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Ab initio calculations of the optical properties of 4-A-diameter single-walled nanotubes
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We performed density-functional theory calculations in the local-density approximation of the structural,
electronic, and optical properties of 4-A-diameter single-walled carbon nanotubes. The calculated relaxed
geometries show significant deviations from the ideal rolled graphene sheet configuration. We study the effect
of the geometry on the electronic band structure finding the metallic character (8,@heanotube to be a
consequence of the high curvature of the nanotube wall. Calculations of the dielectric function and optical
absorption of the isolated nanotubes were performed under light polarized parallel and perpendicular to the
tube axis. We compare our results to measurements of the optical absorption of zeolite-grown nanotubes and
are able to assign the observed maxima to the nanotube chiralities.

DOI: 10.1103/PhysRevB.66.155410 PACS nuniber78.67.Ch, 73.63.Fg, 78.40.Ri

Carbon nanotubes, due to their intrinsic one-dimensionatonserving pseudopotentiglsh double¢, singly polarized
properties and their promising applications have attracted théDZP) basis set of localized atomic orbitals plus a diffuse 3
attention of many theoretical and experimental researclorbital were used for the valence electrons. The inclusion of
groups. The specific comparison of theory and experiment ithe 3s shell is instrumental for the description of the elec-
difficult because of the wide range of diameters and chiralitronic spectrum above 3 eV. More precisely, the DZP basis,
ties usually present in the samples. Nanotubes having venyithout the inclusion of the 8 orbital, fails to reproduce the
similar structures can have radically different properties andPosition of the dispersive band appearing 3 eV above the
require independent calculations. Single-walled carbon nand=€rmi level at thd™ point in the case of the band structure of
tubes (SWNT's) grown within the channels of a zeoltte graphenesee Fig. 1, placing it at higher energies. A cutoff
present several advantages in this respect. First, the nangdius of 10 a.u. was used for thes 3hell. For the DZP
tubes arranged in the channels of this material are forced tBasis, cutoff radii of 5.12 a.u. for theand 6.25 a.u. for the
have a narrow diameter distribution around 4 A, reducing® andd orbitals were used, as determined from an energy
the possib|e nanotube chiralities to thréé,g), (5,0), and shift of 50 meV by |0calizati0ﬁ;7 which was chosen as the
(4,2). Furthermore, the small unit cell of these nanotubegne that minimizes the total energy for a graphene sheet.
allows the calculation of their properties usimaip initio  Increasing the cutoff of the orbitals only changes total
methods. The second advantage is the alignment of the nangnergies of the nanotubes considered here by less than 0.1
tubes in the zeolite channels, which makes possible a stud§V/atom, and has virtually no effect on the structure and the
e.g., of selection rules.

In this paper, we present first-principles calculations of
the structural, electronic, and optical properties of 4-
A-diameter SWNT’s. We discuss the relaxed geometry of the
(3,3, (5,0, and (4,2 nanotubes comparing it to the ideal
cylindrical configuration and its effect on the band structure.
The effect of the strong curvature of the nanotube wall is
studied more closely, comparing the zone folding of &fe
initio results of graphene withab initio calculations of the
band structure. The response of the nanotubes to light polar-
ized both parallel and perpendicular with respect to the nano-
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tube axis is studied and found to be strongly anisotropic. We -16
compare our results to optical-absorption measurements of
zeolite-grown SWNT’s obtaining excellent agreemént. -20F K M T
Ab initio calculations for th&3,3), (5,0), and(4,2) nano-
tubes were performed using treESTA codé within the FIG. 1. Comparison of the band structure of graphene obtained

local-density approximation as parametrized by Perdew andith a DZP basis set of localized orbitals plus diffusef@nctions
Zunget‘.1 The core electrons were replaced by nonlocal norm<full lines) and with plane wave&ashed lines
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TABLE I. Geometry parameters for the ideal rolled graphene sheet and for the relaxed configuration. The
parameters are defined as in Fig. 2.

Radius Lattice Constant a b c a B y
3,3 Relaxed 2.10 2.47 1.433 1.438 116.2  118.7
Cylinder 2.041 2.468 1423 1.396 1156 120.3
(5,0 Relaxed 2.035 4.27 1412 1.450 119.8 111.2
Cylinder 1.96 4.28 1425 1.407 1204 110.2
4,2 Relaxed 2.14 11.28 1.440 1.421 1.443 114.1 118.7 118.7
Cylinder 2.079 11.31 1.399 1.425 1420 1133 1204 118.1

energies of the electronic states. In order to demonstrate thesing an independent plane-wave method. The most remark-
accuracy of the basis set used here, we compare in Fig. 1 tlable feature is the metallic character of ttg0 SWNT,
calculated band structure of a graphene sheet, with the resulighich is expected to be semiconducting in the zone folding
computed using a 50-Ry plane-wave expansion and the sanagproximation. Blaset al® showed, for zigzag nanotubes
pseudopotentital and exchange functional, obtaining an exas small as(6,0, how the increasing curvature of the
cellent agreement up to at least 6.5 eV. graphene sheet can enforce a rehybridization ofittend o

In order to avoid interaction between the images, a uniorbitals of carbon atoms, which is not present in the planar
cell with a length of 11 A in thex andy directions was used. structure. The effect of curvature, neglected in the zone fold-
Integrations ink space were performed over k6points for  ing approach, becomes essential in the case of the 4-A nano-
the (3,3 and(5,0) nanotubes, and thrdepoints for the(4,2)  tubes as can be seen in Fig. 4. The solid lines shbwnitio
nanotube in thek, direction. Real-space integrations were zone folding calculated bands, in which the curvature is
done in a grid with a cutof&=270 Ry for the(3,3) and(5,00  completely neglected, while the dotted lines show again the
nanotubes and 250 Ry for tfi4,2) nanotube. ab initio calulation for the relaxed geometry. It is clearly
The atomic positions were relaxed by a conjugate gradienseen how the curvature shifts down th& derived nanotube
minimization until the forces on the atoms were less tharbands, which in the case of tl{g,0) nanotube leads to the
0.04 eV/A. For the relaxed structure we calculated the themetallic character. Thé&,2) nanotube is semiconducting as
oretical lattice constant. In Table | the results of the relax-expected, but with a 0.2-eV indirect gap, instead of the 2-eV
ation are shown together with the parameters correspondingjrect gap obtained from zone folding. For these small tubes
to the ideal cylindrical geometry obtained by rolling up the the valence bands are not well reproduced by the zone fold-
graphene plan®The bond lengths and angles for the idealing approach, contrary to the observation for nanotubes with
configuration depend on the chirality, due to the curvature ofarger radiit! Furthermore, the valence and conduction bands
the nanotube wall. We used the calculated lattice constant aff the three tubes are strongly asymmetric with respect to the
graphenea=2.468 A. The lattice constant of the nanotubesFermi level in contrast to the nearest-neighbor tight-binding
in z direction changed by less than 0.3% during the relaxapproach in which only ther and7* orbitals are taken into
ation. The calculated average radii are8% larger for the account.
relaxed geometry in agreement with the trend indicated by We also calculated the band structure of the 4-A-diameter
Sanchez-Portakt al® This change in radius corresponds to
different changes of the bond lengths and angles dependin (3.3 (5,0) (4,2)
on the particular geometry of the tube. The bonds having 4
smallest angles with the tube axis are changed the least witl
respect to the ideal structure, as expedtednd a for the |
(3,3 and (5,00 nanotubesp andc for the (4,2) tubel. The 2
bonds in the direction of the circumference are more affectec
by the curvature and experience changes up to 3%. Th% 1
angles change less than 1.5% for the three nanotubes. B

The electronic band structures were calculated using thes
relaxed geometries obtained above. The results, shown K5 -1
Fig. 3, are essentially the same as those obtained ley 4li*

(5.0) i 1 L -~

“42) a
C

4

T T

r Zoi7 T T omu T T o208
a a

Wave vector k, (A™)

FIG. 3. Calculated electronic band structures of the relaxed 4-A
FIG. 2. Geometry parameters of the 4-A-diameter nanotubes. SWNT'’s. The Fermi level is at 0 eV,
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a a a FIG. 6. Calculated dielectric function of the 4-A-diameter

SWNT'’s for incoming light polarized parallel to the nanotube axis.
FIG. 4. Solid line represents zone folding electronic band struc-_The upper panel shows _the_real part and the lower panel shqws the

tures of the 4-A SWNT’s. Dotted line represeatsinitio electronic imaginary part. The solid line corresponds to i83) armchair

band structures of the relaxed 4-A nanotubes. The Fermi level is a::l"h?gl t(f;ez)dotted line to the zigz4§,0), and the dashed line to the
0eV. e

Wave vector k, (A™)

. . - . . . SIESTA? The optical matrix elements were calculated includ-
nanotubes in the ideal cylindrical configuration obtained.

) o ing the corrections due to the nonlocality of the
from rolling a graphene sheet, as can be seen in Fig. 5. Thgg y

h g q I he ohiral d th i seudopotentid? We obtain the imaginary part of the di-
changes depend strongly on the chirality and the SPECIE actric functione,, which was then used to calculate the
band, and can be as large &4 eV. Nevertheless, the dif-

in i real parte; with help of the Kramers-Kronig transforma-
ferences shown in Fig. 5 are much smaller than the onii pam € P g

ina f th i ially in th . ons. The definition of the dielectric function of an isolated
;?ml':ng rom the curva urelé.esieima yt'ln | € .rtegrllonlgrtc))un anotube has a certain degree of arbitrariness, since it de-
e Fermi energycompare Fig. A In particular, it should be pends on the concentration of scatterers. In our calculation

noted that the metallic character of tl¢8,0) nanotube is : : ;
. N ' the density of scatterers is set by the size of the supercell,
already obtained for the cylindrical geometry and thus not an y y P

. which does not have a physical meaning. We used the vol-
effect of the structural relaxation.

. . . ume of the nanotub® to renormalize the calculated di-
The optical response of the SWNT’s was obtained usin NT

: . calc _ calc
first-order time-dependent perturbation theory to calculatgeeIeCtrIC functione;™™ ase;=(Veen/Vnr) €z, WhereVeg,

the dipolar transition matrix elements between occupied an the volume of the supercell. Having obtainegdand e,

. : ) . . e other optical properties can be easily calculated.
unoccupied single-electron eigenstates, as implemented In Figs. 6 and 7 we show the dielectric function of the
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Wave vector k, (A") FIG. 7. Calculated dielectric function of the 4-A-diameter
SWNT'’s for incoming light polarized perpendicular to the nanotube
FIG. 5. Solid line represents the calculated electronic bandaxis. The upper panel shows the real part and the lower the imagi-
structures of the 4-A SWNT’s with the ideal cylindrical structure. nary part. The solid line corresponds to #8¢3) armchair tube, the

Dotted line represents the same calculation with the relaxed strudotted line to the zigzad5,0), and the dashed line to the chiral
ture. The Fermi level is at 0 eV. 4,2.
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FIG. 8. (a) Optical absorption of the isolated nanotubes under
light polarized parallel to the nanotube axis. The solid line corre- FIG. 9. Optical absorption spectrum of the SWNT-containing
sponds to th€3,3) armchair tube, the dotted line to the zig2&g0), zeolite crystal for incident light polarized parallel to the nanotube
and the dashed line to the chiral nanot@¢?). (b) Solid line rep- axis. Taken from Ref. 1. The arrows indicate our assigment of the
resents the effective optical absorption of the zeolite-SWNT comabsorption peaks to individual chiralities.
posite, assuming the same concentratio(38), (5,0), and (4,2
nanotubes. Dotted line represents optical absorption for the zeolitB€0Us material with an effective dielectric constant. This ap-
crystal. (c) Solid line represents effective optical absorption of the proximation is justified in the long-wavelength limit, which
zeolite-SWNT composite, assuming a ratio of 0.5:0.4:0.1 for theapplies in our case. However, it implies that we are neglect-
concentration of(5,0), (3,3, and (4,2) nanotubes and a nanotube ing possible depolarization effects in the nanotube due to the
filling fraction of 2x 10~ 4, which yields a better quantitative agree- zeolite. We calculated an effective dielectric function using
ment with the experimental data. We assumed a sample width che weighted average of the constituehits,
10 um (Ref. 1). Dotted line represents optical absorption for the

zeolite crystal. In(b) and(c), the optical absorption was corrected fleiz st €50t €4,2)]

for the reflectivity of the sample. However, this correction leaves Eefi( @) = 3 +(1-f)€zean (1)
the results almost unaffected. Note the different scales in the three

panels. wheref, the filling fraction of the nanotubes, is defined as
three SWNT’s for the case of light polarized parallel and f 7R ~8% @)
perpendicular to the nanotube axis, respectively. Due to the a?cos 30° ’

anisotropy of the nanotubes, their response in these two con- ) .
figurations is radically differente, gives an idea of the op- under the assumption that all channels are completely filled.

tical absorption. In the parallel configuration, the absorptior2=1.37 nm is the distance between the centers of two adja-

is concentrated in the 1-3 eV region. Under perpendicularlf€nt channels in the zeolite crystal aRds the radius of the

the response is at least three times weaker. was supposed to be homogeneous. We applied Bdo the

Li et al® measured polarized absorption spectra for the 4imaginary part of the dielectric function neglecting the con-
A SWNT's arrayed in the one-dimensional channels of alribution of_ the zeohte._Thls is justified b_y the measklrements
zeolite crystal. They observed a homogeneous decrease @ the optical absorption of pure zeolite by Et al." and
the absorption with increasing polarization angle. This is dudioffmannet al;™ the latter can be seen in Fig. 8. An effec-
to the screening of the electric field perpendicular to thelive @ was calculated f_ror;fteﬁ, the result is shown in Fig.
nanotube axis, also known as the depolarization effeand ~ 8(b). The three peaks in®" correspond well to the experi-
does not allow the comparison with our results for perpen- o ]
dicular polarization. From this point on, we concentrate on ABLE Il. Energies in eV of the experimental and calculated
the results under parallel polarized light. In Figa8 the optical absorption maxima of the SWNT containing zeollte_. The
calculated optical absorption of the three free-standing calculated values are aligned to the corresponding experimental
SWNT’s is shown. For a direct comparison of our resultspeaks'
with the experiment, we must include the effect of the zeolit -
on the optigal properties. The van der Waals interaction bSI-E xperiment(Ref. 1 33 ©9 “32
tween nanotube and zeolite has been shown to be very (S)1.2

weak (less than 50 meV/atom for the tube sizes considered  (A)1.37 1.2
herg, as well as the influence of the zeolite on the electronic  (B) 2.1 (2.9 1.9
structure of the nanotube. We, therefore, neglect this interac- (c) 3.1 2.9 3.043.6)

tion, and treat the zeolite-nanotube composite as a homoge
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mental results shown in Fig. 9, where the calculated absorgerimental data, 210 4, is two orders of magnitude
tion maxima are indicated by arrows. In Table Il, the experi-smaller than expected from the volume of the zeolite chan-
mental and calculated energies of the absorption maxima aftels, see Eq(2). Partly, this difference might be due to the
shown; the agreement is excellent. We obtain three peaksxperimental setup, e.g., the non-normal incidence of the
equivalent to peak#, B, andC in the experiment, and are jight in a microscope setupNevertheless, our finding also
able to identify them as coming mainly from the tubes indi-ingjcates that only a part of the zeolite channels is filled with
cated in Fig. 9. The assignment differs slightly from the oneznotubes.
of Li et al,! who did not calculate the absorption explicitly. In summary, we performed LDA calculations of the ge-
TheT point group they used did, ho_wever, not |ncl'ude theometry, band structure, and the optical propertie%8),
horizontal rotations and thus gave incorrect selection rule§5,o), and (4,2 SWNT’s. We found significant deviations
[the point group of thé4,2) tube isD g (Ref. 8]. Contrary to o the ideal cylindrical structure. The accuracy of our cal-
their results, we do not obtain any appreciable absorptioRjations of the electronic band structure was tested by com-
due to the(4,2) nanotube below 1.8 eV. The shouldgbe-  h4ring with plane-wave calculations of graphene, obtaining a
low the main peak at 1.2 eV does not appear in our calculagery good agreement between both computational schemes.
tions. The maximal deviation in the position of the peaks iSye found the(5,0) nanotube to be metallic in contrast to the
~14%, which is to be expected from the inaccuracy ofpregiction of the zone folding approximation and explained
local-density (LDA) to describe the energies of excited this feature as an effect of the strong curvature of the nano-
states, and comparable to the errors=af0—-20% reported e walls. A strong anisotropy of the optical response was
by Li et al.” and Reichet al. _ . _found, as shown in the calculated complex dielectric function
Since each of the nanotubes gives rise to features in thgf the nanotubes. The optical absorption under parallel po-
optical spectrum at different energies, we can use the intenaizeq light was compared with measurements on zeolite-
sity of the experimental peaks to make a rough estimate Qfown nanotubes. An effective optical absorption coefficient

the proportion of nanotubes with each chirality. Although ayas calculated and used to successfully interpret the experi-
direct fit of the experimental data with the theoretical spectragnents of Liet alt

is difficult due to uncertainties such as the background in the

experimental curves. We found that a proportion of We thank J. Maultzsch for helpful discussions. We ac-
0.5:0.4:0.1 for the concentration of tk®&0), (3,3), and(4,2  knowledge the Ministerio de Ciencia y TecnolagSpain
nanotubes optimizes the agreement between the calculatioasd the DAAD (Germany for a Spanish-German Research
[Fig. 8(c)] and the experiment. The abundance of the chirahction(Grant No. HA 1999-0118 D.S.P. acknowledges sup-
(4,2 tubes seems to be lower than of the achiral tubes, @ort from the Spanish MCyT and CSIC under the “Rampo
result that supports recent experimental studies indicating &ajal” program. P.O. acknowledges support from Fundacio
lower concentration of4,2) nanotubes than of5,00 and Ramm Areces(Spain, EU Project No. SATURN IST-1999-
(3,3 tubes!’ The filling fraction we obtained from the ex- 10593, and Spain-DGI Project No. BMF2000-1312-002-01.
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