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Systematicab initio study of curvature effects in carbon nanotubes
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We investigate curvature effects on geometric parameters, energetics, and electronic structure of zigzag
nanotubes with fully optimized geometries from first-principle calculations. The calculated curvature energies,
which are inversely proportional to the square of radius, are in good agreement with the classical elasticity
theory. The variation of the band gap with radius is found to differ from simple rules based on the zone folded
graphene bands. Large discrepancies between tight binding and first-principles calculations of the band gap
values of small nanotubes are discussed in detail.
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[. INTRODUCTION timized structural and electronic properties of SWNT’s are
obtained from extensive first-principle calculations within
Single wall carbon nanotube¢€SWNT's) are basically the generalized gradient approximafidiGGA) by using

rolled graphite sheets, which are characterized by two intepseudopotential planewave mettfddVe used plane waves
gers f,m) defining the rolling vector of graphifeThere-  up to an energy of 500 eV and ultrasoft pseudopotentfals.
fore, electronic properties of SWNT’s, at first order, can beThe calculated total energies converged within 0.5 meV/
deduced from that of graphene by mapping the band strugtom. More details about the calculations can be found in
ture of two dimensional(2D) hexagonal lattice on a Refs. 26,27.
cylinder!=® Such analysis indicates that the,) armchair
nanotubes are always metal and exhibit one dimensional Il. GEOMETRIC STRUCTURE
quantum conductioh.The (n,0) zigzag nanotubes are gen-

erally semiconductor and only are metalrifis an integer First, we discuss effects of curvature on structural param-

multiple of three. However, recent experiméniadicate eters such as bond lengths and angles. Figure 1 shows a

much more complicated structural dependence of the bangFhematic side view of a zigzag SWNT which indicates two

gap and electronic properties of SWNT's. The semiconduc:t'—[yr'?es of C-C bc?nds gnd CC]EC;] b(f)nl<|j angles, rgspectivel;q.
ing behavior of SWNT's has been of particular interest, since! '€ curvature dependence of the fully optimized structura
arameters of zigzag SWNT's are summarized in Fig. 2. The

the electronic properties can be controlled by doping oP2'am ; .
implementing defects in a nanotube-based optoelectroniéar!at'On of th_e pormallzed bond Iengtﬁsa.,dc_cldo where
devices14 It is therefore desirable to have a good under-Jo 1S the optimized C-C bond length in graphgred the
standing of electronic and structural properties of SWNT'sPond angles with tube radid(or n) are shown in Figs. @)
and the interrelations between them.

Band calculations of SWNT's were initially performed by
using a one-bandr-orbital tight binding modef. Subse-
quently, experimental dat&®on the band gaps were ex-
trapolated to confirm the inverse proportionality with the ra-
dius of the nanotubg.Later, first-principles calculatidn
within local density approximatiofLDA) showed that the
o*-7* hybridization becomes significant at sm&l(or at
high curvaturg Such an effect were not revealed by the
m-orbital tight-binding bands. Recent analytical stutfie$’
showed the importance of curvature effects in carbon nano-
tubes. Nonetheless, band calculations performed by using
different methods have been at variance on the values of the
band gap. While recent studies predict interesting effects,
such as strongly local curvature dependent chemical
reactivityl* an extensive theoretical analysis of the curvature
effects on geometric and electronic structure has not been
carried out so far. FIG. 1. A schematic side view of a zigzag SWNT, indicating

In this paper, we present a systemaicinitio analysis of  two types of C-C bonds and C-C-C bond angles. These are labeled
the band structure of zigzag SWNT’s showing interestingasd,, d,, 6;, and 6,. Radius dependence of these variables are
curvature effects. Our analysis includes a large number aimportant in tight-binding description of SWNT’s as discussed in
zigzag SWNT's withn ranging from 4 to 15. The fully op- the text.

0163-1829/2002/64.5)/15340%4)/$20.00 65 153405-1 ©2002 The American Physical Society



BRIEF REPORTS PHYSICAL REVIEW B 65 153405

strain energy, which is specified as the curvature enEggg
calculated as the difference of total energy per carbon atom
between the bare SWNT and the graphete., E.

=E1 swnTET graphent for 4<n<15. The calculated curva-
ture energies are shown in Figc2 As expectedE, is posi-

tive and increases with increasing curvature. Consequently,
the binding(or cohesive energy of carbon atom in a SWNT
decrease with increasing curvature. We note that in the clas-
sical theory of elasticity the curvature energy is given by the
following expressiorf>—3!

Normalized Bond Length

_Yh3 Q o«

Bond Angle (Deg)

(€Y

HereY is the Young’s modulud is the thickness of the tube,

)
3 06 and() is the atomic volume. Interestingly, ttab initio cur-
§ vature energies yield a perfect fit to the relatietR? as seen
& 04 in Fig. 2(c). This situation suggests that the classical theory
@ . . . .
. of elasticity can be used to deduce the elastic properties of
E SWNT’s. In this fit @ is found to be 2.14 eV Aatom,
° 00 wherefromY can be calculated with an appropriate choice of
2.0 3.0 4.0 5.0 6.0 h
Radius (A) :
FIG. 2. (a) Normalized bond lengthsdg /dy andd, /d,) versus IIl. ELECTRONIC STRUCTURE

the tube radiuR (dy=1.41 A). (b) The bond angles4; and 6,)
versusR. (c) The curvature energ. per carbon atom with respect An overall behavior of the electronic band structures of
to graphene as a function of tube radius. The solid lines are the fit tSWNT’s has been revealed from zone folding of the
the data as B°. graphene bands?* Accordingly, all (n,0) zigzag SWNT
were predicted to be metallic whenis multiple of 3, since
and 2b), respectively. Both the bond lengths and the bondhe double degenerate and 7* states, which overlap at the
angles display a monotonic variation and approach th& point of the hexagonal Brillouin zonéBZ) of graphene
graphene values as the radius increases. As pointed out e#stds to thel' point of the tub&* This simple picture pro-
lier for the armchair SWNT'$® the curvature effects, how- vides a qualitative understanding, but fails to describe some
ever, become significant at small radii. The zigzag bondmportant features, in particular for small radiusroetallic
angle (9,) decreases with decreasing radius. It is about 12hanotubes. This is clearly shown in Table I, where the band
less than 120°, namely, the bond angle betwagbonds of gaps calculated in the present study are summarized and
the graphene, for the (4,0) SWNT, the smallest tube we studcompared with results obtained from other methods in the
ied. The length of the corresponding zigzag bonds) (on literature. For example, our calculations result in small but
the other hand, increases with decreasitigOn the other non-zero energy band gaps of 93, 78, and 28 meV for (9,0),
hand, the length of the parallel bond] decreases to a (12,0), and (15,0) SWNT’s, respective(gee Table ) Re-
lesser extent with decreasifty and the angle involving this cently, these gaps were measured by scanning tunneling
bond () is almost constant. spectroscopy¥STS experiment§as 80, 42, and 29 meV, in
An internal strain is implemented upon the formation ofthe same order. The biggest discrepancy noted in Table | is
tubular structure from the graphene sheet. The associatdaetween the tight-binding and the first-principles values of

TABLE I. Band gapEgy as a function of radiu® of (n,0) zigzag nanotubesd/ denotes the metallic state. Present resultsSpwere
obtained within GGA. First row of Ref. 19 is LDA results while all the rest are tight-bindirg) results. Two rows of Ref. 33 are for two
different TB parametrization.

n 4 5 6 7 8 9 10 11 12 13 14 15

R (A) 1.66 2.02 2.39 2.76 3.14 3.52 3.91 4.30 4.69 5.07 5.45 5.84
Eq (eV) M M M 0.243 0.643 0.093 0.764 0.939 0.078 0.625 0.736 0.028
Ref. 19 M 0.09 0.62 0.17

Ref. 19 0.05 1.04 1.19 0.07

Ref. 2 0.21 1.0 1.22 0.045 0.86 0.89 0.008 0.697 0.7 0.0
Ref. 33 0.79 1.12 0.65 0.80

Ref. 33 111 1.33 0.87 0.96
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FIG. 3. (a) Energies of the double degeneratestategVB), the
double degenerate* states(CB), and the singletm* state as a
function of nanotube radius. Each data point correspondsamg-
ing from 4 to 15 consecutivelyb) The calculated band gaps as a
function of the tube radius shown by filled symbols. Sdtidshegl
lines are the plots of Eq3) [Eq. (2)]. The experimental data are
shown by open diamond®efs. 7, 17,18
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by the double degenerate* state. The band gap derived
from the zone folding scheme is reduced by the shift of this
singlet#* state as a result of curvature induagt-7* mix-
ing. This explains why the tight binding calculations predict
band gaps around 1 eV far=7,8 tubes while the self-
consistent calculations predict much smaller value.

Another issue we next address is the variation of the band
gapE, as a function of tube radius. Based on theorbital
tight bmdmg model, it was propos%nhatE behaves as

do

Eg=Yop- @

which is independent from helicity. Within the simple
mr-orbital tight binding modelyy, is taken to be equal to the
hopping matrix elemenV,,.. (do is the bond length in
grapheng.However, as seen in Fig(l®, the band gap dis-
plays a rather oscillatory behavior up to radius 6.0 A. The
relation given in Eq.(2) was obtained by a second order
Taylor expansion of one-electron eigenvalues of the
sr-orbital tight binding modélaround theK point of the BZ,
and hence it fails to represent the effect of the helicity. By
extending the Taylor expansion to the next higher order,
Yorikawa and Muramatsa>® included another term in the
empirical expression of the band gap variation

Eq= Vppw 1+( 1)pycos(30) ©)

the gaps for small radius tubes such as (7,0). These resulighich depends on the chiral angeas well as an index.
indicate that curvature effects are important and the simplélere y is a constant and the indgxis defined as the integer
zone folding picture has to be improved. Moreover, thefrom k=n—2m=3q+ p. The factor 1) comes from the
analysis of the LDA bands of the (6,0) SWNT calculated byfact that the allowedk is nearest to either thi€ or K’ point

Blaseet al!®

ture. The antibonding singlet* andc* states mix and repel
each other in curved graphene. As a result, the purély

brought another important effect of the curva- of the hexagonal Brillouin zone. For zigzag nanotubes stud-

ied here, the chiral angle is zero, so the second term just
givesR 2 dependence as YV, -(dy/R)?. Hence, the solid

state of planar graphene is lowered with increasing curvalines in Fig. 3b) are fits to the empirical expressidf,

ture. For zigzag SWNT's, the energy of this singiet state
is shifted downwards with decreasifiy(or increasing cur-
vature. Here, we extended the analysis of Blaateal!® to

the (n,0) SWNT'’s with 4<n<15 by performing GGA cal-
culations.

In Fig. 3(@), we show the double degenerate states
(which are the valence band edge at theoint), the double
degenerater* states(which become the conduction band
edge afl” for largeR), and the singletr* state(which is in
the conduction band for largR). As seen, the shift of the

Vpprdo/REV opr¥d3/R?, obtained from Eq(3) for #=0
by using the parameteié,,,=2.53 eV andy=0.43. The
experimental data obtained by STRefs. 17,18 are shown
by open diamonds in the same figure. The agreement be-
tween our calculations and the experimental data is very
good considering the fact that there might be some uncertain-
ties in identifying the nanotubf.e., assignment ofn,m)
indiceq in the experiment. The fit of this data to the empiri-
cal expression given by Eq2) are also presented by a
dashed line for comparison.

singlet* state is curvature dependent, and below a certain The situation displayed in Fig. 3 indicates that the varia-
radius determines the band gap. For tubes with radius greatéon of the band gap with the radius is not simphR1but

than 3.3 A(i.e., n>8), the energy of the singlet* state at
the I' point of the BZ is above the doubly degenerat&
states(i.e., bottom of the conduction bapdwhile it falls
between the valence and conduction band edges#or,8,

additional terms incorporating the chirality dependence are
required. Most importantly, the mixing of the singlet*
state with the the singlet* state due to the curvature, and
its shift towards the valence band with increasing curvature

and eventually dips even below the double degenerate vas not included in neither the orbital tight binding model,
lence bandm states for the zigzag SWNT with radius less nor the empirical relations expressed by E@. and (3).

than 2.7 Ai.e., n<7). Therefore, all the zigzag tubes with
radius less than 2.7 A are metallic. Fo=7,8, the edge of
the conduction band is made by the singiét state, but not

This behavior of the singlet™* states is of particular impor-
tance for the applied radial deformation that modifies the
curvature and in turn induces metallizatitsrf’ 34
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In conclusion, we investigated structural and electronicthe variation of the gap with radiusr n) differs from what
properties that result from the tubular nature of the SWNT’s.one derived from the zone folded band structure of graphene
The first-principles total energy calculations indicated thatbased on the simple tight binding calculations.
significant amount of strain energy is implemented in a
SWNT when the radius is small. However, the elastic prop-
erties can be still described by the classical theory of elastic- ACKNOWLEDGMENTS
ity. We showed how the singlet* state in the conduction
band of a zigzag tube moves and eventually enters in the This work was partially supported by the NSF under
band gap between the doubly degenetateconduction and Grant No. INT01-15021 and TRITAK under Grant No.
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