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Electronic band structure of isolated and bundled carbon nanotubes

S. Reich and C. Thomsen
Institut fir Festkaperphysik, Technische UniversitBerlin, Hardenbergstr. 36, 10623 Berlin, Germany

P. Ordejm
Institut de Ciacia de Materials de Barcelona (CSIC), Campus de la U.A.B. E-08193 Bellaterra, Barcelona, Spain
(Received 25 September 2001; published 29 March 002

We study the electronic dispersion in chiral and achiral isolated nanotubes as well as in carbon nanotube
bundles. The curvature of the nanotube wall is found not only to reduce the band gap of the tubes by
hybridization, but also to alter the energies of the electronic states responsible for transitions in the visible
energy range. Even for nanotubes with larger diamdterd.5 nm a shift of the energy levels ¢ 100 meV
is obtained in ourab initio calculations. Bundling of the tubes to ropes results in a further decrease of the
energy gap in semiconducting nanotubes; the bundlel®f0 nanotubes is even found to be metallic. The
intratube dispersion, which is on the order of 100 meV, is expected to significantly broaden the density of states
and the optical absorption bands in bundled tubes. We compare our results to scanning tunneling microscopy
and Raman experiments, and discuss the limits of the tight-binding model includingromisbitals of
graphene.
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[. INTRODUCTION wall strongly alters the band structure by mixing th& and
o* graphene states. In contrast, Mintmire and White con-
The electronic structure of carbon nanotubes is characteciuded from all-electron calculations of armchair tubes that
ized by a series of bands arising from the confinementhe differences between first principles and tight-binding cal-
around the nanotube’s circumference. The critical points irculations are negligible for small enough enerdfedhe
isolated nanotubes, which are at thiepoint, the Brillouin-  tight-binding overlap integraly,=2.5 eV, which they ex-
zone boundary, and sometimes als&at 27/3, give rise to  tracted from their calculations, agrees nicely with scanning
the square-root-like singularities in the density of states typitunneling microscopy(STM) measurements, but is 15 %
cal for one-dimensional systerh$ These singularities were smaller than the value found in optical experimetitsCom-
directly studied by scanning tunneling experimefifSRe-  pined density-functional-theoryDFT) and parametrized
cently more subtle structures like the secongary g9ap at thg,chniques were used to calculate the electronic band struc-
Fermi level were also observédOuyanget al® compared 10 of bundies 0f10,10 tubes®?* These studies focused on

the density of states of ai8,8) nanotube isolated on a sub- valence- and conduction-band crossing at the Fermi level

strate with one residing on top of a tube bundle. Theyand the secondary gap in bundled armchair tubes.

showed that, indeed, a secondary gap opens up in bundled Here we report on a detailed study of the band structure of

armchair tubes as predicted by Delaretal."® The second single walled nanotubes and nanotube bundles. We calcu-
experimental method used widely to study the electronic dis- 9 '

persion encompasses optical experiments and RamAﬁted the elect_ronic _dispersion for achiral as well as chiral
scattering~*® Naturally, optical methods probe the elec- nanot_ubes tq investigate the effects of c_urvature and inter-
tronic dispersion only indirectly via absorption from the va- j[ube interaction on _the. elef:tronlc properties. The curvature-
lence to conduction states. When the experimental finding§lducedo-m hybridization is found to have the most pro-

are compared to a theoretical band structure, usually a tighffounced effects on zigzag nanotubes, where we find a strong
binding approximation of the graphiter orbitals is downshift of the conduction bands, whereas the electronic

employed-1*~®The electronic energies obtained in this ap-band structure is less affected in armchair and chiral nano-
proximation are the same as those of thetates of graphite tubes. Bundling of the nanotubes to ropes further decreases
with that tight-binding model, when the boundary conditionsthe separation of the conduction and valence bands around
around the circumference are considered. This simple picturdie Fermi level. The dispersion perpendicular to the nano-
is frequently expanded to small tub&diameterd ~10 A) tube axis is of similar strength as in otherbonded carbon
and to bundles of tubes, although Blaseal!” showed con- material ranging from 200 meV, as calculated for bundles of
vincingly that rehybridization has a significant effect on thechiral tubes to 1 eV in armchair nanotube bundles. We com-
electronic states. Also ignored in this approach are intramopare our findings to scanning tunneling and optical experi-
lecular dispersions which are known to be quite large in solidnents. In particular, we discuss the limits of the tight-binding
Ceo and graphité®°0n the other hand, first-principles stud- approximation, neglecting the curvature of the nanotube wall
ies, which do not have these deficiencies, of the electroniand the coupling between the tubes in a nanorope.

bands in ideal carbon nanotubes are extremely rare. Blase In Sec. Il we describe the computational method used in
et all’ studied the rehybridization effects in small zigzag this work. The band structure of various isolated nanotubes is
nanotubes. They showed that the curvature of the nanotuljgesented in Sec. Ill, and compared to zone-folding of
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graphene and tight-binding calculations. In Sec. IV we distubes might be rotated around theiaxis to yield arrange-
cuss the band structure of bundles(d®,0, (6,6), and(8,4) ments of particular high or low symmetry. In the calculations
nanotubes along thk, direction and in the perpendicular of the (6,6) nanotube bundles we used the highest symmetry
plane. We compare our results to two selected experiments-packing Ogp). The(8,4) tubes were placed according g,
STM measurements by Odoet al® and Raman scattering instead ofD<g in the isolated nanotube. Finally, tH&0,0
by Jorioet al?>—in Sec. V. Section VI summarizes our work nanotube bundle was maximally disordered with respect to
and contains our conclusions. rotation (C,;,, i.e., no vertical planes or horizontal rotation
axes.

In the band structure calculations we used 10 tok30
points along thez direction for the chiral(8,4) and (10,95

DFT calculations were performed with tlseesTaab ini-  nanotubes, 45 for the zigz&$0,0 and(19,0 nanotubes, and
tio packageé”® We used the local-density approximation pa- 60 for the armchait6,6) tube. In the perpendicular direction
rametrized by Perdew and Zunétrand nonlocal norm- Wwe included a total of 30 points for theM, MK, andKT
conserving pseudopotenti#®The valence electrons were directions. This sampling was sometimes not fully sufficient
described by localized pseudoatomic orbitals with a doubleto describe accurately the crossing of the bands in the interior
¢ singly polarized(DZP) basis sef® Basis sets of this size of the Brillouin zone. We recalculated parts of the Brillouin
have been shown to yield structures and total energies iaone with a finer mesh, and found no level anticrossing when
good agreement with those of standard plane-wavéot explicitly stated in the textt Only for one of the tubes
calculationg’ The cutoff radii for thes andp orbitals were discussed in this work were other first-principles band struc-
5.1 and 6.25 a.u., respectively. These radii correspond to #res available. For thel0,0 tube and graphite we found an
50-meV energy shif(i.e., an increase in the energy of the excellent agreement with pseudopotential plane-wave
electron energy levels by localization in the free agfn  calculations:®**We also compared the band structure of the
which was chosen as the one that minimizes the total energ,6) armchair tube to the all-electron calculations of Ref. 20,
for a graphene sheet, at the given DZP basis level. Increasinghere a series of larger diameter armchair tubes was inves-
the cutoff of the orbitals only changes thatal energies of tigated. The general features are reproduced in our calcula-
the nanotubes considered here by less than 0.1 eV/atom, atieins as well.
has virtually no effect on the structure and energies of the
electronic states. Real-space integration was performed on a
regular grid corresponding to a plane-wave cutoff around
250 Ry, for which the structural relaxations and the elec- In this section we first discuss the band structure of two
tronic energies are fully converged. For the total energy calsmall achiral nanotubes, paying particular attention to the
culations of isolated tubes we used betweeetiral tube$  effects of rehybridization. The calculated band structure of
and 30(armchaiy k points along the, direction. The metal- two chiral nanotubes with a diametér=8 A are presented
lic bundles[(6,6) and (10,0 tubeg were sampled by a 10 in a separate subsection. Finally, the electronic dispersion in
X 10X 30 Monkhorst-Pack k grid; only theT point was the optical range of 419,0 tube is investigated.
included for the semiconductin@,4) nanotube bundle.

For the isolated tube we calculated the theoretical lattice
constant and relaxed the atomic coordinates until the forces
were below 0.04 eV/A. For graphene, we obtained a In Fig. 1(b) we show the band structure of an isolated
carbon-carbon distance of 1.424 A. The nanotube radii an€L0,0 nanotube. Figure(&) contains the graphene electronic
translational periodicity agreed to within 1% with the ex- dispersion folded once along thev direction, and Fig. ()
pected values for an ideal cylindeee Table | in Sec. lll and the tight-binding description including only the orbitals.
also Table | in Ref. 29 The bundled tubes were relaxed by The dots in Fig. (b) indicate nondegenerate bands with
a conjugate gradient minimization until each component ofjuantum numbem=0,n. TheI" point (k,=0) of the nano-
the stress tensor was below 0.02 GPa and the atomic forcéisbe for these bands corresponds to thand M points of
<0.04 eV/A. The circular cross section of the bundledgraphene, since the perpendicular, quantized wave vigctor
tubes was slightly hexagonally distorted. The atomic posiis given byk, =m(k,/n;+Kk,/2n;) for (n.,0) zigzag tubes,
tions of the bundled tubes were used for band-structure calwhere k; and k, are the reciprocal-lattice vectors of
culations of the isolated tubes as well to exclude any effectgraphene. The wave vector along the nanotube axis is paral-
of polygonizatior?® However, for the(10,0 tube, where the lel to k,. If the curvature of the nanotube wall is neglected,
hexagonal distortion was larggsit%), wecompared the re- the band structure of the zigzag tube for the bands corre-
sults obtained with the two sets of atomic coordinates, andponding tan=0,n (that is, the nondegenerate bandsuld
found no differences worth mentioning. be the same as those of graphene alonglthé direction

The nanotube bundles were constructed from one indifdotted bands in Figs.(d4 and Xb)]. Nanotube bands with
vidual tube placed in the hexagonal bundle unit cell. Theotherm’'s would also have their counterpart in the graphene
wall-to-wall distance between the tubes we calculated avand structure, but we will only analyze the comparison of
3.1 A, slightly smaller than in graphite with the same basisthe m=0,n bands for simplicity. Below the Fermi energy the
set (3.3 A). The chosen unit cell always preserves the hori¢10,0 electronic dispersion agrees quite well with the con-
zontal mirror plane in achiral nanotubes; additionally, thefinement picture, in particular in the low energy region. Cor-

Il. COMPUTATIONAL METHOD

Ill. ISOLATED NANOTUBES

A. Achiral nanotubes
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FIG. 1. Band structure of é1.0,0 isolated nanotube compared to a zone-folding and tight-binding calculdéipAb initio graphene
electronic dispersion along theM direction folded at the middle of the Brillouin zone; clos@mpen symbols correspond to the first
(second half of the graphene Brillouin zone, i.e.sk< m/3a, (m/3a,<k=<2m/3a,), wherea,=2.47 A s the lattice constant of graphene.
(b) Ab initio calculation of a(10,0 nanotube. The dots mark the electronic bands withO,n quantum number, which in a zone-folding
approximation should have the same dispersion as the graphene band structure st@w(t)imight-binding calculation of th€10,0
nanotube including only ther orbitals of graphene withyy,=2.7 eV. The dots indicate the bands with=0,n. The lattice constana
=4.27 Ain(@a), (b), and(c).

respondingly, the tight-binding model, which is adjusted to To study the effect of curvature on the band structure of a
reproduce the graphite electronic dispersion, gives an adianotube more systematically, in Fig. 2 we show the same
equate description of the nanotube band structure bElew  calculations for g6,6) armchair nanotube. The tubeks di-

The conduction bands, however, are strongly affected by theection is now along thel'lKM line of graphene. The
rolling up of the graphene sheet. It was already pointed ougraphene Fermi point & is thus always included in the
by Blaseet all’ that the rehybridization in small nanotubes allowed states of an armchair tube, making these tubes
shifts the* and o* bands to lower and higher energies, metallic When comparing the graphene dispersion to the
respectively. The energies of th& states in graphene in the nondegenerate bands of tf&6) tube[indicated by the dots
(10,0 tube at thd” point are downshifted by=1 eV forthe in Fig. 2b)], the overall agreement seems to be much better
m=n and by ~4.4 eV for them=0 band. While these than for the zigzag tube discussed above. In particular, the
bands are most strongly affected by the curvature of the tubéoplded bands of grapherisee the open symbols in Figia2],
others are almost unchanged when comparing Figs.ahd  are almost unaffected by the curvature. BelBw even the
1(b). In particular, one of the degenerate graphefiebands accidental degeneracy of the bands at the corner of the

at 8.14 eV in our calculation is almost at the same energy iMBrillouin zone is reproduced by thab initio calculations.

the (10,0 nanotube, and shows a similledependence. The Nevertheless, above the Fermi level th& conduction band
tight-binding model is not able to reproduce the band strucis downshifted by 4.7 eV as in the zigzag tube. Table I lists
ture of the tube above the Fermi level. The differences irsome selected electronic energies (k0,0 and the(6,6)
energy at thd” point, which is the critical point from which nanotubes, and compares them to the graphene values. The
the singularities in the density of states originate, are vastlgeneral trend as observed in Figs. 1 and 2 is reflected in the
exaggerated by omitting the rehybridizatiofalso see explicit values given in Table |, i.e(j) the valence bands of
Sec. V. carbon nanotubes are well described in a zone-folding ap-

a) graphene b) (6,6) tube ¢) tight binding
0 o
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<

FIG. 2. Band structure of 46,6) isolated
nanotube compared to a zone-folding and tight-
binding approximation.(a) Grapheneab initio
calculation of the band structure along th&kM
direction folded at k;—k,)/4. Closed (open
symbols correspond to the bands originating at
theI" (M) point of graphene(b) Ab initio calcu-
lation of an isolated6,6) nanotube. The dots in-
dicate them=0,n bands, which correspond to the
graphene dispersion shown i@). (c) Tight-
binding approximation of the same tube wiily
=2.7 eV. The lattice constaat=2.47 A in(a),
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TABLE I. Selected electronic energies at theandM points of  the bands forming the degenerdig state in graphene have
graphene compared to tiiepoint energies in nanotubes. In a zone- similar energies and dispersions in graphene and in the tubes.
folding appr_oximation the energy difference between graphene ang, contrast, thd"z band (=*) and the secon®; state are
a nanotube is expected to vanish. The twofold degeneracy ofthe ' gpiriaq py the rehybridization. To understand this different
conduction bands is Ilfted_ in _carbc_m nanotubes. The calculated d'behavior, let us consider the symmetry lowering by cutting a
ameter of the nanotubes is given in the second column. graphene sheet and rolling it up to a nanotube. By doing so
we lose all rotations by angles other than 180° and all op-
erations changing the graphene&oordinate likeo}, or the
primed rotations. In achiral nanotubes we preserve reflec-
tions perpendicular to the andy axes. This is a somehow

Conduction Valence
r M r M
d(A) m(eV) o(eV) m(eV) w(eV) o(eV) m(eV)

Graphene 11.3 8.2 1.7 -75 —-32 —-23 local description of the symmetry of a curved sheet, since the
(10,0 78 70 103 7.7 06 —-78 —-32 -23 point groups of nanotubes involve translational symmetry
(6,6) 82 6.6 81 103 15 —-78 —-32 —-21 operations of graphen@.For the present purpose, however,
(8,4 84 68 103 81 16 —-77 —-32 —-23 this picture is sufficient. In the lower symmetry grolilg

9,3 85 70 102 79 17 -78 —-33 -21 andFZ belong to the same representation which is different

(10,5 104 7.2 105 81 16 —-7.7 —-32 -23 from the originall'; irreducible representation. A mixing
(19,0 149 75 102 82 14 —-7.6 —-32 —24 and band repulsion can thus be expected for the two former
bands. In the interior of the Brillouin zonk;, andT5 (along
the 'K direction andX, and3, (I'M) are correlated with
proximation; (ii) for the electronic bands originating from the same representation. The behavior as expected by sym-
theT" point of graphene, the upshift of the* and the cor- metry is nicely seen in Fig. 3. At thE point the 2" state is
responding downshift of the™* states is similar for armchair pinned at its graphene energy, whereas a mixing and band
and zigzag tubes with the same radius; &iiid the conduc-  repulsion is obvious for theand 6 states. The mixing is
tion bands derived from the graphekkpoint are strongly only found for theX, and theT; band in the zigzag and
downshifted in the zigzag tube, whereas they are close tarmchair nanotube, respectively, as predicted. In(fte0
graphene in thé6,6) nanotube. nanotube the symmetry analysis given so far is valid for all
In Fig. 3 we give an expanded view of the band structurek,, and thew conduction band as a whole is expected to be
in the energy range of the* ando™* bands at the graphene downshifted. In armchair nanotubes, after passkgoint
I' point; the x axis represent 4/10 of th€l0,0 and (6,6) mixing is forbidden by symmetry even for the bent sheet for
Brillouin zones. Full lines show the graphene band structurehe bands withinr=10 eV of thes* states. Their electronic
along the high-symmetry directions; the gray dots are thesnergies corresponding to the grapheviepoint are thus
nondegenerate bands of tli#0,0 (left) and (6,6) (right) more weakly affected by band repulsion, as we found in the
nanotubes. The graphene bands are labeled by their irreduab initio calculations.
ible representations at tHe point and along thé'M direc-
tion for the zigzag tube, and tHéK direction for the arm- B. Chiral nanotubes

chair tube. In this picture the graphene dispersion was not . . .
folded to keep the figure as simple as possible. In the en- In Table | we include the electronic energies of the calcu-

: o lated (n4,n,) chiral nanotubes corresponding to theandM
t that, ..,Ih}tt d f . 1,772 . .
larged picture itis apparent that, e.g stateandone o point of graphene. Both high-symmetry points are always

allowed states in carbon nanotubes. For Eh@oint this is
trivial, while for the M point it can be understood in the
following way. Consider a graphene wave vector pointing in
the direction of the nanotube circumferential, quantized

S
O wave vector,
&
g 2n;+n,  2np+ng !
L= gnr T Tqnr <2 (1)
. ; s wheren is the greatest common divisor of, andn,, R
04 02 00 02 04 06 08 =3 if (n;—n,)/3n integer andR=1 otherwise, andj is the
Wave vector k, (A”) number of graphene hexagons in the unit cell of the

nanotubé?® The graphene points in reciprocal space corre-
sponding to thel’ point of the nanotube are given bk
=mk, (m integer and—q/2<m=q/2). Let us assume that
we are dealing with & =1 nanotube. Th& point of the
gnd withm=q/2 is then given by

FIG. 3. Electronic dispersion of graphe(fall lines) around the

I' point in the energy range of the lowest-lying conduction bands
TheI'M direction is displayed to the left together with the nonde-
generate bands in(@0,0 nanotubdgray dot3. To the right thd K
electronic dispersion of graphene and the nondegenerate bands oP
(6,6) armchair tubdgray dot$ are shown. The irreducible represen-

tations of the graphene electronic bands are given in Slater’s nota- kr(q/2) = E 2n,+ n2.“ + 2n,+ nl.“
tion (Ref. 33. r ni, 2 2 2
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) (9,3) ab initio b) (8,4) ab initio The energies of the next highest valence and conduction
bands at thd" point are remarkable asymmetric with respect
to the Fermi level. The asymmetry is particularly pronounced
in the (9,3) nanotube, but visible in thés,4) tube as well.
Two reasons account for the different behaviors below and
above the Fermi level. First, the graphene electronic disper-
sion is slightly different for the valence and conduction
bands. Second, the higher bands move toward the Fermi
level because of the curvature. For example, in(8)4) tube
the third singularities below and abo¥g are within zone
folding at —1.59 and 1.45 eV. In thab initio calculation of
the tube the valence energy is approximately the same as in
the zone-folding calculation, whereas the conduction band is
further lowered and has an energy of 1.22 eV in Figp) 4A
r m/a T m/a very similar shift is observed for the first singularity in the
Wave vector k_ . . .
: (9,3 tube; again the valence-band energies are the same,
FIG. 4. Ab initio band structure of two chiral nanotubes) while we find _a_(_jn"ference of 0.20 eV_ between the zone-
(9,3 quasimetallic nanotubeai=15.44 A). The inset(vertical  folded andab initio-calculated conduction band. Note that
scale =35 meV) shows the secondary gap at the Fermi leveith€se singularities are usually probed by optical experiments;
evolving because of the curvature of the nanotube whjl.(8,4  they are responsible for the resonant Raman scattering in the
semiconducting nanotub@€ 11.30 A). The open dots ife) and  red (metallic resonangeand blue energy ranges.
(b) indicate the energy of the nondegenerate states af theint;
see Table |

3

2

Energy (eV)

C. Diameter dependence

N, N, Up to now, we considered only nanotubes with small di-
?k1+ 7k2>, (20 ameters. In this section we discuss the band structure of a
(19,0 nanotube which has a diameter more typical of real
nanotube sampleslE14.9 A). We selected a zigzag tube,
whereG is a reciprocal-lattice vector of graphene. The pos-because, as we showed in Sec. Il B, the hybridization effects
sible solution of Eq.(2) after subtracting reciprocal-lattice are largest for these tubes. TH®,0 nanotube, in this sense,
vectors arek;/2, k,/2, and k;+k,)/2. All three yield theM  serves as a worst case scenario for judging how strongly
point of graphene. For the tube wifR=3 the same can be curvature influences the band structure of real nanotubes.
proven by using the condition thait{—n,)/3n is an integer. Although the curvature of thé€l9,0 nanotube is consid-
Therefore we can—as in achiral nanotubes—directly comerably smaller than that of th@0,0 nanotube or any other
pare the graphene electronic energies toahenitio calcu-  nanotube discussed so far, we still find a downshift ofdfie
lations of the chiral nanotubes to estimate the effect of hyband at thd™ point of 3.8 eV and an upshift of one of tl&
bridization. As can be seen in Table |, the curvature-inducedtates by 2 eMsee Table )l These two values are not so
shift of the nondegenerate bands is of similar magnitude inmuch different from the small diameter nanotubes as might
chiral and achiral nanotubes of similar diameters. Forithie be expected. As we discussed in Sec. Il A this can be under-
band originating from thd” point of graphene, the achiral stood by the lower symmetry in a curved sheet. The differ-
tubes seem to indicate the two limiting cases with the stronence in energy between the zone-folding approximation and
gest downshift in th€6,6) armchair and the weakest in the theab initio calculation for the nondegenerate band originat-
(10,0 zigzag tube. However, neither of the two chiral tubesing from theM point of graphene, however, is much reduced
exhibits large differences from the zone-folding approxima-in the (19,0 tube (0.3 eV) when compared to th€10,0
tion for the bands derived from thé point of graphene. The nanotube(1.1 eV).

(10,0 zigzag tube is clearly singled out here compared to In Fig. 5 we present the band structure within 2 eV around
chiral or armchair tubes. the Fermi level, i.e., in the optical energy range where many
The full electronic dispersion fo(9,3 and (8,4 nano- experiments have been performed. Figuf@ Shows the

tubes is shown in Figs.(d and 4b), respectively. In the conduction bands labeled by their quantum numbers; in
inset in Fig. 4b) the secondary gap of 20 meV can be seerFig. 5b) the valence bands are displayié¢itey scale is nega-
induced in the(9,3) nanotube by curvature. The magnitude tive in Fig. 5b)]. The gray dots indicate the position of the
of the band gap is smaller than recently estimated by Kleineelectronic states at th€ point obtained within the zone-
and Eggert* who considered the geometric effect of hybrid- folding approximation from theab initio calculation of
ization on the secondary gap. Using their relation we find agraphene. Below the Fermi level zone folding very nicely
band gap on the order of 100 meV. The discrepancies mighiescribes the first-principles results. For the conduction
partly be due to the usual local-density-approximationbands withm=14 and 15, clear deviations are seen. This is
(LDA) problem of underestimating gap energies and partlyeasily understood, since in a zigzag tube the bands muith
to the band repulsion which was not considered by Kleiner=q/3 have &k, which is on the line between th€ and the
and Eggert? M point in graphene, see E®). The energy of thé/ point

1
=G+~
n
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FIG. 5. Band structure in the optical energy range afi8,0
nanotube by first-principles calculatioa) Conduction bands
within 2 eV of the Fermi level. The labels indicate threquantum
numbers of the conduction bandsi=11 refers to the second-
lowest band in energy in the group of bands at 1.34 E\po6int).
The other bands with & point energy~1.34 eV have quantum
numbers betweem=16 and 19(not explicitly labeled in the fig-
ure). (b) Same aga), but for the valence bands. The gray dots show

the zone-folding electronic energies at thepoint. nondegenerate bands; afiiil) one of the doubly degenerate

) S states in the isolated tubes splits in the bundle.
is most strongly changed by the hybridization in 19,0 At first sight it might seem surprising that we do not ob-

nanotube and, hence, the closer the confinement wave vectgyi, 5 secondary band gap in the nanotube bundles, but—as
is to M the larger the expected energy shift. Ir_1 the prese”bointed out by Delanegt al”8—this is simply due to the
example,k, ~0.2KM and 0.KM for a band withm=14  high_symmetry configuration we used for the bundles. We
and 15, respectively. Bands with amquantum number be-  4rranged the6,6) tubes in a hexagonal lattice which fully
tween 16 and 19, together with the=11 band form the reserves th®g, symmetry of the hexagonal packing, i.e.,
group of bands at 1.34 eV in Fig(&. _ half of the original mirror symmetries perpendicular to the
An interesting point arises when we fit the electronic en-axjs are also symmetry operations of the bundles. The elec-
ergiesE, at thel” point by the tight-binding approximation tronjic wave functions can still be classified as even or odd
to test |tssval|d|ty. For zigzag tubes kf=0 the energies are ith respect to these reflections, allowing a crossing of the
given by two bands at high-symmetry lines in the Brillouin zoffe.
_ Another example of such a crossing is seen at 7 eV, roughly
|Eml=yo(1+2 cosmarin). ®) in the middle of the Brillouin zone, in Fig.(8). The 7*-
The y, we obtain increases monotonically from 2.4 to 2.6 eVderived band, which has an odd parity undgrcrosses with
betweerm=13 and 11(the m= 15 band shown in Fig. 5 has one of thes* bands; the latter is downshifted by interactions
again a lower value STM studies often concentrated on the between the tubes. The two newly obtained nondegenerate
lowest singularities in the density of states, while opticalbands in the bundles of armchair tubésgoint energy 5.60
experiments are sensitive to the bands higher in energy. Thisnd 6.46 eV originate from the doubly degenerate bands
increase iny, is probably one reason for the smaller overlapwith the quantum numben=3 (6.10 eV}. In the new point
integral found in STM compared to Raman experiments. group they are correlated with tiiss andB, representations
(kEa, and (Eg_in the line group notation' Likewise, m
IV. BUNDLED NANOTUBES and (6-m) now belong to the same representation, which

A bundling of the nanotubes to ropes induces furtherPPeNs up small gaps at the zone boundary. The compatibility

changes in the electronic dispersion along the tubes axis. Thbetween the nanotube symmetry group and the hexagonal

. : : : eacking is, however, a special case, becddgg is a sub-
e i Sanc ohern of 5 £5euC9% Wioup of the(66 be. In generl, he syrmmelry st eas
the higher valence and conduction bands before turning tE)educgd tODZ*! for achiral wbes angDz fo_r chiral tubes,
the dispersion perpendicular to taexis. even in the highest symmetry conflggratlon. These groups

have only nondegenerate representations, and hence the de-

generacy will be lifted for all bands in a general tube, when
it is bundled. An interesting question is how strongly the

In Fig. 6(a) we show the band structure of a bundle of bundle band structure, in particular that perpendiculds,to
(6,6) armchair tubes and that of an isolated tube in F{§).6 depends on the relative orientation of the tubes. The calcula-
The nondegenerate states in both figures are indicated hions by Delaneet al.”® showed only a weak dependence of
small dots. When comparing bundled and isolated nanotubethe density of states in armchair bundles on tube rotation. To
a number of differences are apparentthe first valence and break theDg, symmetry of the(6,6) bundle, we rotated the
conduction bands cross slightly above the Fermi |78l  tubes within the unit cell by 5°. For this arrangement we
meV) in the bundles of tubesji) a further shift of the va- calculated the band structure along thedirection without
lence bands is observed, which is most pronounced for thfurther structural relaxatio?r. The small rotation opened up

FIG. 6. Dispersion along thk, axis for (a) a bundle of(6,6)
armchair tubes, antb) the isolated armchair tube. Nondegenerate
bands are indicated by the closed dots. The Fermi level which is at
—5.79 eV in the bundle, but5.12 eV in the single tube was set
to zero. Note that the crossing of the valence and conduction bands
occurs slightly(70 me\) above the Fermi level at the Fermi wave
vectork,r=0.73 A"1=0.57x/a.

A. Dispersion alongk,
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TABLE |II. Critical-point energies around the Fermi level. The table compares results of the zone-folding
approximation including only ther orbitals of graphene+f orbitals, yo=2.7 eV), zone folding of the
graphene band structure calculated vatiasTa (folding), the ab initio result of an isolated tubji (single],
and theab initio calculation of bundles of tubdsi (bundlg]. For the bundle the mean value for split bands
was given; when the splitting was0.1 eV, we included the splitting in parentheses. For each tube the rows
are ordered by the energies of the tight-binding approximation for the graphenmkitals.

Tube |m| Electronic energies at critical pointsV)
7 orbitals folding ai (single ai (bundle = orbitals folding ai (single ai (bundle

(6,6 5 1.35 1.13 1.05 0.89 —-135 —-124 —-1.23 —1.16
6 2.34 1.58 1.34 1.27 —234 —206 —2.07 —2.13
(100 7 0.47 0.43 0.38 04®.2) —-047 —0.44 —-0.37 —0.35(0.37)
6 1.03 1.00 112 0.80.14 —-1.03 —-101 -0.87 —0.99(0.45)
8 1.67 1.28 0.80 0.4{®.21)y -1.67 —149 —1.48 —1.87
84 19 0.45 0.42 0.43 0.40 —045 —-042 -0.43 —0.38
18 0.95 0.90 0.90 0.64 -095 -092 -0.92 —0.92
20 1.70 1.45 1.22 0.96 -1.70 —-159 —-1.583 —-1.77

the secondary gap at the Fermi ley®8L me\), as expected. states in the bundled tubghe van Hove singularities are
Additionally, the energy of the first singularity of the con- broadened in the bundleOn the other hand, the band struc-
duction bands was higher by 60 meV in the less symmetritures calculated by Kwoet al?* with a parametrized tech-
arrangement, whereas the effect was small for the highemique underestimate the differences between single tubes and
conduction bands. The valence bands were hardly affectenundles compared tab initio calculations. Raet al*® used
by the rotation. A systematic study of the band structure andhe separation between the singularities in the valence and
its orientation dependence in bundles of different chiralityconduction bands to analyze the optical absorption in
will be the subject of a future work. bundles of carbon nanotubes. For armchair nanotube

The bundling moves th& point energies of the lowest bundles, however, this analysis includes indirect optical tran-
valence and conduction bands in tt6&6) nanotubes closer sitions, which are unlikely to occUisee the points of van-
to the Fermi level. In contrast to isolated tubes, the bundlingshing slopes in Fig. &]. A more detailed study should
shifts the two bands by the same order of magnitudeconsider at least the joint density of states if not the optical
(—0.62 eV for the conduction and 0.48 eV for the valencetransition matrix elements. STM measurements revealed no
band. In Sec. Ill C we saw that the change in thepoint  shift in the first singularity of the density of electronic states
energy is indicative of thd'-point energies of the other between an isolated armchair tube and the same nanotube on
bands and the densities of electronic states. We therefotep of a bundle, while the second singularity bel&y is
might expect a similar change in the electronic dispersion foslightly at lower energies in the “bundled” tub&sveverthe-
other bundles as well. In Table I| we summarize the energietess, it would be interesting to repeat these measurements for
at critical points in the Brillouin zone, which we obtained by small semiconducting zigzag tubes, which we found to be
different calculations. We included only the first three bandsmuch more sensitive to the intertube interaction.
around the Fermi level within the tight-binding approxima-
tion using ther orbitals of graphene. The intertube coupling
induces a shift of the valence- and conduction-band singu-
larities, which might be as high as 0.25 eV in t{tg6) and The interaction between nanotubes in a bundle does not
(8,4 nanotube. The10,0 nanotube is somewhat peculiar only alter thek, band structure, but causes a dispersion in the
because of the strong splitting of its bands. Note that thgerpendicular plane as well. In graphite the intralayer disper-
valence and conduction bands originating from the=7  sion for the 7 bands is~1 eV and below; the strongest
band in the isolated tube are only separated by 0.2 eV in thdispersion is found for the™ states along th&' A direction
bundle, compared to 0.75 eV for the single tube. Moreover(3—4 e\)."® The band structure of bulkggwas investigated
the highest valence band is 0.02 eV above the Fermi level &ty Troullier and Martind® who reported bandwidths of
theI" point (see Sec. IVB around 0.5 eV.

Rao et al>® recently reported a parametrized calculation In Fig. 7 we show the band structure of a bundlg&®)
of isolated and bundled armchair nanotubes using th@rmchair tubes along several high-symmetry lines in the hex-
method of Kwonet al?! They observed differences of simi- agonal Brillouin zone. The panel to the right shows the per-
lar magnitude in the density of states in isolated and bundlegendicular dispersion at the Fermi wave vector alongzhe
tubes, but—in contrast to us—an increase in the separatioaxis Ar. The secondary gap in the bundled tube is very
of the valence- and conduction-band singularities. This disclearly seen. We obtain the largest separation aPtp@int
crepancy is partly due to our assumption that the points o6f the Brillouin zoneAE=1.2 eV. Also note the crossing of
vanishing slopes in the band structure reflect the density dhe two bands withm=3 quantum numbers in the isolated

B. Intratube dispersion
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FIG. 7. Band structure of a bundle ¢6,6) nanotubes along FIG. 8. Band structure of a bundle (if0,0 nanotubes. The two

several high-symmetry lines in the hexagonal Brillouin zone. Thevalence bands next to the Fermi energy are strongly split by the

right panel shows the intratube dispersions at the Fermi wave vectdHbe intertube interaction. Note that the first conduction band is
k,r=0.73 A !in this calculation. below the Fermi level at th& point of the hexagonal Brillouin

zone.

tube[see the dotted lines in Fig(#, and the discussion in \yhen going away from thE point within the plane—crosses
the tex{ around+4 eV. The bandwidths we obtained per- the Fermi level close to thi& point of the Brillouin zone. Its
pendicular to thez direction are typically between 400 and minimum atK has an energy of-0.02 eV. The highest
600 meV, but might be as high as 900 meV for the two firstvalence band has a hole pocket at theoint (0.02 e\j. We
valence bands at thEKM line. The perpendicular disper- thus find the(10,0 nanotube bundle to be metallic in our
sion leads to a broadening of the density of states in bundledalculation. A reduction of the band gap by intratube inter-
tubes. Similarly, the broad and unstructured features found iaction is observed in thé3,4) nanotube bundle as wdlsee
absorption experimenits'® on bundled nanotubes might al- Fig. 9). Again the lowest valence band bends down along the
ready be expected from the band structure of a bundle con-KM line with a minimum atK (0.27 e\). The minimum is
posed of a single nanotube species with one important exstill above the Fermi level, because the energy afl thmoint
ception: the first optical transitiofE,; coming from the in the(8,4) nanotube is considerably higher than in (16,0
accidental singularities along tHeA direction of the Bril-  tube and the intratube dispersion narrow@r3 eV instead
louin zone falls into the gap of all other vertical excitations. ©f 0-23 eV. In general, the band gap of nanotubes scales as
Optical transitions ak points with k,=0 are forbidden in the inverse of the dlamete.r. If the intratube dlspers[on is on
isolated armchair nanotubes, and will be weak or absent i€ Same order in larger diameter tubes, the spanning of the
bundled tubes as welf all other transition energies are 92P by the interaction between the tube_s is expected to occur
clearly different in energy fronk,;. We can take the arm- as well. At present, we have' no calculation for bunqles com-
chair tubes to be representative of metallic tubes with Posed of nanotubes with a diameter above 8 A, which might
=3, which refers to almost all metallic tubes for large be addre;ssed in afutu_re \_/vork. .
enough diametersd(~1.2 nm). Chiral tubes withiR=3 . T_he dl_sper5|_on we find in the chir(@,4) nanotube _bundle
have a band structure very similar to armchair tubes; in patJ-n Fig. 9 IS again reduced when compared to the zlgzag flibe
ticular, they possess the same accidental critical pdititin bundle in Fig. 8. Only rarely have we found a bandwidth
Raman-scattering experiments, the resonances for the firE{rger than .200 meV. .We. also' stress 'th'at in the energy range
transition in metallic nanotubes are, therefore, expected to b orrespor_ldlng to excitations n the visible t#&4) puno!les
much more pronounced than the semiconducting resonanc ow a rich band structure in th@HL plane. This m!ght
where a similar optical gap is not presésee below. This is considerably broaden the absorption bands, as discussed
in very good agreement with Raman experiments on bundleabove'
tubes 1% Rafailov et al1° normalized their measurements
to a reference crystal. Indeed, the scattering by metallic
nanotubes is very weak outside a well-defined resonance
window (1.6—2.0 eV, whereas a comparatively strong signal
from the semiconducting nanotubes is found even in the re
energy range where they are not expected to be resonant.
In Fig. 8 we show the band structure of a bundle com-
posed of(10,0 nanotubes. The dispersion of the electronic
bands perpendicular 1, is less than in armchair nanotubes;
most of the bands have a widths well below 400 meV. The
large splitting of the first two valence states at fhepoint
and of both conduction and valence bands atAhgoint of
the Brillouin zone results in a stronger dispersion of the cor-
responding states perpendicularkoas well (0.4-0.9 eV.
The most interesting point in Fig. 8 is, however, the disper-
sion of the lowest conduction and the highest valence band FIG. 9. Band structure of a bundle (&,4) chiral nanotubes. The
in the 'KM plane. The conduction band—bending downx axis between th& andA points was expanded by a factor of 3.

V. COMPARISON TO EXPERIMENTS

In this section we compare our calculation to STM and
[raman experiments. We show that indeed the discrepancies

— (8,4) bundle

Energy (eV)
<

A H L A r K M r
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(10,0) tube

B. Raman scattering

Raman scattering is widely used to study the electronic
structure of carbon nanotubes by resonant transitions. For
bulk samples the approximation of Mintmire and Whiteas
successfully used to model the absorption of an ensemble of
tubes with a homogeneous chirality distributibl The reso-
nant enhancement of the radial breathing mode was also
measured on a single tube using a variable excitation
5 * . N 5 energy'! The width of the resonance window was reported to

Energy (eV) be~10 meV, much smaller than found in tunneling experi--
ments. The disadvantage of Raman scattering, however, is

FIG. 10. Density of states measured by scanning tunneling mithe unknown chirality of the scattering nanotube. Recently,
croscopy(top) and calculated witlsiEsTA Our calculations repro-  attempts were made to determine not only the diameter, but
duce the main features of the experimental density of states, ig|5g the chirality of a nanotube by Raman scatte?ﬁ"f&.To
particular the relativg heights of the peaks as is discussgd in thﬁlentify possible tubes resonant with the incoming or outgo-
text. The energy gap is underestimated by the LDA calculation. Th?ng photons, both groups used the tight-binding approxima-
STM data are from Ref. 5 . . . .

tion of the graphener orbitals with y,=2.9 eV, as found
on nanotube bundles. Within this model the dependence of
observed between the STM measurement and the density ffe electronic energies on chirality arises mainly from the
states abovéEg within the tight-binding picture are due to trigonal shape of the energy contours around the grapKene
the rehybridization as suggested by Odetral® A reliable  point1426 By comparing the intensities of the radial breath-
energy for optical transitions cannot be obtained from theng modes coming from a number of different tubes, they
wr-orbital tight-binding Hamiltonian. adjusted the dependence of the breathing mode on the diam-
eter until they found good agreement between the expected
_ ) _ and observed intensities. The chirality assignment thus relied
A. Scanning tunneling microscopy heavily on the assumed transition energies. The question

STM experiments provide the unique possibility of mea-arises of whether this is indeed a reliable procedure to iden-
suring the density of states on a nanotube of known chiralitytify a particular (1;,n,) nanotube.

Thus they allow a direct comparison between first-principles To study this question we selected the semiconducting
calculation and experiments. A variety of STM measure-(10,5 nanotube, which Joriet al* assigned on the basis of
ments on atomically resolved single-walled nanotubes wer®aman data. We calculated the electronic density of states
reported®>4%4'0domet al® measured the density of states with the tight-binding approximation of the graphemeor-

on a (10,0 nanotube, one of the tubes calculated in thisbitals, zone folding of a graphene sheet, and by a first-
work. principles calculation. The optical transition investigated in

We compare the experimentally obtained density of statethe Raman study corresponds to the: =24 quantum num-
of a (10,0 nanotube to our calculation in Fig. 10. The shapeber in the(10,5 nanotubé? In Fig. 11 we compare the den-
and relative height of the peaks are in very good agreemersity of states obtained by the three models for this particular
between experiment and theory. In particular, the low-energpand. We found the energetic position of the valence-band
shoulder of the second peak above the Fermi level and thgingularity within zone folding to be the same as in the full
much lower height of the third peak belo®: are very calculation of thg10,9 nanotube. We therefore adjusted the
nicely reproduced. The absolute energies of the peaks, on tliight-binding approximation to yield the same energy, (
other hand, are considerably smaller in gi®initio calcula- =2.54 eV). The upper scale corresponds to a tight-binding
tion than in the experimental spectrum. &i al*? recently  parametery,=2.9 eV, which was found on bundles of
reported similar discrepancies between experiment andanotubes. Using the upper scale to compare our calculations
theory for very small nanotubesi€4 A). Their LDA cal-  directly to the work by Joricet al,?? we find a transition
culations underestimated the optical transition energies bgnergy of 1.54 eV in the tight-binding approximation. This
10-15 %. Also note that the relative energies ofthand=  energy was within the resonance window in Ref. 22 between
valence bands in graphite were incorrectly predictedaby 1.48 and 1.68 eV. Already the zone-folding calculation
initio methodst® However, when comparing the absolute shows a smaller separation of the valence- and conduction-
peak positions in the upper and lower traces in Fig. 10, théand singularities. From aab initio calculation of th10,5
differences are too large to be attributable to the local-densitpanotube we obtain a transition energy 1.44 eV, clearly out-
approximation. On the other hand, the calculations still showside the resonant range. Note that the difference between the
a very sharp onset of singularities, whereas the experimentab initio and tight-binding calculations is twice as much as
curve is much smoother. When we compare the onsets of thtbe trigonal shape correction®0 me\). The error made
flanks rather than the maxima of the peaks, the calculatedlhen using the tight-binding approach thus makes it impos-
energies are only 10—20 % too small, which is a typical valuesible to use resonances for the assignment of chiralities to
for a LDA calculation and was also found by &t al*? particular nanotubes.

Density of States

calculation
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Energy corresponding to y=2.9 eV (eV) tube the energy band derived from tlreconduction band at
L2 08 04 04 05 12 the graphené point is downshifted by 0.3 eV.
We studied the effect of bundling on the electronic states

&2 on two achiral nanotubes and a chiral nanotube. For many
2 |ab initio bands a further shift of thd-point energies toward the
2 Fermi level on the order of 100 meV was observed. In the
g |zone folding semiconducting bundles we found an intramolecular disper-
a sion of the lowest conduction band, bending down when go-
Ltb & orbitals ing away from thd” point. In chiral(8,4) tubes the band gap
s 02 0a  os 2 was thereby reduced by 20 % compared to the isolated case,
Energy as calculated (eV) whereas th€10,0 nanotube bundle turned out to be metallic.

The electronic dispersion perpendicular to the tubes was

FIG. 11. Density of states in(@0,5 nanotube for the band with  found to range fron=200 meV in chiral tubes to 1 eV in
quantum numbem= +24. From bottom to top we show the singu- armchair nanotubes, which is expected to broaden the den-
larities obtained with the tight-binding approximatiom @rbitals  sity of states as well as optical-absorption bands in nanotube
only), the zone folding of the graphene band structure, andtan ) ndles.
initio calculation. The bottorx scale is for energies obtained from Finally, we investigated the validity of the tight-binding
first-principles calculations for 10,5 nanotube and graphene; approximation of graphene orbitals by comparing its re-
within the tight-binding calculation the overlap parameter was ad i 14 first principles calculations. In general, the agreement
justed to yield the same energetic position for the singularity belowoe,[ween the two calculations was found to ’be satisfactory
Er las in the ﬁrzt'primiglgs (\:/algulqticr)lnﬁ=2.54_deV)a Thﬁ top However, the simple tight-binding model is certainly not .
scale corresponds tg,=2.9 eV; it might be considered to be cor- _ ' . g . .
et o oo smala b g i e Lo approsmaten. 1410 PSS ST o e

scattering experiments.
VI. SUMMARY
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