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Attention has been devoted recently to understand the physics

behind the dielectric screening of the carbon nanotube optical

transitions (Eii), including how a changing environment

changes Eii. It was shown that the environmental screening

could bemodeled by an effective diameter dependent dielectric

constant k, which takes into account contributions from the

single-wall carbon nanotube (SWNT) itself and from the
environment surrounding the tube. Here we consider the chiral

angle (u) dependence of k which improves the previous fitting

by only the diameter dependence and we can now see the

difference between EM
11 and E

S
22 by the present treatment. In this

work we used the ‘‘alcohol-assisted’’ and the ‘‘super-growth’’

SWNT samples to address this point.
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1 Introduction The accurate description of the opti-
cal transition energies (Eii) and of the relation between the
radial breathing mode frequencies (vRBM) and the tube
diameter (dt) has attracted a great deal of attention in the field
of single wall carbon nanotubes (SWNTs) [1–4]. From the
scientific point of view, describing accurately Eii and vRBM

means understanding deeply the relevant physical pheno-
mena, which includes many-body and environmental effects
[4–12]. From a practical point of view, when performing
optical experiments such as photoluminescence and Raman
spectroscopy, Eii andvRBM give us information to assign the
SWNT’s structural (n,m) indices.Knowing the (n,m) indices
of a SWNT allows scientists in many fields (synthesis,
electrical transport, device engineering) to work on the
single molecular level with a well-defined structure [13–19].
However, to accurately assign an (n,m) index, it is necessary
to know very well the Eii and vRBM for a standard SWNT,
and to understand beyond this, how environmental effects
can change such standard properties. While the vRBM’s
behavior when the tube is interactingwith some environment
is largely understood a complete description of the Eii’s
problem is still under development [20, 21]. The state-of-the-
art theoretical calculations, which take into account
curvature and many-body effects, are still unable to
accurately describe the experimentally obtained Eii results
[4–12]. The reason for such a mismatch is that Eii strongly
depends on the dielectric constant of the SWNT and its
environment. As a consequence, lots of different values ofEii

have been published in the literature for ‘‘similar’’ samples,
urging the need for one unified big picture [13–19, 22]. In this
paper, we wish to clarify and discuss some main aspects of
finding an appropriate description for the SWNTs dielectric
screening and, thereby, describe, within experimental
accuracy, all experimental Eii.

2 The dt dependence of the dielectric
constant Recently, we have used the experimental Eii

values of many SWNTs assigned from the ‘‘super-growth’’
(SG) and ‘‘alcohol-assisted’’ (AA) samples [13, 20] in order
tomodel and calculate the dielectric constant (k) [23]. TheEii

values can be renormalized in the calculation by explicitly
considering the dielectric constant k in the Coulomb
potential energy VðqÞ=eðqÞk [24]. Here, k represents the
screening of the e–h (electron–hole) pair by core (1s) and s
electrons (ktube) and by the surrounding materials (kenv). eðqÞ
explicitly gives the polarization function for p-electrons
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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calculated within the random phase approximation (RPA)
[7, 25, 26]. To fully account for the observed energy-
dependent Eii redshift, we fit the total k values
( 1=k ¼ Cenv=kenv þ Ctube=ktubeð Þ) [24] to minimize
Eexp
ii �Ecal

ii . Looking at the expression for k one can conclude
that ktube is intrinsic to the SWNT properties and it is not
expected to change from tube to tube, while kenv depends on
the environment. To describe Eii and find a set of k values
have allowed us to establish a semi-empirical relation
between k and dt given by [23],
� 20
k ¼ Ck
p

dt

� �1:7

; (1)
Figure 1 Thekvalues fitted to theAAEM
11 (black triangles) andE

S
22

(solid/open gray triangles) transitions. Parts (a) and (b) show,
respectively, results for kwhen the chirality correction is taken into
accountandwhen it isnot.While thesolidgray trianglesstandforES

22

type I theopengray triangles stand forES
22 type II. In (a) theblackand

gray curves are obtained byfitting the datawithEq. (2) and the curve
in (b) is given by Eq. (1).

a) b)
where, in Ref. [23], Ck ¼ 0:75 was found for ES
11, E

S
22, and

EM
11 for the SG SWNTs and Ck ¼ 1:02 for the AA SWNTs.

For higher transitions, namely ES
33 and ES

44, Ck ¼ 0:49 was
found for both samples. The constant p is defined as
1; 2; 3; 4; and 5 for ES

11, E
S
22, E

M
11, E

S
33, and ES

44, respectively
[27]. The dt dependence of k can be qualitatively understood
by considering the amount of the exciton’s electric field
‘‘feeling’’ the environment surrounding the SWNT and also
by considering the exciton size (which is strongly dependent
of dt) for each tube and energy transition. The higher energy
transitions are described with the same Ck because the
electric field lines for these transitions cannot go much
outside the SWNTs and, therefore, they cannot effectively
interact with the environment, in contrast to what happens to
the lower energy transitions [23].

3 The chirality dependence of the dielectric
constant Nowadays the importance of excitons in the
SWNTs electronic transitions is very clear from both an
experimental and theoretical point of view [4–13]. As shown
by Jiang et al. [7], the SWNTs excitonic levels show a
considerable dependence on the SWNT chirality, which is
shown by the so-called family dependence behavior [4]. As
the interaction which maintains the SWNT’s excitons
stability is essentially Coulombic [4] and, therefore, k
dependent, it is interesting to verify how important it is to
correct k for the SWNTchiral angle (u).Asmentioned above,
k is composed of ktube and kenv. However, ktube is totally
dependent on the SWNTs structure and is also possibly u
dependent. In order to verify such a dependence, a term
accounting for the chirality was introduced into Eq. (1) that
now reads,
k ¼ Ck
p

dt

� �1:7

þ Bp
cos 3uð Þ

d2t
; (2)
Figure 2 The k values fitted to the SG EM
11 (black bullets) and E

S
22

(solid/open gray bullets) transitions. Parts (a) and (b) show, respec-
tively, results forkwhen thechirality correction is taken intoaccount
andwhen it isnot.While the solidgraybullets stand forES

22 type I, the
opengraybullets standforES

22 type II. In (a) theblackandgraycurves
are obtained by fitting the data with Eq. (2), and the curve in (b) is
given by Eq. (1).
where Bp is weighting the chirality contribution for the
different Eii. Our analysis is again directed to the SG and AA
samples [13, 20].

Figure 1 shows a plot of k fitted to the AA (ES
22, E

M
11)

transitions as a function of p=dt. All k values were obtained
and optimized in accordance with the explanation presented
in Section 2. In Fig. 1(a) k has been chiral angle corrected
10 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
using the second term in Eq. (2) while in Fig. 1(b) it was not.
By comparing Figs. 1(a) and (b) it is clear that the chirality
correction has improved the k’s evaluation and, of particular
importance, the k fitted to EM

11 (black triangles) no longer
collapses onto the same curve as those fitted to ES

22 (solid/
open gray triangles), but rather appears on a curve higher
than that for ES

22. This result is quite interesting since
the dielectric screening for metallic tubes is more critical
because of the presence of free carriers, and this would make
them follow different scalings. The same behavior can be
observed for the SG k values, as exhibited in Fig. 2.
www.pss-b.com
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Table 1 Ck values found by fitting k with Eq. (2).

AA’s Ck SG’s Ck

C
EM
11

k ¼ 0:82 C
EM
11

k ¼ 1:11

C
ES
22

k ¼ 0:66 C
ES
22

k ¼ 0:85

C
ES
33;44

k ¼ 0:49 C
ES
33;44

k ¼ 0:49

Table 2 Bp values found by fitting k with Eq. (1). In the column’s
titles, lower(higher) stand for the lower(higher) Eii branches.

AA’s Bp lower(higher) SG’s Bp lower(higher)

B
ES
22

p ¼ 1:2ð�1:1Þ B
ES
22

p ¼ 0.1(�0.1)

B
EM
11

p ¼ 1.3(not measured) B
EM
11

p ¼ 1.4(not measured)

B
ES
33

p ¼ 0.95(�0.55) B
ES
33

p ¼ 1(�0.2)

B
ES
44

p ¼ not measured(�0.3) B
ES
44

p ¼ not measured(�0.3) Figure 4 The chiral angle corrected k values for higher and
lower transitions of both AA and SG SWNTs are merged into an
unique plot k versus dt, thus giving a general picture of the dielectric
screening problem. The legend for the symbols is the same as used
previously in the other figures. The black solid line is just a guide
to the eyes showing a clear brake between higher and lower energy
transitions.
Similarly, in Figs. 2(a) and (b) the k values are,
respectively, corrected and not corrected for the chiral angle
k dependence for the SG SWNTs. Again, the k values for
EM
11 transitions (black bullets) appear higher than the values

forES
22 and both do not collapse onto the same curves. In both

Figs. 1(a) and 2(a) the black and gray solid lines are fittings
using Eq. (2). The curves in Figs. 1(b) and 2(b) are given in
Ref. [23]. The values for Ck and Bp are found in Tables 1
and 2, respectively.

Figure 3 shows a plot of k fitted to the AA and SG (ES
33,

ES
44) transitions as a function of p=dt. Once more, Figs. 3(a)
a) b)

Figure 3 The k values fitted to the AA and SG ES
33 and ES

44

transitions. Parts (a) and (b) show, respectively, results for k when
the chirality correction is taken into account and when its not. The
solidgray/blackdiamondsstandfor theAA/SGES

33 type I transitions,
the open gray/black diamonds stand for the AA/SG ES

33 type II, the
solid gray/black down-triangles stand for the AA/SG ES

44 type I and
the open black down-triangle stand for the SG ES

44 type II. In (a) the
blackcurve isobtainedbyfitting thedatawithEq. (2)and thecurve in
(b) is given by Eq. (1).

www.pss-b.com
and (b) show, respectively, the k values when the chirality
correction is and is not taken into account. In this case, one
can visibly see that the chirality correction slightly improves
the data. It is interesting to note that the chirality correction,
in fact, decreases only the spread around the fitting curve
[black solid line in Fig. 3(a)]. Then it confirms that Ck does
not change from 0.49, in agreement with the value given by
Ref. [23].

In Fig. 4 the chiral angle corrected k values for higher and
lower transitions of both the AA and SG SWNTs are merged
into one unique k versus dt plot, giving a general picture of
the dielectric screening problem. It is clear that two regimes
still exist, one for the lower and another for the higher energy
transitions (besides, of course, the natural separation due to
different kenv). However, this is an indication that something
more fundamental is needed to properly explain the screen-
ing behavior of k. This problem has been addressed in [28].

4 Conclusions In summary, we have shown that
although the biggest dependence of the dielectric constant
k for describing the dielectric energy transitions screening
comes from the SWNT diameter, the accuracy in k can be
improved by simply considering a term accounting for the
chiral angle correction in the relation between k and dt, as
given by Eq. (2). The chiral angle corrected k for the higher
transitions (ES

33, E
S
44) of both AA and SG samples slightly

improves the screening treatment. However, for the lower
transitions (ES

22, E
M
11) the k values describing the metallic

transitions no longer follow the same curve as for the
semiconducting transitions. This can be first understood
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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because of the additional screening offered by free-carriers
in metallic systems. If the exciton size (lk) is taken into
account, all k values (fitting both higher and lower
transitions) for a given sample, collapse into a unique k
versus dt curve [28].
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