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Chirality Assignment of Micelle-Suspended Single-Walled Carbon
Nanotubes Using Coherent Phonon Oscillations
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We report on a new high-resolution optical spectroscopy, coherent phonon measurement, for
determining the chiral index of carbon nanotubes. Using femtosecond pump-probe spectroscopy,
we demonstrate the real-time observation of lattice vibrations in individualized single-walled carbon
nanotubes in an aqueous surfactant solution. Almost all available radial breathing modes in the
Fourier transform spectrum from coherent phonon oscillations are well-resolved with less ambiguity
in comparison to continuous-wave resonant Raman scattering.
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I. INTRODUCTION

Single-walled carbon nanotubes (SWNTs) are quasi-
one dimensional molecules of carbon with uniquely sim-
ple crystal structures. Their dimensionality provides a
playground for studying the dynamics of confined elec-
trons and phonons and their interplay [1]. Because the
electronic and the optical properties of nanotubes vary
greatly with their chiral indices (n,m), which can be
directly related to their respective diameter (d) and chi-
ral angle (#), the precise determination of the chiral in-
dex is a major focus of basic and applied nanoscience.
Direct and indirect techniques, such as high-resolution
microscopy and continuous-wave (CW) optical spec-
troscopy, respectively, have been widely utilized to in-
vestigate the precise structure of nanotubes. While
nanoscale microscopies like transmission electron mi-
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croscopy (TEM), scanning electron microscopy (SEM),
scanning tunneling microscopy (STM), and atomic force
microscopy (AFM) make it possible to monitor individ-
ual nanotubes with high resolution at the nano-scale
and in some cases even directly determine the (n,m)
index, such techniques demand a high degree of skill and
experience and delicate sample preparation to produce
high quality, useful images. Also because of the lim-
ited field of view at such high magnification, taking suf-
ficient images of a statistically representative group of
nanotubes for a given sample is time consuming, making
bulk characterization difficult [2-6]. CW spectroscopies,
such as resonant Raman scattering, optical absorption,
and photoluminescence excitation, have been widely
used for the structural assignment of SWNT species [7—
10]. In particular, CW optical studies of SWNTs have
produced a variety of intriguing phenomena, including
phonon-assisted photoluminescence, strongly bound ex-
citions, and chirality-dependent resonant Raman scat-
tering, all results of the interaction between excited
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Fig. 1. Degenerate pump-probe experimental setup. Pulses of 50 fs in pulsewidth were divided into a pump beam and a
probe beam. Coherent phonon oscillations were obtained by detecting the differential transmittance of the probe beam passing
through a ~1 mm quartz cell containing micelle-suspended HiPco single-walled carbon nanotubes in aqueous solutions [22].
The reference beam was split off from the probe beam and sent to a detector in a balanced photodetector pair.

electronic states and phonons [11-18]. However, recent
works have shown that these optical methods are some-
times not sensitive enough to clearly resolve all chiralities
present in samples and can even exhibit different chiral-
ity dependences in their spectral intensity, depending on
the method [9,12,19,20].

Recently, we have generated and detected coherent
lattice vibrations in SWNTs corresponding to the ra-
dial breathing mode (RBM) by using femtosecond opti-
cal pulses and a pump-probe technique [21]. Here, we
report on the use of coherent phonon measurement of
such high spectral resolution to enable the assignment
of the chiral indices of SWNTs without ambiguity. We
also show how to observe real-time lattice vibrations in
detail and present a direct comparison between the CP
spectrum and the CW RRS spectrum.

II. EXPERIMENTS

The sample was made from HiPco SWNTS (batch
HPR104) with a diameter range of 0.7 ~ 1.3 nm. As Fig-
ure 1 shows, the SWNTs were suspended as individuals
in a solution of 1 % sodium dodecyl sulfate in D50, as
described in detail elsewhere [22]. We performed degen-
erate pump-probe measurements in a quartz cell with an
optical path length of 1 mm by using ~50 fs pulses from a
mode-locked Ti:Sapphire laser (Kapteyn-Murnane Labs)
with a center wavelength at 830 nm and a repetition rate
of 89 MHz. As Figure 1 shows, we used a noncollinear
geometry with a pump beam diameter of ~1 mm, which
was focused onto the sample by using a lens with a 10
cm focal length. The average pump power was kept

small (~20 mW) to avoid the thermal-lens effect in the
D50 solvent. To detect small photoinduced changes in
probe beam transmission, we used a balanced photode-
tector pair (New Focus Inc, Nirvana detector), in which
a photodiode was illuminated by a weak reference beam
split from the probe beam, together with a fast-scanning
‘shaker’ delay stage with a sinusoidal motion of 10 Hz.
The maximum delay was ~20 ps, which corresponded to
a spectral resolution of about 1.7 cm™! in the frequency
domain. In a scan, three thousand data points were col-
lected with a high speed data acquisition card with a 3
MHz sample rate and subsequently added and averaged
with new data from each scan to enhance the signal-to-
noise ratio of the collected data. The smallest detectable
differential transmission, AT/T, was ~1075. In the CW
resonance Raman scattering experiment, the excitation
source was a Spectra Physics model 3900 Ti:Sapphire
laser with a CW mode power of 15 mW at the same sam-
ple. Signal collection was done using a Spex model 1877
triple monochromator and Princeton Instruments CCD
camera with a 5 cm ™! resolution and a 5 minute integra-
tion time. The collected spectra were background- and
baseline-subtracted to remove Rayleigh scattering and
the nanotube fluorescence signal and were corrected for
the instrument response and the v* dependence. The Ra-
man shift was calibrated using an acetaminophen stan-
dard.

III. RESULTS AND DISCUSSION

Figure 2(a) shows the raw pump-probe data taken for
our SWNT sample with 50 fs pulses at a center wave-
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Fig. 2. (a) Raw pump-probe data in the time domain
taken with 50 fs pulses with a center photon wavelength at
830 nm. The inset is a zoom-in of the data taken between
1.2 ps and 6 ps, highlighting the coherent phonon oscillations
within the transmitted signal. (b) Coherent phonon oscilla-
tions, exhibiting a strong beating pattern, excited and mea-
sured at 830 nm center photon wavelength in a normalized
transmittance scale. The trace is offset for clarity.

length of 830 nm. A large electronic contribution is seen
at zero delay between the pump and the probe beams and
is followed by weaker decaying oscillatory components
only at positive delay. The slowly varying background of
the raw data at positive delay is due to the decaying elec-
tronic contribution, beam fluctuation, and working-off of
the pump beam reflected from the shaker, as shown in the
inset of Figure 2(a). Figure 2(b) shows coherent phonon
oscillations from baseline-subtracted raw data to remove
the slowly varying contributions. The amplitude of the
oscillations in terms of normalized differential transmis-
sion was as strong as ~107* near zero delay, which is
comparable or superior to optical phonon oscillations of
zinc-blende semiconductors, like GaAs and ZnSe [23,24].
The time trace exhibits a strong beating pattern, indi-
cating the presence of a superposition of multiple oscilla-
tions of different frequencies with similar, but somewhat
different, decay times. As we described in our previ-
ous study, the beating pattern sensitively changes with
the excitation photon energy, implying that the CP os-
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Fig. 3. Comparison between the CW resonant Raman
scattering spectrum (upper black trace) and the Fourier-
transformed spectrum (lower blue trace) from coherent
phonon oscillations for the same HiPco sample (batch HPR
104) at an excitation energy of 1.486 eV (830 nm). The co-
herent phonon spectrum is not only consistent with the CW
resonant Raman scattering spectrum but also shows sharper
features and a higher S/N ratio. The traces are offset for
clarity.

cillations are attributed to RBMs, which are resonantly
enhanced by pulses with a broad spectrum commensu-
rate with their unique electronic transitions, as in CW
resonant Raman scattering (RRS). The decay time of the
CP oscillations was ~5 ps (2 ps for the fast ones and 9
ps for the slow ones), which is also the same order as the
LO and the Ag modes of bulk semiconductors like GaAs
and GaN, respectively [23,25].

To investigate what kinds of RBMs are excited, we
took a fast Fourier-transform (FFT) of the time-domain
oscillations to produce the CP spectrum and compared it
with the CW RRS spectrum, as shown in Figure 3. The
main peak positions coincide well between both spectra,
indicating that the beating oscillations are, indeed, due
to coherent lattice vibrations of the RBMs. It should be
noticed that it is possible for the peak position in the
CP spectrum to deviate slightly from that of the RRS
spectrum due to the double peak feature of the CP spec-
trum, which is attributed to ultrafast band gap oscilla-
tions produced by RBM-induced diameter oscillations,
which are uniquely enhanced in the CP signal detection
process [21]. However, this double peak feature in the
CP spectrum can be applied for precise determination
of the phonon frequency. Compared with the FFT spec-
trum of CP signal and the RRS spectrum, we find that
CP data show narrower phonon line widths and excellent
resolution, allowing blended peaks to appear as distinct
features. The CP spectrum shows a better signal-to-
noise ratio of twenty times that of CW Raman spectra.
Such an advantage of the CP measurements is partially
due to a lack of a Rayleigh scattering background and
photoluminescence in the pump-probe detection scheme.
The weaker intensity of RBMs below 200 cm™! in the
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Table 1.

The fitted frequency wRBM(cmfl), the fitted FWHM FRBM(cmfl) of RBMs, the theoretical frequency

whpar(em™1)[9,13,37], the transition energy Fj,(A,nm), the chirality (n,m), and the chirality type (n-m) mod 3 of the as-

signed nanotube. The fitted frequencies of RBMs are consistent with the theoretical value to within +2.1 cm

—1

wrpm(cm™) Trem(cm™) whea(em™h) E35(A\,nm) (n,m) (n-m) mod 3

187.8 1.67 187.2 822 (15,2) +1

189.3 5.29 191.4 838 (11,7) +1

197.7 3.09 198.3 795 (12,5) +1

199.9 1.35 200.8 858 (11,6) -1

207.1 2.44 207.5 857 (12,4) -1

212.2 2.55 2119 859 (13,2) -1

214.3 3.4 213.6 859 (14,0) -1

226.0 1.93 225.1 791 (10,5) -1

233.5 1.25 232.8 792 (11,3) -1

237.7 3.97 237.0 801 (12,1) ~1
- 4 ' > a = ' ing a minimized residuals method. As Figure 4 shows,
= ) 3 = E we have identified and successfully assigned 10 RBMs
2 3l < | i _ E i in only a single CP spectrum measured by femtosec-
£ R YR = 2 N ond pulses with a center wavelength of 830 nm. Table
< A ) :‘: 1 shows the fitted frequency and the corresponding full
% 2 e € ;g . 1 width at half maximum (FWHM) of RBMs, as well as
S EE g: pr the theoretical frequency, the chirality, and the corre-
= 16 e E 3 & | spopding mod type of lthe.assigne.d.nanotubes. ;Nhen
= o® 2 exciting the second excitonic transition energy, E5,, for
5 individual semiconducting nanotubes, (n-m) mod 3 =
;.;_ 0 —1 nanotubes show markedly stronger intensity than (n-
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Fig. 4. Peak-fitted radial breathing modes in coherent
phonon spectrum using a Lorentzian line shape. Ten radial
breathing modes are identified and could be successfully as-
signed. The reddish-brown color of the assignment labels
denotes (n-m) mod 3 = +1 nanotubes while the red color
denotes (n-m) mod 3 = —1 nanotubes. The blue asterisk
denotes the nanotube (or nanotubes) that as of yet are unas-
signed theoretically, regardless of showing a strong intensity.

CP spectrum as compared to the RRS spectrum is due
to the double peak feature of RBMs in the CP spectrum,
in which RBMs resonantly excited by femtosecond opti-
cal pulses, making their center wavelength equal to the
excitonic absorption lines, show rather weaker intensity,
as described in our previous work [21].

The narrower line widths in the CP data make it pos-
sible to resolve blended peaks in the RRS data. Figure
4 shows RBMs in the CP spectrum peak-fitted with a
Lorentzian line shape. The fitting was done using the
Peakfit software package (v4.14 Seasolve Software Inc.)
by assuming each phonon could be fitted as a Lorentzian
peak centered on the radial breathing mode frequency
of a specific (n,m) nanotube. The fit was optimized us-

m) mod 3 = 41 nanotubes, which is consistent with the
RRS experimental results [26,27]. As Table 1 shows, the
fitted line width of RBMs was ~2 — 3 cm ™!, except for
two RBMs affected by unknown neighbor modes at 189
and 238 cm ™!, respectively. The linewidths measured in
this study for the same HiPco sample using RRS and
in other high-resolution CW RRS experiments for dif-
ferent carbon nanotube samples were consistently 5 ~
6 cm~! [27-32], excluding the two exceptional cases for
isolated SWNTs suspended over a trench and the in-
ner shell tube of double-walled carbon nanotubes, where
RRS measured 1.5 cm™! and 1 em™! [33-35]. Previous
studies in bulk semiconductor also indicate that phonon
linewidths obtained in CP spectra are sharper than those
in CW RRS spectra [25,36]. Taking into account that
both CP and RRS share the same primary decay pro-
cess of phonon decay into lower-frequency phonon modes
through anharmonicity, this discrepancy on the phonon
linewidh between CP and RRS is surprising, but more
systematic studies of the temperature dependence and
interactions with the environment should be done to clar-
ify the discrepancy and to identify the exact decay mech-
anism for both CP and RRS, as mentioned in our previ-
ous study [21].

Among the multiple optical CW spectroscopies devel-
oped so far to assign the chirality of carbon nanotubes,
photoluminescence shows a primary limitation of being
applicable only to semiconducting nanotubes. CW RRS



-310-

has been successfully applied to the chirality assignment
of nanotubes for both electronic states, but does not ex-
hibit such a sufficient resolution and narrow linewidths to
resolve all available blended RBMs as shown in our spec-
tra. Additionally RRS systems of high resolution often
have a high purchase cost (excitation source, monochro-
mator, CCD detector, etc.). However, CP measurements
present several advantages, including excellent resolu-
tion and narrow linewidths, no Rayleigh scattering back-
ground at low frequency, no photoluminescence signal,
and direct measurement of vibrational dynamics, includ-
ing phase information and decay time, as well as a lower
overall system purchase cost (excitation source, optics,
delay stage, and photodiode detector). Furthermore, the
expansion of the spectrum of femtosecond pulses into
deep mid-infrared and visible ranges allows us to investi-
gate large-diameter carbon nanotubes, including metallic
nanotubes.

IV. CONCLUSION

Coherent phonon measurements represent a new high-
resolution optical spectroscopy allowing accurate assign-
ment of the chiral index of single-walled carbon nan-
otubes. The amplitude of the lattice vibrations of the
radial breathing modes observed in SWNTs was compa-
rable to other bulk semiconductors like GaAs or ZnSe.
Almost all available radial breathing modes in the fast
Fourier transform of coherent phonon oscillations for in-
dividualized SWNT's could be well-resolved with less am-
biguity compared to CW resonant Raman scattering.
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