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12 Optical properties of three kinds of zigzag (5,0), (13,0), and (9,0) single-walled carbon nanotubes

13 (SWCNTSs) are studied using an approximate quantum mechanical method named complete neglect of differ-

14 ential overlap, which distinguishes basis atomic orbitals with different azimuthal / quantum numbers (CN-

15 DOL). This method models the electron energy transitions and excited state charge distributions through a

16 configuration interaction of singly (CIS) excited determinants allowing the direct understanding of properties

17 related with the total electronic wave function of nanoscopic systems, projecting a reliable quantum mechanical

18 understanding to real life objects. The finite SWCNT’s structures were obtained by replicating the unit cells of

19 periodic SWCNTs and saturating the edge dangling bonds with hydrogens. The unit cell was previously relaxed

20 using standard density functional theory methods. The behavior of these SWCNTs were interpreted in the

21 framework of the CNDOL scheme by increasing the lengths of the tubes above 3 nm. As the nanotubes grow

22 in length, the position of excited states for each SWCNT evolve differently: in contrast with (9,0) SWCNT,

23 which exhibits favorable conditions for photoexcitation, the (13,0) and (5,0) SWCNTs do not show a lowering

24 of the lowest excited states. This behavior is discussed by taking into account electron—electron interactions

25 as considered in the framework of the CIS procedure. Furthermore, the (13,0) and (5,0) SWCNTs present

26 forbidden transitions for the lowest excitations and its first dipole-allowed transitions are at 0.9—1.0 and

27 1.4-1.6 eV, respectively. In contrast, (9,0) SWCNT allows excitations by photon at less than 0.4 eV as the

28 length of the nanotube tends to infinite. Excitons appear more bounded, energetically and spatially, in the

29 (13,0) than in the (9,0) and (5,0) SWCNTs.

30 DOI: XXXX PACS number(s): 71.15.Qe, 71.15.Mb, 71.20.Tx, 71.35.—y

31

32 I. INTRODUCTION

33  The need to explain and predict the relationships between
34 structural and electronic properties in nanoscale systems has
35 brought together aspects of synthesis, measurements of
36 physicochemical properties, and, in particular, the selection
37 and adaptation of the most suitable methods for proper the-
38 oretical modeling. Relatively large polyatomic systems such
39 as carbon nanotubes (CNTs), in which the expected non
40 regular arrangements of atoms require the study of irreduc-
41 ible models, are presented as challenging even for the most
42 approximate algorithms. Such systems are not crystals where
43 the low or nonexisting entropy allows fear modeling with
44 periodic approaches. In this field, many and different quan-
45 tum theoretical methods have been explored in order to find
46 a suitable way for representing and predicting the physical
47 nature of the observed phenomena.'

48  Single-walled carbon nanotubes (SWCNTSs) are consid-
49 ered ideal models because they can be considered to behave
50 as one-dimensional molecular systems. Nowadays, the
51 density-functional theory (DFT) is the standard method for
52 optimizing the geometry and obtaining the electronic prop-
53 erties of extended systems since it can incorporate periodic
54 conditions to achieve infinite models of these systems with a
55 relatively low-computational cost. DFT is also the most used
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algorithm for interpreting and predicting experimental re- 56
sults, such as the conducting/insulating character of materi- 57
als, as well as vibrational, thermal, and mechanical 58
properties.>> Standard DFT methods fail to predict energy 59
gaps in insulating and semiconducting materials, underesti- 60
mating ~50% with respect to the experimental values. How- 61
ever, for CNTs, the DFT band gaps seem to agree with the 62
experimental transitions energies. This indicates a possible 63
cancellation of the DFT gap error with the exciton binding 64
energies. 65

The advances in the measurements of the optical proper- 66
ties of these materials have been widely significant. Avail- 67
able experimental results provide optical absortion®~® and 68
fluorescence  spectra®!?>  of isolated (noninteracting) 69
SWCNTs. These results provide an important information for 70
further applications of these materials. Moreover, all these 71
optical data have increased the continuing questioning of the 72
fundaments for understanding the behavior of the nanotubes. 73
High-level calculations considering many-electron interac- 74
tions have shown that the standard theory of interband tran- 75
sitions is unable to explain optical measurements.'314 76

Optical excitations in nanostructures are multielectron 77
collective states that cannot be always interpreted as single 78
particle transitions. Some research has been directed to ex- 79
plain their collective absorption capacity and redistribution 80

©2010 The American Physical Society


http://dx.doi.org/XXXX

MONTERO-ALEJO et al.

81 of energy upon excitations by photons.’> In the same way,
82 there are several works devoted to the theoretical calcula-
83 tions of excitons in SWCNTs (Refs. 1, 14, and 16) where the
84 many-particle electron-electron (e-e) interactions, beyond the
85 single particle approximation, have been considered essential
86 to achieve reliability for the calculated results.'>!” Many-
87 particle e-e interactions arise from the matrix elements of
88 electron excitations as obtained from the Hartree-Fock (HF)
89 Hamiltonian.'® These e-e interactions are the same as the
90 electron-hole interactions, although the later concept is ap-
91 plied in the context of quasiparticle rather than HF states, as
92 well as in model Hamiltonians.

93 The method of configuration interaction!® (CI) is a
94 post-HF procedure. The e-e terms are being expressed in
95 terms of Coulomb and exchange integrals and modify simple
96 energy differences between one-electron molecular states re-
97 sulting from the HF self-consistent field calculation. After a
98 subsequent diagonalization of the composite secular matrix
99 built with all such HF excitations in diagonal and their inter-
100 actions in non diagonal elements, it results in an optimized
101 electronic wave function of the system. CI allows a correct
102 description of all ground and excited electronic states and
103 their energies in small molecules, although its applicability
104 to large systems is frequently prevented because the huge
105 dimension of the CI Hilbert space. For medium sized sys-
106 tems, the CI Hilbert space uses to be restricted to single-
107 electron (CIS) and single-plus double-electron (CISD) exci-
108 tations of the HF Hamiltonian. Exciton states can be
109 described by the CIS method in first approximation, while
110 biexcitons needs the CISD level. Hence, CIS of polyatomic
111 systems can be considered a method to get optimized transi-
112 tion energies, electron-hole interactions and charge redistri-
113 butions due to excitons originated upon light absorption.!
114 Zhao et al.'®?° used this methodology within a simple and
115 elegant HF framework of the 7 electron approximation
116 named as the Pariser-Parr-Pople (PPP) parametrized
117 Hamiltonian?>'~?* achieving a qualitative description of the
118 excitons in conjugated polymers and SWCNTs.

119 On the other hand, and in order to calculate properties of
120 extended nanomaterials it is necessary to use models large
121 enough to yield the best estimation of its macroscopic behav-
122 jor. Most of the research on nanoscale systems' emphasizes
123 the importance of combining advanced experimental
124 information®?> with theoretical models that can distinguish
125 different atomic arrangements.?*~>° However, the size of the
126 typical nanostructures frequently exceeds the capabilities of
127 most of the computing frameworks. The actual developments
128 are directly focused on the searching of reliable models by
129 using either parametrized semiempirical approaches or oth-
130 ers that include periodicity.>!

131 The essential advantage of using a molecular orbital (MO)
132 approach consists in reaching a complete wave function of
133 the system, albeit being approximate. It allows getting more
134 information from the behavior of charge distributions and
135 redistributions upon excitation of a nanoscopic system than
136 those obtained with any periodic approximations. Such ap-
137 proaches frequently rests on one electron wave functions for
138 managing excited states and disallows nonperiodic perturba-
139 tions that are normal in real systems. Our procedure could
140 allow predictions for long nanotubes, which can be modeled
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taking into account irregularities and even randomly ad- 141
sorbed impurities. CNDOL Hamiltonians,?>3% based on the 142
neglect of differential overlap (NDO) of atomic orbital basis 143
sets and considering their azimuthal / quantum number, are 144
essentially an approximate HF methodology without a pos- 145
terior” parameter adjustments that has proven to be 146
reliable.’?3* It allows modeling systems with a very large 147
number of atoms. The ground state is obtained by the self- 148
consistent-field (SCF) method like in standard HF implemen- 149
tations. The electronic excitations are obtained using the CIS 150
methodology. The algorithm admits increasing the active 151
space (or number of CIS determinants) to be large enough 152
for granting the best variational optimization of excited 153
states and to account for the huge number of excitations in 154
nanostructures. This method has provided an adequate de- 155
scription of phenomena related with intermolecular charge 156
transfers in Rhodopsin protein associated with human 157
vision®? and the interaction between the chromophore and 158
aluminosilicates to explain the stability of the ancestral maya 159
blue color.* The aim of this paper is to explore how CNDOL 160
can describe the electronic and optical properties of carbon 161
nanotubes. 162

Three zigzag SWCNTSs with chiral numbers (,m), where 163
n=5,9, and 13 and m=0, were chosen as our model systems. 164
The (5,0), (9,0), and (13,0) SWCNTs have diameters of 4.0, 165
7.1, and 10.2 A, respectively. According to early literature®® 166
in this field, SWCNT electronic properties can be predicted 167
approximately by the energy-band-folding theory of 168
graphene. That is, a zigzag nanotube is a metal when n is 169
multiple of three or a semiconductor with a moderate band 170
gap for other values of 1.3%37 However, recent studies dem- 171
onstrate that only the semiconducting character of the (13,0) 172
SWCNT is predicted by this rule. The (9,0) SWCNT shows a 173
small band gap corresponding to semiconductor materials 174
that has been verified by experimental®® and high level the- 175
oretical calculations.’ Moreover, the (5,0) zigzag structure is 176
predicted to be metallic, based on DFT calculations and the 177
Green’s functions method known as GW (where G is the 178
one-particle Green’s function and W is the screened Cou- 179
lomb interaction).!® Optical measurements, as well as DFT 180
and high level calculations, show that isolated (5,0) 181
SWCNTs have no optically allowed transitions below around 182
1.3 eV.813 The first allowed electron transitions for (13,0) 183
SWCNT is predicted at 0.9 eV by a regression analysis of 184
spectrofluorimetic data.!' Despite missing unambiguous ab- 185
sorption data for (9,0) SWCNT, the diameter of this nano- 186
tube (0.7 nm) falls in the diameter range of carbon nanotubes 187
produced experimentally by laser vaporization method in 188
macroscopic amounts.> 189

Optical absorption spectra of these kind of SWCNTs were 190
measured and the large absorption peaks for the mixture ratio 191
between the metallic and semiconducting tubes were esti- 192
mated according to the conducting character.’® Indeed, it is 193
necessary to continue modeling the electron properties of 194
these systems as well as other complex nanoscopic systems. 195
More information is essential in order to clarify the relation 196
between the electronic transport properties and the photoex- 197
citation capabilities of these systems. It acquires even more 198
importance if we take into account the huge field of optical 199
properties of nanotubes with defects, bended structures, and 200
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201 also doping agents inside. In the present work, we are mod-
202 eling the optical properties of these SWCNTs by the CNDOL
203 approach to project the possibilities of this Hamiltonian to
204 build a wave function of a nanoscopic system.

205 II. THEORETICAL AND COMPUTATIONAL DETAILS

206  DFT calculations on periodic SWCNTs were performed
207 using a plane-wave pseudopotential scheme as implemented
208 in QUANTUM-ESPRESS0.*’ Exchange and correlation parts of
209 the electronic energy were calculated in the generalized gra-
210 dient approximation (GGA) with the functional of Perdew-
211 Burke-Ernzerhof (PBE).*' The effects of core electrons and
212 nuclei are included using Rabe-Rappe-Kaxiras-Joannopoulos
213 ultrasoft pseudopotentials.*’> We used the pseudopotential
214 C.pbe-rrkjus. UPF from the cited QUANTUM-ESPRESSO distri-
215 bution. A plane-wave basis set has been used, with kinetic
216 energy cutoffs of 30 and 200 Ry for the expansion of the
217 wave functions and the charge density, respectively. The one-
218 dimensional Brilluoin zone was sampled using uniform grids
219 of 14 k points for (5,0) and (9,0) SWCNTs and 6 k points for
220 (13,0) SWCNT. In order to avoid convergence problems in
221 the “metallic” (5,0) and small gap (9,0) SWCNTs, the
222 method of cold smearing* with a broadening parameter of
223 0.01 Ry was used. The selected cutoffs, k-point grid, and
224 smearing scheme allow us to obtain energies, forces, and
225 stress converging within 0.008 eV/atom, 0.05 eV/A, and 0.5
226 kbar, respectively. The initial structures were relaxed using
227 damped Beeman dynamics* for the atoms and the simula-
228 tion cell. Cell dynamics has restricted to the periodic direc-
229 tion of the SWCNT and was determined by the Wentzcovitch
230 extended  Lagrangian®®  with mass  parameter of
231 0.0001 amu/au’. The supercell is 25 A wide in nonperiodic
232 directions, whereas in the periodic direction it was optimized
233 at 4.25621 A for the (5,0), 4.26356 A for the (9,0), and
234 4.26450 A for the (13,0) SWCNTs. The stress tensor com-
235 ponents of the relaxed structures were smaller than 0.5 kbar,
236 the interatomic forces were smaller than 1 mRy/bohr, and the
237 total energies were converged within 107 Ry.

238 CNDOL can address the electronic structure on the
239 grounds of a molecular like construction thus allowing the
240 possibility to include nonperiodic structural features of real
241 systems. The availability of a wave function of the whole
242 system allows a consistent picture of charge displacements
243 (charge transfers) and state energies, considering the explicit
244 inclusion of electron interactions in the Hamiltonian. This
245 method initially provides a set of MO, expressed as a linear
246 combination of atomic orbitals (AOs) for the studied sys-
247 tems. Up to this point, this approximation gives ground-state
248 wave functions considering that all electrons remain strictly
249 at the lowest energy states. However, an uncertain descrip-
250 tion of the virtual or empty MOs arises during the HF wave
251 function optimization by a variational procedure due to the
252 null density matrix elements of these orbitals. By the way, it
253 occurs in all one electron like approaches, like tight binding,
254 Hiickel molecular orbital, etc., as well as in iterative HF and
255 DFT-like procedures. In addition, performing large scale
256 CIS-CNDOL calculations allows modeling the electronic na-
257 ture of the excitons in these SWCNTs. The Coulomb and
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FIG. 1. (Color online) Schematic representation of a (9,0,2) fi-
nite SWCNT. A table with the corresponding length in nanometres
for each L value is shown in the box.

exchange terms between the occupied and virtual MOs to 258
give the singlet transition has been taken into account to 259
construct the CIS matrix, according to the well-known 260
formulas.*® 261

The CNDOL/21 Hamiltonian®?> has been used as de- 262
scribed elsewhere. The NDOL2009 program version 6.6 (Ref. 263
47) was used and it is available from a website (http:/ 264
karin.fq.uh.cu/~Imc/ndol/ndol2009-6.6.zip) for calculations 265
of systems of up to 2000 atoms and 4500 basis orbitals. It 266
can also provide electron densities of CIS excited states. The 267
computed CIS transition energies always refer to singlet ex- 268
citations regarding fixed and previously optimized geom- 269
etries of the ground state. The oscillator strength is the output 270
quantity that is proportional to the transition dipole between 271
the excited and the ground state and indicates the intensity of 272
photon absorptions.*® Calculations can be performed in a 273
reasonable computer time allowing applications to very big 274
systems. The largest polyatomic system calculated in the 275
present work for the (13,0) SWCNTSs has 1066 atoms (1040 276
carbon atoms plus the edge hydrogens). 277

III. RESULTS AND DISCUSSION 278

We performed DFT calculations of band structures and 279
density of states (DOS) of the three SWCNTs. They were 280
evaluated for each unit cell obtained in the optimization. 281
Based on the same level of the DFT approximation used for 282
geometry relaxations we have obtained good agreement with 283
previous published results.>'34° (13,0) SWCNT is predicted 284
as semiconductor with a moderate band gap of 0.62 eV. The 285
(9,0) SWCNT energy gap predicted by this method is 0.11 286
eV. (5,0) SWCNT also appears as metallic in agreement with 287
previous reports.®!3 288

We have studied about ten finite hydrogen-terminated 289
SWCNTs for each chirality. Each one was constructed by 290
replicating the unit cell (see Fig. 1) in even numbers between 291
2 and 20. SWCNT lengths ranged between 0.71 and 8.39 nm. 292



MONTERO-ALEJO et al.

ISWCNTI (5,0,L) I L I I
W\J\/\‘/\A jO ]
/\N\W/\I\/M\’\/\A 20 ,..A./‘,\AAM

= Moot s
EM"J\MNM 16, Nonnd
%JWMMA 14 M/j\/u\/
LWt 12 s
%
n
8

WU\J\A e

-40 20 4.0

E (eV)

FIG. 2. Single particle DOS of (5,0,L) SWCNT.

293 Finite SWCNTs were labeled as (n,m,L), following the no-
294 tation of Hod and Scuseria,’® where n and m are chiral num-
295 bers, and L is the number of units in each segment.

296 CNDOL results will be presented in the following order.
297 Those for the (5,0) SWCNT are shown in Sec. III A. The
298 discussion has been enhanced with experimental results of
299 the optical spectrum. Likewise, the discussion will be ex-
300 tended to the (9,0) and (13,0) SWCNTSs together in Sec. III B
301 in order to provide a comparison between themselves.

302 A. (5,0) SWCNT

303 Most of the current quantum mechanical calculations in
304 the field of periodic or quasiperiodic materials consider a
305 simple MO scheme to be essential for studying the ground-
306 state  characteristics in the absence of external
307 perturbations.>® This kind of representation helps us to ex-
308 plore how long a finite nanotube model must be in order to
309 obtain valid results for standard longer nanotubes. However,
310 reliability of virtual orbitals is doubtful due to the limitations
311 of the procedure, as mentioned above in the introduction to
312 this paper. Figure 2 shows the single particle density of states
313 per unit cell (DOS-SCF) i.e., related to MO’s energies, of the
314 (5,0,L) SWCNTs. The zero of energy scale is that of the
315 highest occupied MO (HOMO). In this case, it was possible
316 to extend the calculations to the model with L=40, which is
317 16.9 nm in length. In order to obtain soft curves, the sharp
318 (deltalike) DOS was convoluted with a Gaussian distribution
319 function with a width parameter of 0.05 eV (standard devia-
320 tion). The shortest nanotube display isolated levels that are
321 typical of molecular spectra. The picture also shows that the
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FIG. 3. Lowest energy excited states of (5,0,L) SWCNT; (a)
the density of states of CIS states and (b) the predicted absorption
spectra between 0 and 4 eV. The absorption spectrum of L=20 has
been multiplied by two times.
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lowest unoccupied MO (LUMO) energy tends to decrease
when the length increases. Increasing nanotube length yields
the appearance of new peaks that finally coalesce in a quasi
continuum spectrum. However, some peaks, like the one at 0
eV (HOMO together with other occupied orbitals close to it),
remain isolated and show a trend to disappear. These peaks 327
are due to “edge states,” which remain constant in number, 328
and get quenched when the DOS is divided by the number of 329
unit cells. The picture shows that the (5,0,20) SWCNT, 8,4 330
nm in length, has a single particle DOS that roughly repro- 331
duces the converged DOS of long nanotubes. Gao et al.3! 332
studied finite nanotubes up to 100 nm long, showing that 20 333
nm SWCNTs display converged DOS and excluding the van- 334
ishing edge states. 335

Figure 3 shows DOS electron excitations as calculated 336
after the CIS treatment (DOS-CIS) of the series of (5,0,L) 337
SWCNT and the corresponding optical absorption spectra 338
(for nonpolarized light). Absorption spectra have been simu- 339
lated by including Gaussian lineshape functions of 0.05 eV 340
width multiplied by the oscillator strength of each electron 341
excitation. The Gaussian broadening of DOS and absorption 342
spectra represent our best estimation of the unknown ener- 343
gies in long nanotubes with respect to energies in small mod- 344
els. Spectra reveal irregular values of excitation energies in 345
nanotubes shorter than about 3 nm, i.e., (5,0,8) SWCNT. It 346
could be explained by taking into account the very molecule- 347
like behavior of short length systems. The effect of the arti- 348
ficial edges breaking the C-C conjugate bonds may also play 349
a role in such irregular behavior. Thus, these short length 350
models will not be considered for the following analysis. 351

No significant changes appeared in energies of the excited 352
states below 3.0 eV with an increase in length for model 353
nanotubes. This behavior can be considered as a distinctive 354
feature of this SWCNT. That is, its optical electron properties 355
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FIG. 4. Middle, experimental optical absorption spectra of
SWCNT with diameter near 4 A located in the pores of a zeolite.
Top, calculated imaginary part of the dielectric function, obtained
with the Bethe-Salpeter equation. Bottom, CNDOL absorption
spectrum of (5,0,20) SWCNT. The electric field of light is polarized
along the nanotube axis.

356 appear independent from the length of models when they are
357 large enough. In order to describe the features of these ex-
358 cited states (below 3.0 eV) each maximum in DOS-CIS
359 graph [Fig. 3(a)] has been indicated by a letter appearing at
360 top of the largest SWCNTs. The lowest excited state (A) of
361 the (5,0) SWCNT is optically forbidden as shown in Fig.
362 3(b). In contrast, the upper excited states enclosed in maxima
363 from B to F, appear as allowed excitations due to their oscil-
364 lator strengths. In particular, the large number of allowed
365 electron transitions with high intensity, between 2.6 and 3.0
366 eV, gives rise to the appearance of a single maximum (E and
367 F) in the calculated spectrum [Fig. 3(b)].

368  Figure 4 shows the experimental absorption spectra of a
369 system of nanotubes inside the pores of a zeolite (Li et al.).
370 Pore diameters can only host SWCNT with chiralities (5,0),
371 (3,3), and (4,2). The absorption was measured for polarized
372 light at several 6 angles with respect to the nanotube axis.
373 For polarization that is perpendicular to the nanotube axes,
374 the absorption is almost null. For polarization that is along
375 the axis, there is a single peak at 1.37 eV with a shoulder at
376 1.19 eV. After 1.6 eV, one sees a continuum rising spectrum,
377 where one can faithfully appreciate two broad bands centered
378 at 2.1 and 3.1 eV. Above the experimental absorption repre-
379 sentation, we see a plotting of the imaginary part of the di-
380 electric function &, calculated with the Bethe-Salpeter ap-
381 proximation by Spataru et al.'> This spectrum corresponds to
382 a polarization that is parallel to the nanotube axis. It shows
383 one peak at approximately the same energy as the experi-
384 ment, and a small band over 2.7 eV. The ratio of intensities
385 should be different than that for the absorption coefficient,
386 that is a=we,/nc, where w is the light frequency, c is the
387 velocity of light in vacuum, and #n is the refraction index.
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Hence, in the absorption spectrum, the factor w must cause a
factor of 2 enhancement of the second band with respect to
the first one, although this is modified by the energy depen-
dence of the refraction index that we do not know. In the
bottom of Fig. 4, we show the prediction of the CIS-CNDOL
method. For parallel polarization, the spectrum has peaks at
1.34 (for B in Fig. 3) and 1.6 eV (for C in Fig. 3). These
peaks may be assigned to the peak at 1.37 eV and the shoul-
der at 1.19 eV. There are two strong peaks at 2.88 (for F in
Fig. 3) and 3.16 eV, produced by three strong transitions and
a number of weak transitions. Notice that the peaks over 3.0
eV have not been assigned with letters in the Fig. 3, in order
to gain clarity in the excitation spectra.

It seems clear that convolution curves of calculated exci-
tations and the experimental spectrum cannot match exactly.
Several effects are missing in both cases. One is the activa-
tion of many theoretically forbidden transitions due to
phonons, defects, or by the crystal field produced by the
surrounding zeolite pores where the spectrum is measured.
That is the reason because we also show the DOS of all
excited states found, which has a shape that resembles the
optical absorption spectrum. The second possible cause is the
effect of possible two-particle excitations, not considered
neither in the CIS nor in the Bethe-Salpeter methods.

We also show the spectrum for perpendicular polarization.
It only shows a peak at 2.18 eV (D in Fig. 3). It was not
reported by Spataru et al.,'> based on a curious classical
electrodynamics argument®’ about a depolarization effect
that is able to quench the perpendicular electric fields. This
effect should be obtained from the full quantum mechanical
treatment without resorting to classical ideas. However, the
CNDOL calculation predicts a considerable absorption line
at 2.18 eV. We do not know whether the Bethe-Salpeter cal-
culation predicts absorption with perpendicular polarization.
The fact that the experiment does not really show absorption
in the case of perpendicular polarization, may indicate that
the depolarization effect is produced by the dielectric prop-
erties of the pore walls surrounding the nanotube.

Different authors emphasize the interesting finite-size
quantum effects of the energy gap of the carbon nanotubes
because these materials are obtained experimentally as finite
with an average length of several hundred nanometers.?! To
extrapolate our results to infinite nanotubes, we performed a
linear regression of CIS energies (maxima A-F in Fig. 3) as
functions of the inverse of nanotube lengths (1/L) (Fig. 5).
We prefer a qualitative assignment by only differencing the
strongest allowed (s), the forbidden (f), medium (m), and
weak (w) transitions. As expected, the slopes obtained from
regression are close to zero, showing almost no dependence
of the CIS energies from the model length. All regressions
present a high linear correlation. The limit of these functions
for large nanotube lengths (L) corresponds in each case with
the value of the intercept. An inspection of these extrapolated
values allows us to consider that a very long (5,0) SWCNT
could show their first excitations at 1.38, 1.64, 2.24, 2.55,
and 2.81 eV.

A qualitative explanation of these CNDOL results can be
deduced after exploring the nature of each electron transition
by means of the wave function probability amplitudes (the
squared coefficients of basis set orbitals in the wave function
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FIG. 5. (Color online) (5,0) SWCNT singlet state energies as a
function of the inverse length of the system. Letters f, s, m, and w
indicate forbidden, strong, medium and weak transitions,
respectively.

448 expansion). Thus, we can infer the corresponding distribu-
449 tion of excitons. Table I shows energies of excited states
450 (indicated by a letter) and their corresponding oscillator
451 strengths for the longest model i.e., (5,0,20) SWCNT. It is
452 important to notice that only the energies of represented CIS
453 state maxima [Fig. 3(b)] are shown graphically for the sake
454 of clarity. All topologies of the omitted states are equivalent
455 to those represented in the table. Schematic representations
456 of MOs that show the largest contributions to each CIS tran-
457 sition are displayed at the bottom row of that table. Letters
458 “occ” in green denotes in all cases the zone in the nanotube
459 where is localized the occupied MOs responsible of the

TABLE 1. (Color online) Qualitative representation of the MOs
for the (5,0,20) SWCNT.

E

Maximum DOS-CIS (eV) Int CIS model
A 0.89 f I

B 1.34 m LI

C 1.59 m I, I

D 2.19 m 1

E 2.55 w |

F 2.88 K 1

Letters f, s, m, and w indicate forbidden, strong, medium, and
weak transitions, respectively. Each type of CIS transitions is
represented by I, II, and III.

Represented CIS model
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FIG. 6. Single particle densities of states of (9,0,L) (on the left)
and (13,0,L) SWCNTSs (on the right).

charge donation upon electronic transition. The zone of the 460
empty MOs that should accept the charge appears as “unocc” 461
in red. HOMOs and LUMOs are also highlighted when they 462
are involved. 463

Curiously, the first forbidden CIS states of (5,0,20) 464
SWCNT that is included in the “A” band, are mostly de- 465
scribed as transitions between occupied and virtual MOs that 466
are both delocalized throughout the nanotube. It includes the 467
LUMO and other unoccupied MOs that are close in energy. 468
HOMO and HOMO-1 MOs also appear in these transitions, 469
but in such case the orbitals are localized at an extreme of the 470
tube edge (without participation of ending H atoms). These 471
results are consistent with those previously obtained®? for 472
finite graphene ribbons, where hydrogen atoms have also 473
been used to saturate the edges. Indeed, this edge effect ap- 474
pears only related to the 7 topology of zigzag type struc- 475
tures, either in graphene ribbons or in semiconducting 476
SWCNT.? The authors in that paper®? claim that this interest- 477
ing feature has a great significance in nanoscale materials, 478
and it is expected that this “edge localized” states may play 479
an important role in interfacing either between different car- 480
bon nanotubes or with another molecular systems. 481

It is important to notice that the first two allowed electron 482
transitions and the degenerate CIS states (AE<0.05 eV) in- 483
cluded in the B and C maxima are mainly described as 484
charge transfers between MOs localized at the extremes, al- 485
though they are scattered on both sides of the nanotube. In 486
general, as it is shown in the picture of this table, the CIS 487
model type I transitions are predominant for all the described 488
CIS states. Thus, the charge transfer could be seen through- 489
out the section of the (5,0) SWCNT that is independent from 490
length. 491

B. (9,0) and (13.0) SWCNT’s 492

Figure 6 shows the single particle density of states per 493
unit cell (DOS-SCF) of both (9,0) and (13,0) nanotubes. Pic- 494
tures illustrate that (9,0,20) and (13,0,20) SWCNTs, being 495
8.4 nm in length, show single particle DOS that generally 496
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FIG. 7. Lowest energy excited states of (9,0,L) (in a and b) and
(13,0,L) (in ¢ and d) SWCNTSs; density of states of CIS states (a
and ¢), and predicted spectra (b and d) between 0 and 4 eV. In both
SWCNTs, the absorption spectra of L=20 has been multiplied by
two times.

497 converges to a unique pattern for each one when length in-
498 creases. However, in both cases the peaks corresponding to
499 the occupied states near to 0 eV tend to remain isolated.
500 Furthermore, in the case of (9,0) models, the picture shows a
501 clear reduction of the HOMO-LUMO energy gap (AEy;)
502 when the length increases, whereas it remains stable in the
503 case of (13,0) SWCNTs. It must be noticed that, similar to
504 the DOS-SCF representation of the (5,0) SWCNT, the origin
505 of the decrease in the AEy; values in (9,0) SWCNT comes
506 from lowering the LUMO energies.

Figure 7 shows the electron excitation DOS obtained after

PHYSICAL REVIEW B 81, 1 (2010)

the CIS procedure (DOS-CIS) and the corresponding simu-
lation of optical absorption spectra (for non polarized light)
of these nanotubes. Once again, the spectra reveal irregular
values of excitation energies in nanotubes shorter than about
3 nm. However, the respective resulting patterns for the larg-
est SWCNTs, together with those previously shown for the
equivalent (5,0) models, can help us to explain their corre-
sponding optical properties. In the case of (13,0,L) SWCNT
do not appear significant changes in the lowest excited state
energies below 1.5 eV while the model nanotube becomes
longer, as seen above for (5,0,L) SWCNT. However, the
maxima in the predicted spectra, from E to H bands in Fig. 7,
present a small red shift for larger nanotubes. This effect is
also evident regarding the corresponding E, F, and G electron
transition bands in the case of the (9,0) SWCNTs. Moreover,
the B absorption maximum in this nanotube shows a signifi-
cant redshift as its length increases. It exhibits optical prop-
erties that appear remarkably dependent on the size of the
model.

As explained above, the only experimental data available
to compare our results for the (9,0) SWCNT is that of ab-
sorption spectra for carbon nanotubes in the diameter range
of 0.7 and 1.0 nm.* Kataura et al.* estimated that these
nanotubes show a big absorption peak at 1.0 eV with a shoul-
der that produce a broad band. Moreover, a thinner peak with
low intensity around 0.55 eV is also found in the spectra.
There are other two low intensity peaks overlapped between
1.5 and 2.0 eV, but the authors consider that the absorption
band at higher energies is not clearly defined. Our results are
in agreement with all of these experimental observations [see
Figs. 7(a) and 7(b) for the (9,0,L) SWCNT]. It must be
noticed that, for this nanotube, all of the CIS states are dipole
allowed.

508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540

On the other hand, the lowest excited state (A) of 541

(13,0,L) SWCNT is optically forbidden [see Figs. 7(c) and
7(d)]. All analyzed upper excited states appear as allowed
transitions as is denoted from their calculated oscillator

542
543
544

strengths. This behavior has also been found for our result of 545

the (5,0) and other zig-zag SWCNTSs (Ref. 17) as obtained by
HF-PPP method with a CIS scheme. Zhao and Mazumdar!'’
highlighted the coincidence of the features of the spectra
with those obtained for conjugated polymers. They even dis-
cuss the possibility that these systems could be quickly de-
activated from their optically excited states to their low-
energy forbidden state, instead of decaying directly to the
ground state by emission of a photon.

Fluorescence measurements, in aqueous micellelike
suspensions”!® of a wide range of semiconducting nano-

546
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tubes, enabled to relate the structure and optical properties of 556

this kind of materials."! Thus, the first and second optical
transitions (interpreted as van Hove transitions) of the (13,0)
SWCNT were empirically predicted at 0.9 and 1.8 eV.!! As
can be seen from the Fig. 7(d), the spectral features for large

557
558
559
560

models obtained by CNDOL also predict the existence of 561

these excitations. Notice that the B and C weak transitions
are overlapped around 0.8 and 1.0 eV. The observed maxi-
mum must correspond to intense D, E and even to the small
F peaks between 1.5 and 2.0 eV.

Figure 8 shows the linear regression study to extrapolate
our results to infinite nanotubes. Again, all regressions

562
563
564
565
566
567
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FIG. 8. (Color online) (9,0) and (13,0) SWCNTs singlet state energies as a function of the inverse length. Letters f, s, and w indicate

forbidden, strong, and weak transitions, respectively.

568 present very good linear correlations. As expected, the slopes
569 of the first excited states (up to about 1.5 eV) obtained from
570 regression are close to zero in both SWCNTs, showing al-
571 most no dependence of the CIS energies on the length of the
572 model. In contrast, the expected second excited state B [see
573 Fig. 7(b)], of the (9,0) SWCNT’s clearly shows a different
574 behavior. This figure shows that SWCNT’s lengths longer
575 than 5 nm are needed to simulate this kind of structure with
576 molecular approaches. Slightly negative slopes of the higher
577 energy states in both nanotubes confirm the observed red
578 shift of the spectrum. A simple inspection of these extrapo-
579 lated values allows us to consider that the very long (13,0)
580 SWCNTs could show first excitations at energies in the range
581 of 0.86 and 1.03 eV, whereas long (9,0) SWCNTSs only needs
582 about 0.39 eV to be photoexcited.

583  Table II shows the energy, oscillator strength (related with
584 the absorption intensity), and nature of each electron transi-
585 tion (indicated by a letter) for the two longest models:
586 (9,0,20) and (13,0,20) SWCNTs. This qualitative explana-
587 tion, by means of the CNDOL MOs with largest contribu-
588 tions to the CIS transitions, becomes essential for a better
589 understanding of our results.

590 It is important to notice that the first weak electronic tran-
591 sition of (9,0,20) SWCNT appears to be near to size inde-
592 pendent [band A in Figs. 7(a) and 7(b)], with values around
593 0.52 eV. However, and according to the above-mentioned
594 extrapolation for large models, this is not the predicted low-
595 est energy state that the system can reach at infinite lengths
596 (Fig. 8). Then, the strong B state is the one found at lowest
597 energy in long systems. It is mostly originated on a charge
598 transfer that involves delocalized orbitals along the nanotube
599 as a major contribution, including frontier orbitals (HOMO
600 and LUMO). They are very size dependent, thus, it predicts
601 that long (9,0) SWCNTSs absorb a low energy photon in the
602 infrared (0.4 eV~3200 cm™') and keeps alive the exciton
603 due to a charge transfer process along the nanotube. Accord-
604 ing to the extrapolation, B needs a length that is longer than
605 approximately 30 nm for becoming the lowest excitation in
606 (9,0,L) SWCNT.

607  The first forbidden CIS state [band A in Figs. 7(c) and
608 7(d)] of (13,0,20) SWCNT is mostly described as a transition
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between occupied and virtual MOs that are both localized on 609
one side of the tube edge (without participation of ending H 610
atoms). Thus, the charge transfer could be considered in a 611
local section of the nanotube that is independent of the 612
length. The upper allowed transitions of this SWCNT, from 613
B to the strong E band, are mainly described as charge trans- 614
fers between MOs being also localized at the extremes, al- 615
though being scattered at both sides of the nanotube. There- 616
fore, in the framework of our model all these transitions arise 617
from excitations localized at nanotube edges. This picture 618
differs from the traditional interpretation based on van Hove 619
transitions in infinite edgeless nanotubes.! The longest 620
(13,0,L) nanotube that we calculated has 1040 carbon at- 621
oms, but its length is insufficient to sample van Hove singu- 622
larities, as was done for the (5,0) SWCNT. Hence, further 623
calculations are needed to clarify the importance of van 624
Hove transitions on the optical properties of (13,0) SWCNTs. 625
Nevertheless, the F, G, and H states, involve electronic tran- 626
sitions from and toward MOs delocalized over the entire 627
nanotube. 628

Finally, we can infer and compare the corresponding dis- 629
tribution of the excitons taking into account the origin of the 630
electron transitions which are represented in Table I and II 631
for all of the studied SWCNTs. As described before, in the 632
case of (9,00 SWCNTs the frontier MOs are delocalized 633
wave functions along the tube axis. In fact, delocalization 634
increases with the length while the gap AEy; value de- 635
creases. The strong excitation B, which is fundamentally de- 636
scribed as a charge transfer between these frontier MOs, and 637
AEy;, are both correlated together. Thus, the difference be- 638
tween both values can be considered as the binding energy of 639
the exciton associated to the HOMO-LUMO transition, 640
which is stabilized by the e-e interaction. 641

The same feature is observed in case of (13,0) SWCNTs. 642
The first allowed singlet transitions (B, C, and D) originate 643
from MO’s corresponding to the frontier peaks of the DOS 644
scheme. However, in this case such peaks reflect the above 645
described edge effect. Therefore, according to our approxi- 646
mation, neither AEyy; nor B, C, and D show size dependence 647
on (13,0) SWCNT. Likewise, the favorable e-e interaction 648
between these frontier MOs makes possible to find these CIS 649
electronic excited states at lower energies. 650
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TABLE II. (Color online) Qualitative representation of the MOs for long models of SWCNTs.

SWCNT (9,0,20)

SWCNT (13,0,20)

E E
Maximum DOS-CIS (eV) Int CIS model (eV) Int CIS model
A 0.52 w LII 0.56 f VI
B 0.86 s I, III 0.84 w II, VI
C 1.07 m v, 1 1.02 m VI
D 1.45 w I\ 1.52 m 11, VII
E 1.85 w 111, IV 1.70 K 11
F 2.03 m LIV,V 1.97 w VIII
G 2.36 w LIV, V 2.31 K VIII
H 2.92 w LIV, V 2.83 s VIII

Letters f, s, and w indicate forbidden, strong, and weak transitions, respectively. Each type of CIS

transitions is schematically represented by I, II, III,

1V, V, VI, VII, and VIIL

Represented CIS model
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651  In contrast, (5,0) SWCNT analyzed in the Sec. IIT A, has
652 the HOMO as an edge orbital, while the LUMO is delocal-
653 ized along the tube axis. However, all first excited states
654 below 3.0 eV, including those forbidden, are described with
655 some degree of charge transfer contributions between delo-
656 calized MO’s along the tube axis, including the edges. That
657 is, excited states also include the assistance of the occupied
658 ends of the second peak (at ~—0.5 eV) in the DOS-SCF
659 scheme (Fig. 2), which correspond to the delocalized MOs.
660 However, as previously shown, none of the excited states are
661 size dependent. But both, the AEy; gap and the energy dif-
662 ference between the second occupied peak and the LUMO,
663 slightly decrease as the model length increases. The different
664 size dependence of the B excitation and AEy;, and the pat-
665 terns shown in Table I, show that the B excitation cannot be
666 regarded as an exciton associated to any predominant single-
667 particle transition.

668  Figure 9 shows the dependence of AE}; (gaps) and the
669 lowest excited state on the model length for all the three
670 SWCNT’s. AEyy; for (9,0) and (13,0) SWCNT’s behave in a
671 similar way to that obtained for lowest excited states [see

Figs. 9(a) and 9(b)]. However, this behavior changes for
(5,0) SWCNT [Fig. 9(c)]. In the graph, the empty symbols
represent AEy; in each case, and they obviously appear at
higher energies because electron interaction terms are not
accounted, as they are in CIS states. Their electron interac-
tion energies related to exciton binding (vertical dashed
lines) show the relevance when CIS states are calculated for
long SWCNTSs. Clearly, this energy is higher for the (13,0)
SWCNT than for the (9,0) SWCNT. In the case of (5,0)
SWCNT, we could expect that the exciton binding energy
will tend to converge at a low value as the length increases.
The behavior of this property in different environments and
other nanoscopic systems will be the object of a future work.

IV. CONCLUSIONS

Three kinds of SWCNT’s with different expected optical
behaviors and properties have been simulated by both DFT
and CNDOL methods. DOS and band structures obtained for
infinite SWCNTs by DFT method are in agreement with the
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FIG. 9. Size dependence AEy; and the lowest excited states.

690 expected results: the (13,0) SWCNT appears as semiconduc-
691 tor, the (9,0) as a small gap semiconductor and the (5,0) as
692 metallic.

693 CNDOL calculations of the molecular electronic wave
694 function were performed over a set of increasingly long, al-
695 though finite, SWCNTs and then projecting the results to
696 infinite lengths. It means to work with the electronic wave
697 function of a nanoscopic system and opens the possibility to
698 study non regular objects at that scale with reliable quantum
699 mechanical tools.

700  Results show that it is important to consider finite models
701 of SWCNT’s longer than 3 nm in order to simulate realistic
702 optical absorption properties corresponding to experimental
703 scale systems. The excited states of the SWCNT’s show dif-
704 ferent behaviors. (5,0) and (13,0) SWCNTs show the lowest
705 excited state energies which are nearly independent of the
706 SWCNT length. In contrast, the allowed excited state in (9,0)
707 SWCNT tends to low the energy for longer nanotubes. Fur-
708 thermore, (5,0) and (13,0) SWCNTs present forbidden tran-
709 sitions for the lowest CIS excited states. Their first dipole-
710 allowed transitions are at 0.9-1.0 and 14-1.6 eV,
711 respectively, showing no further significant changes for sys-
712 tems longer than 8 nm. However, (9,0) SWCNT appears to
713 allow photon excitations at less than 0.4 eV as the length of
714 the nanotube is tending to infinite.

715  All of these results are generally in agreement with the
716 available experimental data. This correspondence permits us
717 to predict other features of these optical properties. In the
718 framework of our model, in the case of the (5,0) and (9,0)
719 SWCNTs, the charge transfer could be seen throughout the
720 section of the nanotube axis. However, the lowest electron

752
753

transitions of the (13,0) SWCNT arise from excitations lo-
calized at nanotube edges. The importance of e-e interac-
tions, which are related with the exciton bounding energy as
given by the CIS calculations, was discussed for each
SWCNT. Our results suggest that excitons are more bounded
in the larger gap SWCNTSs.
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