II.

A special feature of the calculated properties of the carbon

equation nanotubes was that the radii of the nanotubes do not change
1, 5 under a substantially large uniaxial strain, from —6% to +6%.
E= EWr ZY | g5, (1) The Poisson’s ratio, which is the ratio of the transverse con-

tracting strain to the longitudinal elongational strain, is

whereY is the Young’s modulug is the unit cell length, and nearly zero for these carbon nanotubes. This behavior is
r is the outer radius of the nanotube. Equati@hwas de- drastically different from that of macroscopic materials and it
rived using the assumption that the nanotube was a perfedisagrees with results of tight-bonding calculations and other
cylinder?! The standard radii tabulated for the nanotubes arenechanics simulatiorfs?® One possible explanation is that
for circumferences through the centers of the outer atomghe bonds along the circumference, partly strengthened by
The outer radius includes such a standard radius plus theurvature effects, are not significantly affected by uniaxial
radius of the carbon atorf0.71 A). We also calculated the strains orthogonal to therti.e., along the axis We also re-
in-plane stiffness C, which is an alternative measure of thepeated the studies usingb initio LDA calculations for
mechanical characteristic of nanotubes that is defindd as SWCNT (10, 0. The total energy minimization of the LDA
1 7E calculations for(10, 0 found the bond length at 1.402 A for
=23 (2)

Sdes, [ T T ' T T T '

1.08 -

C

Radius

whereS is the surface area of the nanotube.
Table | displays the unstrained bond lengths and other, - /e, ]
characteristics of the tubules under study. In a graphenqg [ i
sheet, the lengths of tha, b, and c bonds are equal. In
three bonds are generally different. For the SWQNT, 0,
the ¢ bond along the axis is greater than th@ndb bonds
along the circumferencéa=b<c). For the SWCNT(10,
10), thec bond along the circumference is shorter thanahe
and b bonds along the axisa=b>c). In the case of the
SWCNT (8, 4), the a bond closest to the circumference is
less than thec bond closest to the axis, i.ea<b<c. The
bond lengths and radii as functions of the compression or B ¢ (%)
tensile strain are displayed in Fig. 1 for tt0, 0 and Fig. 2
for the (8, 4). The calculated results fdil0, 10 are very FIG. 2. Bond lengths and tube radius as functions of tension
similar to those 010, 0 and(8, 4) and are not presented in strain and compression strainfor (8,4) nanotube. Each length is
a separate figure, due to the page limitation of this briefscaled to its unstrained length.
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TABLE Il. Coefficientsm of linear variation of normalized bond 1.8
lengths with compressiofinegative and tensile(positive) strain 14r ]
(i.e., e expressed as —0.04 and +0.06 for 4% and 6% compression . Ler ]
and tensile strain, respectivehA1/1,=me, where 1 is the, b, or E 1.or ]
¢ bond length. The Young’s modulug is in TPa. The in-plane g 081 ]
stiffnessC is in J/n?. w 061 ]
0.4r c(1a,0) ]

m for bond m for bond m for bond Y c 8%’ ]

Nanotubes a b c (TPa (J/md) 8 Te 2.2 0 7 4 & =8
e (%)

(10,0 0.252 0.252 1.000 1.47 340
(8,9 0.036 0.572 0.893 1.10 267 FIG. 3. Band gaps of indicated carbon nanotubes as functions of
(10,10 0.746 0.746 ® 0.726 272 compression and tensile strain.
aBond c, for(10,10, is along the circumference of the tube. easiest to stretch or to compress, as confirmed by our results

in Table 1.

ap andb, and 1.406 A forc,, that is about 1% smaller than We also calculated the in-plane stiffnéSgor the carbon
the results of theab initio GGA calculations. Thab initio nanotubes. It is 340, 267, and 272 ¥for (10, 0, (8, 4),
LDA calculations for SWCNT(10, 0 also found that the and (10, 10, respectively. The in-plane stiffness of these
radii of the nanotube did not change under a substantiallpanotubes exhibited a dependence on their chirality, when
large uniaxial strain. Among the previoad initio calcula- the nanotubes are strained along the tube @xiirection).
tions of the elastic properties of carbon nanotubes, SancheXiao and Liao reported an average in-plane stiffn€ssf
Portalet al. utilized a minimal basis set of one s and three p328 J/nt for graphene, using the second-generation Brenner
orbitals per carbon atom and performed LDA calculati#hs. potential in their simulation of carbon nanotul3és.
In their calculations, they used pseudoatomic orbithian The calculated electronic properties for the unstrained
Lier et al. utilized ab initio Hartree-Fock 6-31G method and nanotubes basically reproduced the results of Zétal?°
closed nanotube models in their simulati@hsSanchez- for (10, O and (8, 4), using the optimal basis sets of the
Portalet al?* and Van Lieret al?® reported relatively small BZW method, which gave converged results for the calcu-
values(from 0.14 to 0.19 of the Poisson ratio for their cal- lated electronic structure that included the occupied electron
culated carbon nanotubes, which also indicated the diametstates as well as the unoccupied ones near the Fermi level.
rigidity of the carbon nanotubes. These previ@is initio  These tubes were found to be semiconductors. These authors
calculations utilized different computational methods, suchprovided plots of the band structures of these tubtfl@he
as a minimal basis set and the Hartree-Fock method, anelectron energy bands of carbon nanot(b@, 10 present a
their results are slightly different from ours. As demonstratedsemimetallic property as reported in previous publications.
in one of our previous publicatior’8,the use of a minimal Figure 3 shows the nonlinear variation of band gap$16f
basis set may not be sufficient to obtain a highly accurat®) and (8, 4) with strain. For both nanotubes, the band gap
solution of the calculated electronic structure of the carbordecreases with compression strain and increases with tensile
nanotubes, which could explain in part the difference bestrain, for strain values smaller than or equal to 4%. While
tween our results and those of Sanchez-Pettal. The fun-  the band gap fo(8, 4) reaches a minimum for a compression
damental differences between the Hartree-Fock method argtrain of 4%, that for(10, 0 exhibits a maximum for a ten-
density functional methods, i.e., the inclusion of the elec-sile strain of 4%. Our results for the variation of the band gap
tronic correlation effects in the latter, partly explain the dif- with strain qualitatively agree with the findings from tight
ference between our results and those of Van kieal. In  binding! but are quantitatively differefftparticularly in the
our ab initio calculations, we utilized extended atomic basismagnitudes of the band gaps. As apparent in Fig. 3, our
sets and performed both GGA and LDA computations. results indicate that nanotulf20, 0 become metallic at 6%

The calculated Young’s modul (in TPg for the tubes compression strain. It was noticed that the carbon nanotubes
are shown in Table Il. We recall that the radius included inmay collapse for large straif$2® a process that we cannot
the formula for the Young’s modulus is from the center of thesimulate at present using tlad initio quantum calculations,
tube to the outer circumference. This value of the radius ledbecause the required computations are beyond our current
to Young’s moduli close to the experimentally found value of computation capability. Therefore, the obtained band gaps
approximately 1 TP&.The (10, 0 and (10, 10 tubes have for large strains may be a theoretical simulatidrpriori, the
the highest and lowest Young’s moduli, respectively. Thisgeneral behavior of these band gaps with strain, particularly
trend is expected due to the bond geometry of the tubeBom values below 4%, is expected on the basis of the in-
according to chirality. All three bonds in thg.0, O tube crease or decrease of the overlap between atomic sites, for
have a significant component parallel to the axis along whicttompression or tensile strains, respectively. The consequent
strain is applied. In the case @0, 0, thec bond is entirely  broadening or flattening of the bands, respectively, affects
along the axis. In contrast, one of the bonds of th@, 10  the gaps.
tube is entirely along the circumference; it is not expected to A discussion of our results for the elastic properties is
oppose any resistance neither to compression nor to tensipartly limited by the dearth of experimental data and by the
strain. For this reason, nanotu®0, 10 is intuitively the  rather large uncertainty associated with currently available
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ones. Indeed, Treacogt al?® and Wong and coworketSre-  strain. The results of ouab initio, self-consistent, GGA-
ported average Young's moduli of 1.8 and 1.28 TPa withBZW calculations agreed qualitatively with some findings of
respective uncertainties of 1.4 and 0.59 TPa. Given thesthe tight binding approach and quantitatively disagreed with
large error margins, the claimed agreement between our rghem. We found that the radii of these nanotubes do not
sults and experimental ones may not have much significancghange under uniaxial strain, up to 6%. We quantified the
A comparison with previous theoretical studies is hampereginear variation of bond lengths with compression and tensile
by the differences in the expressions of the Young's modulugrain and showed the change of the band gap with strain, for
for carbono nanotubes as explained by Hernandez angdsmiconducting nanotubes, to be essentially nonlinear. Mea-
coworkerst® These authors found 1.22 and 1.24 TPa for thesurements of elastic limits fan, 0) and(n, n) nanotubes and

Young’s moduli of (10, 0 and (10, 10 respectively. The , : g ; -
tight-binding work of these authors, as per their Fig. 3, led toOf the Young’s moduli and the in-plane stiffness for graphite

about the same modulus fén,0) and (n,n) single-walled qualitatively agree with the trends in our calculated results

carbon nanotubes for diameters between 0.75 and 2 nm. Thf|gr the selected smgl_e-walled carb(_)n nanotub_es. .

finding is qualitatively different from ours. [Pualso found, Recently, we received tWO preprints regardl_ng th_e experi-

using the empirical force-constant model, values of 0.9759“""“tal work by S. B. Cr_onnet al. at Harvard University and

and 0.972 TPa fof10, 0 and (10, 10, respectively. Our the Massachusetts Institute of Technology on measurements
! A pf uniaxial strain in single-wall carbon nanotubes, utilizing

results are clearly different for the three nanotubes und ) . .
consideration. Our results of 1.47 and 0.726 TPa for nano,cSOnance Raman spectra of atomic-force microscope modi-

tubes(10, 0 and (10, 10, respectively, qualitatively agree fied SWCNTs. This work entailed bending the nanotubes

with the trend in the recent tight-binding work of Zhaegy while holding the ends _ﬁx‘?d-_ Two imp_ortant comments

al.28 who found the elastic limit ofn, 0) tubes to be about should be made about this finding. The first one consists of
Mice that of(n,n) tubes of compara{ble radius. Another in- the fact that our calculations did not include a determination
dication of the 'possible correctness of our findings may repf whether or not the nanotubes actually conserve their sym-

) ; . 0 s
side in the case of graphite. Indeed, the Young’s modulus Olfnetrlcal geometry under strain as high as 6%. Craial.

raphite alond the axis. 0.0365 TPa. is very different from reported cases where carbon nanotubes broke under strains
?hepone in thg basal pléné 1.02 qué y greater than 1.65%. The second comment stems from an in-

e . 3233 i,
Due to our utilization of the BZW method, our calculated dication, from the work of Cronirt al, that the radii of

. . .~ semiconducting SWCNTs do not change under strains be-
band gaps are expectedly higher than other theoretical fing- o . :
ings known to us. While Reiclet al® reported a gap of cfween 0.06 and 1.65%. The constancy of the radial breathing

0.8 eV for nanotubé8, 4), we found 0.96 eV. More impor- mode (RBM) frequency(wggy) lead to this conclusiof?33

tantly, our results clearly show that the variation of the band?'Ven that the tube diametek=248/wrau.

gap with strain is far from being linear. For nanotulf&s, 0 ACKNOWLEDGMENTS
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