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‘We present resonant Raman scattering experiments on nanotube samples enriched in metallic arm-
chair single-wall carbon nanotubes (SWCNTs). We establish the transverse optical (Aro) phonon
frequency for the (5,5) through (10,10) armchair species, ranging in diameter from 0.68 to 1.36 nm.
The frequencies show a strong diameter dependence similar to that previously observed in semi-
conducting nanotubes. We show that the Aro frequencies in armchair SWCNTSs are dramatically
upshifted from those of semiconducting SWCNTs. Furthermore, using electrochemical doping, we
demonstrated that the Aro frequencies in armchair SWCNTSs are independent of the position of
the Fermi level. These results suggest that the upshift is a result of a Kohn anomaly involving a
forward-scattering mechanism of electrons close to the Fermi level. This is in contrast to the well-
known Kohn anomaly that dominates the downshift of the Aro and £24 phonons in non-armchair

metallic SWCNTs and graphene, respectively.

PACS numbers: 61.48.De, 63.22.Gh, 73.22-f, 78.30.Na, 78.67.Ch, 81.07.De

In recent years, strong progress in separation tech-
niques has made SWCNT samples available that are
purified with respect to nanotube diameter distribu-
tion, metallicity (metallic or semiconducting), chiral an-
gle or even precise chirality (n,m).1 1% Based on exper-
iments performed on such samples, new physical phe-
nomena were revealed the plasmon resonance origin of
terahertz conductivity,!' higher-order coherent phonon
generation,'? quantum interference,'® and the breakdown
of the Condon approximation.'*

Raman spectroscopy has proven itself a valuable tool in
SWCNT research, for routine characterization purposes
as well as for the study of novel physical properties. The
diameter dependence of some phonon modes, strong res-
onance enhancement of the Raman signal coupled with
narrow resonance windows, and systematic variations in
the electron-phonon coupling (EPC) allow the determi-
nation of SWCNT diameters, chiral angles, and even
the exact atomic structure given by the chiral indices
(n,m).15720 Tt has been shown that, when the resonance
condition of non-armchair metallic nanotubes (SWCNT
species where v = (n —m) mod 3 = 0 and where n # m)
is met, the G-mode shows a broad feature that can be
used to identify metallic nanotubes and which later was
assigned to a strong coupling of the longitudinal optical
phonon to electrons close to the Fermi level, commonly
known as a Kohn anomaly (KA).2!"26

In the majority of SWCNT — all but (n,0) (zigzag)
and (n,n) (armchair) tubes — the G-mode is composed
of two Raman peaks, G (higher energy) and G~ (lower
energy), with frequencies between 1500 and 1600 cm~*.
The origin of these peaks are the fully symmetric trans-

verse (Aro) and longitudinal (Aro) optical phonons,
both related to the &£, phonon in graphene. In semi-
conducting SWCNTs (S-SWCNTs), where v = (n —
m) mod 3 # 0, G~ is related to the Aro (A7) and
G* to the Ao (A7) phonon, and dependences of both
phonons on the various SWCNT parameters (diameter,
chiral angle, etc.) and the involved photophysical pro-
cesses are well-understood.'® In metallic SWCNTs (M-
SWCNTs), where v = (n —m) mod 3 = 0, the order
of the peaks is opposite with the A%O phonon having a
lower frequency than the A%%, phonon.?%?” As mentioned
above, the Ayo phonon is downshifted and broadened as
a result of a Kohn anomaly. With respect to A%O, AQMO is
upshifted. The origin of this upshift is still under debate,
with two contradicting theoretical models. One model as-
cribes the upshift to an additional Kohn anomaly, which
can only be observed in theoretical studies if the Born-
Oppenheimer approximation is dropped.?%?® The other
model predicts the upshift of AJ%, to be a result of the
same Kohn anomaly as that in the Aﬁ/fo, however, involv-
ing a much weaker electron-phonon coupling.?”

Besides the interest in resolving this controversy in the
interpretation of the A:,I‘ffo frequencies, there is signifi-
cant interest in the exact frequencies of the AQMO and
AM, as a function of various SWCNT parameters for
SWCNT characterization purposes. At present, such in-
formation is very limited due to the spectral overlap of
signal from different (n,m) SWCNT species, which is a
common issue when dealing with mixed chirality sam-
ples. Therefore, the only currently available data is based
on experiments on individual tubes and limited to large-
diameter nanotubes.23%3! Furthermore, these previous
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FIG. 1. Optical absorption spectra of aqueous 1% (wt./vol.)
DOC solutions of armchair-enriched samples, prepared via
DGU [(a)-orange trace], DNA-IEX [(b)-black and (c)-blue
traces], and ATPE [(d)-magenta and (e)-red traces] methods.
All spectra are offset and scaled for clarity.

studies have focused on the A}, phonon, whose use-
fulness to determine structural properties of a particu-
lar M-SWCNT is questionable due to strong frequency
variations with changes of the Fermi level. Given that
the AM,, frequency is insensitive to changes in the Fermi
level, the AJY, could become an additional characteriza-
tion tool for M-SWCNTs similar to the A3, phonon for
S-SWCNTs.

In this paper, we present resonant Raman scattering
experiments on SWCNT samples, which are enriched in
armchair chiralities, i.e. n = m. For the first time, a
systematic dependence of the AQMO phonon frequency on
nanotube diameter was observed. The frequencies are
significantly higher than those in S-SWCNTs, indicating
the presence of a Kohn anomaly. We show that variations
in the Fermi level have only minor effects on the A:,MO
frequencies, which is consistent with a forward-scattering
process being involved in the Kohn anomaly. This is in
contrast to the Kohn anomaly in A%O phonons, which
involves a backscattering process.

I. EXPERIMENTAL

All samples used in this study were enriched in arm-
chair SWCNTs and produced using the density gra-
dient ultracentrifugation (DGU),*32 DNA-based anion-
exchange chromatography (DNA-IEX),5 or aqueous two-
phase extraction (ATPE)? separation techniques as de-
scribed in the noted references. Optical absorption spec-
tra for the various samples are shown in Fig. 1. The
DGU method provides an enrichment of armchair chiral-

ities in general, showing enrichment in armchair species
(6,6)-(10,10) for HiPco HPR 188.2 material [orange-(a)
trace]. The DNA-IEX [black-(b) and blue-(c) traces] and
ATPE [magenta-(d) trace] methods produce suspensions
enriched in a single armchair species with namely (6,6)
and (7,7) enriched via DNA-IEX and (5,5) via ATPE us-
ing CoMoCAT SG65 and SG651 material, respectively.
Finally, ATPE was also used to generate a (6,6)-enriched
sample from CoMoCAT SG65i material [absorption spec-
trum Fig. 1 (e), red trace] for preparation of an armchair-
enriched thin film. After enrichment, all samples were di-
alyzed into aqueous 1% (wt./vol.) sodium deoxycholate
(DOC) solutions to homogenize the environment sur-
rounding the SWCNTs.

Raman scattering experiments were performed in
backscattering geometry using excitation energies in res-
onance with the first optical transition, E}, of the par-
ticular nanotube (see Table I) in question. Therefore, we
utilized various excitation sources including an argon-ion
laser, a dye laser pumping Rhodamine 6G, Rhodamine
110, or Kiton Red dyes, and the second harmonic of a
Ti:Sapphire laser. Raman spectra were collected using
a triple monochromator setup attached with a charge-
coupled device detector. All spectra were frequency-
calibrated using the Raman lines of 4-acetamidophenol
or benzonitrile.'®

To study the Raman signal of armchair SWCNTs as
a function of Fermi level, we used the ATPE-produced
CoMoCAT SG65i sample [Fig. 1(e)] to produce a thin
film by vacuum filtration.?* We then transferred the film
onto an ITO-coated glass slide, and constructed an elec-
trochemical cell by gluing a spacer and a second ITO-
coated glass slide to the first slide, leaving a volume
which we filled with a 1M potassium chloride solution
to achieve mild doping conditions (see device sketch in
Fig. 5(d)). Excitation and collection was done through
the slide/ITO on which the film was deposited.

TABLE I. Summary of the studied armchair nanotubes (n,n).

. EM  W®RBM) w(Al,)) T(A4¥,

(n,n)  d¢ (nm) (eV)b (Cmfl)c (C(Infl)()i ((Emfl))
(10,10) 1.36 1.93 174.3 1590.7 8.5
(9,9) 1.22 2.08 1924 1590.3 9.0
(8,8) 1.09 2.24 216.4 1588.6 9.7
(7,7) 0.95 2.45 248.2 1585.9 8.8
(6,6) 0.81 2.71 287.5 1581.0 10.4
(5,5) 0.68 3.01 338.0 1573.5 12.9

I

a diameter d¢ = apvVn? + nm + m?2/mw, where ag = 0.246 nm is
the in-plane lattice constant of graphite®3

b Values were extracted from Fig. 1

¢ The experimental uncertainties for w(RBM) for the (10,10);
(9,9); (8,8); (7,7); (6,6); and (5,5) are £+ 0.9, 0.8, 0.8, 0.8, 0.6
and 0.6 cm !, respectively.

4 The experimental uncertainties for w(AX},) for the (10,10);
(9,9); (8,8); (7,7); (6,6); and (5,5) are £+ 0.9, 0.8, 0.8, 0.2, 0.6
and 0.6 cm ™!, respectively.
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FIG. 2. (a) RBM and (b) G-mode spectra of the various samples in aqueous 1% (wt./vol.) DOC solution excited in resonance
with the particular armchair SWCNT given in the legend. Excitation energies for both RBM and G-mode spectra for a given
chirality are as indicated in the figure. For clarity, all spectra are normalized to the maximum peak intensity.

II. RESULTS AND DISCUSSION

Fig. 2 shows (a) the radial breathing mode (RBM) and
(b) G-mode spectra obtained from aqueous 1% (wt./vol.)
DOC solutions of the various samples. Each spectrum
was collected exciting resonantly into the first optical
transition, EM, of the particular armchair nanotube
given in the legend of the two figures. All spectra, G-
mode as well as RBM, show a single dominant peak in-
dicating that primarily one nanotube chirality (n,m) is
in resonance at the particular excitation energy. By cor-
relating the RBM frequency to the optical transition en-
ergy, all RBMs, and therefore the SWCNTSs in resonance,
can be assigned to chiralities with v = 0 (i.e. metallic
SWCNTs).'6 It is well-known that the A}, phonon is
strongly broadened and softened due to a Kohn anomaly
resulting in peak widths of > 50 cm~1.2%:25 G-modes ob-
served in our study have peak widths of ~ 10 cm™! (see
Table I). The correlation of an assignment to metallic
nanotubes and the observation of a narrow peak width
leads us to conclude that the observed peaks originate
from the A%, phonon of metallic nanotubes (consistent
with findings in Ref. 5 and 35). Since the G-mode spec-
tra show almost no sign of the downshifted and broad-
ened AM, phonon, we can assign the observed G-modes
to the A}, phonons of armchair carbon nanotubes in
which A}, phonons are not Raman-active.?20:3537

In order to study the Raman shift/phonon frequency
(w) of armchair SWCNTSs as a function of nanotube di-
ameter (d;), we fit all observed peaks with Lorentzian
functions. Along with relevant nanotube parameters, fit
results for w are summarized in Table I. Fig. 3 shows the
observed A, phonon frequencies, w(A%¥,), as a func-
tion of the nanotube diameter. In addition, we plotted
the G~ and G* peak positions, w(AZ,) and w(AZ ),
for semiconducting nanotubes taken from Ref. 19 and

TABLE II. Results from fitting Eqn. 1 to data from this work
and data published in the given references. A¥,, A5, and
A%, name the TO phonons in armchair SWCNTs and TO
and LO phonons in semiconducting (S) SWCNTSs, respec-
tively.

Ref. ao ai a2
A%, (this work) 1582 —24.0+0.6 29.3+0.8
Ao (expt.)? 1582 —27.5 0
A3 (expt.)? 1582 —14.9 24.9
AYM, (theor.)® 1580.8 0 24.8

a Ref. 19

b Fit to data from Ref. 26. Note, curvature and thus
rehybridization are not considered.

38. Frequencies w(A¥,,)) in armchair nanotubes clearly
distinguish themselves from w(A7,) and w(A7,). Most
notably, for all diameters w(AL,) is significantly higher
than w(A7,). In fact, for nanotubes with diameter
di > 1 nm, w(A¥) is very similar to w(A?,). This
similarity in A%‘[O and AEO frequencies imposes a large
uncertainty in the (n,m) assignment of individual SWC-
NTs and for determining if the SWCNT is a single tube
or a small bundle, respectively.2%:2% In the case of smaller
diameter (d; < 1 nm) nanotubes, a more pronounced di-
ameter dependence of w(A},) compared to w(A7,) re-
sults in these two peaks being distinguishable.
We fitted w(AJL,) with the empirical expression sug-
gested in Ref. 19,
a a2
OJATA{IO(dt)Zao-i-d—%"rd—t (1)
and obtained excellent agreement with the two-
parameter model. Here, ag is fixed to 1582 cm™!, the
frequency of the &£, phonon of freestanding graphene,
which resembles the limit of Eq. 1 for infinitely large
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FIG. 3. A¥, frequency (blue squares) and its fit to Eqn. 1
(solid line) as a function of diameter. Below ~ 1 nm A%,
can clearly be distinguished from the LO (A%, triangles)
and TO (A%, circles) phonons in semiconducting SWCNT
(taken from Ref. 19 and 38). Fits to Eqn. 1 for A7, and Ao
are shown as dashed and dashed-dotted lines, respectively,
using the parameters given in Table II.

diameter nanotubes.3%49 For semiconducting nanotubes,
we showed in Ref. 19 that the second term in Eqn. 1 is
related to the rehybridization of sp? to sp® orbitals. The
finding of very similar values of a; for A¥, (a; = —24.0)
and A7, (a1 = —27.5) indicates that phonon frequencies
in metallic nanotubes are affected by rehybridization in
the same way as semiconducting tubes.

For semiconducting nanotubes, it was shown that the
third term in Eqn. 1, as/d;, is related to confinement ef-
fects, which affect Apo phonons only. The term in this
work (as = +29.3), which results in a dramatic upshift of
the AM,, frequencies compared to the A%, must be of a
different origin. It is well-known that frequency and life-
time of A}, phonons are strongly affected by a KA.?* 24
The origin of this KA can be found in the strong EPC of
AM phonons to electrons close to the Fermi level, which
results in the creation of electron-hole pairs that damp
the phonons and subsequently reduce their lifetimes (see

FIG. 4. An illustration of how variations in the Fermi en-
ergy, Er, affect a Kohn anomaly involving a backscattering
of electrons (green vertical arrow), where dE(k)/0k changes
sign, and a forward-scattering process (orange diagonal ar-
row), where no sign change in OE(k)/0k occurs. (a) and (b)
show the electronic band structure of a semimetal with linear
bands equivalent to that of metallic SWCNTs. In (a), the
undoped case, both processes are possible. In (b), as Er is
changed by more than half the phonon energy, the backscat-
tering process is blocked while the forward-scattering remains
possible.

illustration in Fig. 4). The A}, phonons, on the other
hand, are expected to be less affected by a similar transi-
tion because of a much weaker EPC. Ref. 29 predicts that
in some cases a weak coupling can result in an upshift of
the A}, frequency. However, a non-zero EPC is only ex-
pected for narrow band gap “metallic tubes”. Armchair
tubes — the chiralities studied in this work — are the only
metallic tubes which are truly metallic and therefore have
no band gap.*'*2 Based on our finding, the theory pre-
sented in Ref. 29 would suggest that armchair SWCNTs
have a small band gap. In this case, Ref. 29 predicts a
dependence of the AJL, frequency with changes in the
Fermi level.

Alternatively, Piscanec et al. predict that theoretical
descriptions of phonons in metallic nanotubes that are
based on an adiabatic approximation are inaccurate.?%
By describing phonons as time-dependent perturbations
of the system, Piscanec et al. included dynamic effects,
which in some cases, dramatically affect phonon frequen-
cies. With respect to our work, the most significant
result from Ref. 26 is the prediction of a new (third)
Kohn anomaly in the phonon dispersion of metallic nan-
otubes. Along with the established KAs in the A}, and
AZ}% phonon dispersions close to the I'-point and the
K-point, respectively, they predicted an additional KA
for A}, close to the I'-point. While the KA for AM,
is related to a backscattering process (green arrow in
Fig. 4 (a)), the I'-point KA in A¥, is related to a for-
ward scattering process (orange arrow in Fig. 4 (a)).*3
From Fig. 4, it is obvious that forward-scattering in-
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FIG. 5. (a) RBM spectra with excitation at 465.8 nm (top) and 501.7 nm (bottom) of the (6,6)-enriched thin film used for
electrochemical doping. (b) G-band spectra of a (6,6)-enriched thin film as a function of electrochemical potential taken at
465.8 nm laser excitation. Potential is varied from -1 V (bottom) to +1 V (top), in 55 mV steps. Spectra were decomposed
into 5 Lorentzian components labelled blue (1498 cm™!), cyan (1532 cm™"), orange (1567 cm™?), red (1582 cm™!), and green
(1592 cr]ffl)7 where the noted peak positions are taken from the spectrum measured at V' = -1 V. (c) Peak positions of the 5
Lorentzian components fitted to the spectra in Fig. 5(b) as a function of electrochemical potential. Dashed line indicates the
1540 cm ™! expected A, frequency for semiconducting species of the same diameter as the (6,6). (d) A schematic diagram of

the electrochemical cell used to measure spectra in Fig. 5 (b).

volves non-I'-point phonons and therefore should not in-
fluence Raman signal. However, the intensity of the KA
in combination with the broadening of the involved elec-
tronic states would result in an upshift of I'-point A},
phonons by tens of cm™'.26:28 The backscattering process
can be Pauli-blocked by changing the Fermi level (unoc-
cupied states into which electrons could be scattered by
the phonons are no longer available). However, only ex-
treme doping levels — doping beyond the linear regime of
the electronic bands — are expected to have an effect on
the forward-scattering process. In other words, changes
in the Fermi level neither affect the availability of states
into which an electron can be scattered by the particular
phonon, nor does it lead to a change of the wavevector
and consequently the energy of the scattered phonon due
to the linearity of the electronic bands (see illustration in
Fig. 4). Assuming the upshift of the A}, phonon in arm-
chair carbon nanotubes to be exclusively related to the

KA involving the forward-scattering process, no changes
in frequency or linewidth should be observed when mod-
erately shifting the Fermi level.*4

We note the anticipated AM, upshift of Ref. 26 yields
for Eqn. 1 a predicted ag value of 24.8 (Table II), con-
sistent with our experimental value of 29.3 and sugges-
tive of the forward-scattering process. In order to fur-
ther determine which of the two mechanisms — a finite
band gap in armchair SWCNTSs or a novel KA involv-
ing forward-scattering of electrons — is responsible for
the significant upshift of the A}, frequency compared
to the A7, frequency, we varied the Fermi level by elec-
trochemically doping a thin film of the (6,6) armchair-
SWCNT-enriched sample. As seen in the absorption
spectrum of the source material for the (6,6)-enriched
film [Fig. 1(e)], the sample is highly-enriched in (6,6)
but also contains other metallic impurity species of the
(7,7) family of tubes (feature at 2.48 eV), as well as some



small semiconducting nanotube contaminants (e.g., fea-
ture at 1.9 eV). RBM spectra of the film are shown in
Fig. 5(a). With excitation at 465.8 nm (resonant with
the (6,6) absorption), only the (6,6) RBM feature is ob-
served. Excitation at 501.7 nm (resonant with the (7,7)
family of metallic structures) shows that both (7,7) and
(8,5) species are present at low levels as well. Fig. 5 (b)
shows G-mode Raman spectra from the nanotube film
enriched in (6,6) armchair SWCNTs. All spectra were
excited at a wavelength of 465.8 nm. The potential ap-
plied to the electrochemical cell varied from -1 to 1 V, as
shown from bottom to top in Fig. 5 (b). Because of the
contamination in the sample from impurity species (dis-
cussed above), five peaks are observed in the measured
spectra. These are fit well with five Lorentzian lineshapes
and are assigned as follows.

The feature of interest here is the peak at 1582 cm™!,
which can be assigned to the A¥, of the (6,6) nanotube,
based on frequency and linewidth. Given the diameter
distribution of the source material, 0.62-1.10 nm with
average diameter of 0.76 nm, the results of Fig. 3 fur-
ther rule out semiconducting tubes as the source of this
peak. Likewise, within this diameter range, the peak at
1567 cm ™! cannot originate from an A7o or Ao phonon
for any feasible metallic or semiconducting species. This
mode is likely a normally forbidden &£-symmetry mode
that becomes allowed as a result of intertube interac-
tions present in the bundled film.2” The remaining peaks
can be attributed to (n,m) contamination. The broad
peaks at 1498 cm™! and at 1532 cm™! (at V =-1V) in-
dicate some presence of non-armchair metallic nanotubes
(further supported by the observation of the (8,5) RBM)
and are associated with the A:,MO phonon in such tubes.
The peak at 1592 cm™! is present as a small shoulder
at higher frequency and may be assigned as the Ao
contribution from semiconducting impurities. Given the
relative weakness of this A7, contribution to the spec-
trum, it is not surprising that a corresponding A%O is
not apparent. In summary, we thus note that the G-band
spectra obtained from the thin film are more highly fea-
tured than those observed from aqueous suspensions of
the film’s source material. We attribute this to the sym-
metry breaking and broadening of electronic resonances
resulting from intertube interactions that occur with nan-
otube bundle formation within the film.2"45 Ideally, our
film would be free of these (n,m) contaminants, but their
presence yields an advantage for validation of the ob-
served (6,6) response on varying the applied potential.

In Fig. 5(c), we show the evolution of the peak po-
sitions as a function of applied potential. As expected
and previously demonstrated, the A%{O peak shows an

upshift with increasing potential (w|-1v = 1498 and
1532 ecm™1), and decreasing intensity, indicating that
the backscattering mechanism becomes blocked.?? 24 The
AN of (6,6) SWCNTs, however, is mostly unaffected by
changes in the potential. This result clearly favors the
interpretation of an additional KA involving a forward-
scattering mechanism as the process leading to the up-
shift of A¥., phonon frequencies.?04* If the origin of
the upshift would be a KA similar to that of the A},
phonons, we would have expected the frequency of the
AMS mode to approach ~ 1540 cm ™!, which is the A%,
phonon frequency of similar diameter semiconducting
nanotubes [dashed line in Fig. 5 (c)].1%46

In conclusion, we present Raman scattering experi-
ments on armchair SWCNTs (5,5)-(10,10) with diame-
ters between 0.68 nm and 1.36 nm, respectively. For
nanotubes smaller than 1 nm, the A7o phonon mode
in armchairs can clearly be distinguished from modes
in semiconductors. We find that the frequency of Ao
phonons in armchair SWCNTs is independent of mod-
erate variations in the Fermi level — variations which do
not lead to injections of charges into higher electronic
bands. This makes the A7o phonon an excellent tool to
determine the metallicity and diameter of small-diameter
SWCNTs. The finding of a Fermi level independence of
the Apo frequency allows us to determine the process
that results in the upshift of the Aro phonon in arm-
chair SWCNTs compared to semiconducting SWCNTs.
Our results are consistent with a Kohn anomaly involv-
ing a forward-scattering of electrons close to the Fermi
level, which therefore distinguishes itself from the Kohn
anomaly in Ao phonons in non-armchair metallic SWC-
NTs and the £, phonon in graphene.
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