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Abstract

We present a Raman study of the collective vibrations arising from the homogeneous bundling

of single-walled carbon nanotubes and analyze the dependence of their vibrational coupling on

the tube diameter using two systems, single-walled carbon nanotube coils and a monochiral CNT

film. We report on two breathing-like modes for quasi-infinite bundles, compared to the single

radial breathing mode characteristic for isolated tubes. The exciton-phonon coupling in these

modes is probed with resonant Raman spectroscopy, revealing the same resonance energy for both

breathing-like peaks. Our experimental findings align well with previously reported theoretical

studies, demonstrating a 1/d scaling for all modes, as well as confirming the relative shift of

the modes dependent on intertube interaction. These vibrations provide insight into the role of

intertube lattice dynamics in two-dimensional THz-range phononic crystals.

Keywords: Collective vibrational modes, Carbon nanotube bundles, Radial breathing modes,

Nanotube bundles, Nanotube films, phononic crystals.
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I. INTRODUCTION

The vibrational properties of solids regulate their mechanical properties, excited state

relaxation, thermal and electrical conductivity. To tailor these properties, the concept of

phononic crystal has been proposed[1, 2]. In a phononic crystal, building blocks with differ-

ent elastic moduli are periodically arranged[3] and their collective behavior may realize exotic

vibrational states, including phononic band gaps[4–7] and topological wave propagation[5, 8–

11]. One of the strategies suggested to create phononic crystals is to arrange one-dimensional

cylinders into a superlattice, producing an additional two-dimensional reciprocal lattice in

the directions perpendicular to the axis of the cylinders [3, 12]. Up to now, this approach

has been limited to acoustic modes with eigenfrequencies measured in the kHz range. To

reach the desirable THz regime with this concept, the unit size should be decreased and the

elastic constants increased[13]. This can be achieved with single-walled carbon nanotubes

(SWCNTs), tubular monolayers of sp2 carbon with diameters down to 0.5 nm[14] and radial

elastic moduli up to 57 GPa [15].

SWCNTs form wall-to-wall aggregates naturally and arrange into supercrystals with a

(close-pack) hexagonal symmetry, where their breathing vibrational modes are modulated

by the van der Waals potential between the tube walls. The properties of such CNT crystals

depend on their packing density and chiral purity. Homogeneous bundles consisting of only

one type of CNT with the same electronic structure promote electron mobility and enhance

the long-distance coherence in intertube interaction, leading to perfect crystalline behavior.

Previous studies observed a decrease in the band gap for semiconducting nanotubes[16, 17]

and the formation of intertube excitons[18, 19]. For such artificial crystals, novel vibrational

effects were predicted such as soliton waves [20] and new vibrational modes that are ab-

sent in individual tubes[21, 22]. Despite these theoretical proposals, none of the additional

vibrations have been observed experimentally so far.

Here, we present a Raman study of the collective vibrational modes in hexagonally-packed

CNTs in the form of homogeneous coils and films. Their vibrational properties are compared

to the modes of individual tubes. The homogeneous bundling yields additional Raman-active

modes in the low-frequency region (below 500 cm−1). We report on two modes (RBMB1) and

(RBMB2) for quasi-infinite bundles, compared to the single radial breathing mode (RBM)

characteristic of isolated tubes. Resonant Raman spectroscopy confirms that both modes
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originate from the same nanotube chirality. Our experimental data on three CNT bundles,

each consisting of a different tube diameter, confirm the theoretical predictions of lattice

dynamics for infinite nanotube bundles with identical chiralities, as well as the diameter

dependence of the vibrational coupling. These results reveal the role of intertube lattice

dynamics in carbon nanotube bundles due to the emergence of collective vibrations.

II. EXPERIMENTAL DETAILS

We adopt two approaches for the creation of homogeneous ensembles of nanotubes: (a)

the self-winding of a single-walled nanotube into a coil during its growth[17, 23] and (b)

a film of pre-sorted and enriched monochiral CNT solution through vacuum filtration [24].

Both approaches yield highly pure material, which provides a suitable platform for studying

collective vibrations in homogeneous CNT bundles. The particular strength of the coiled

tubes lies not only in their singular chirality but also in their single-handedness composition.

In contrast, the (6,5) film contains both left and right-handed chiralities. However, we do

not expect this to have a major effect on the low-frequency vibrations of the RBM, which

mainly probe the mechanical response of the tube.

Coil samples were obtained by chemical vapor deposition (CVD) synthesis of carbon

nanotubes on a Si/SiO2 substrate using a catalyst of ferric chloride hexahydrate as a solution

or thin film of Fe deposited on SiO2 stripes, known to promote suspended growth of long

(>100 µm) single-walled carbon nanotubes[25]. After the growth of the CNT above the

substrate, it collapses toward the substrate, which initiates a self-coiling due to the coiling

instability. The final geometry of the CNT is driven by van der Waals interaction between

the substrate and preceding loops as described in Ref. 17 and 23 resulting in a coil with a

high-density CNT bundle. The sample grown from ferric chloride hexahydrate (coil 1) was

synthesized as detailed in Refs. 23 and 26 with the following parameters: temperature:

1000 ◦C, gases: CH4/H2 ratio of about 1/5, flow rate: ∼54 cm3/min, and duration: 43

min. The sample grown from evaporated Fe (coil 2) was synthesized as detailed in Ref. [17]

with the following parameters: temperature: 900 ◦C, gases: Ar:H2:C2H4 at a ratio of about

60:40:0.02, flow rate: 70-500 cm3/min, and duration: 45 min.

For the monochiral enriched (6,5) CNT solution, the CoMoCAT SG65i SWCNTs raw

powder (SouthWestNanotechnologies, lot no. SG65i-L58) was suspended in water with 1%
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(m/v) sodium deoxycholate (BioChemica) by tip sonication (WeberUltrasonics, 35 kHz, 16

W in continuous mode) for 1h. The resulting dispersion was centrifuged at 45560 g for 1

h and the supernatant collected and used for pH-modulated aqueous two-phase extraction

(ATPE)[27] to obtain (6,5) SWCNTs. From this solution, a thin film of highly pure (6,5)

carbon nanotubes was prepared using the vacuum filtration method. The homogeneous

solution was filtered through a cellulose ester membrane (MCE, 0.025-mm pore size, 25 mm

diameter) using a vacuum filtration system at a pressure of 60 kPa. Surfactant removal

began during the filtration process using deionized water and isopropyl alcohol. The CNT

started to aggregate and were deposited on the filter, dried, cut into 5x5 mm pieces, and

transferred onto a substrate. The cellulose filter was dissolved by acetone vapor for about

2h. The filter residuals were removed by placing the sample in liquid acetone, isopropanol,

and methanol (each solvent for about 30 min). Samples were dried using a stream of pure

nitrogen. Using this method, a film is obtained with high-density packed CNTs.

The structure of our samples was imaged by scanning electron microscopy (SEM), see

Supplementary information for details. Coils show a higher SEM contrast than the individual

tubes (uncoiled segments connected to the coil), which will be denoted as tails or free ends

in the rest of this paper, see Fig. S1. The coil synthesis method yields coils with dozens of

turns in the bundle cross-section. An exhaustive description can be found in Ref. 17. One

example is observed in the atomic force microscopy (AMF) image on coil 1, see Fig. S2 A

relative comparison of the topographic height of the coil to its free ends provides a rough

estimate of the number of turns to be ∼100 turns (see Supplementary information for the

calculation). The arrangement of the (6,5) CNTs in the film was imaged with SEM. The

formation of bundles inside the film is clearly visible in Fig S4. A 2D Fourier transform

yields an estimated average bundle thickness of 26 nm. The thickness from both types of

bundles corresponds to cross-sections of about 100 nanotubes. This allows us to treat them

in the limit of infinite crystals and neglect finite-size effects.

Single excitation wavelength Raman measurements at 638 nm (1.94 eV) were carried out

with the Horiba XploRA Raman spectrometer for the coils and film. The characteristic G

mode was used to map and locate the coil and the tail. We aligned the polarization of the

excitation laser with the main axis of the coils’ tail. The bundles in the CNT film did not

show a specific orientation, thus no deliberate orientation of the incident light was required.

The resonant Raman spectra of the coil were obtained by a t64000 Horiba spectrometer
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FIG. 1. Representation of the interaction forces and vibrational patterns in single and bundled

CNTs. a) Atomic displacement pattern for RBM in a single isolated tube. b) Elastic force con-

stants representing the intratube and intertube interactions in a bundle: radial extension (K’) and

intertube (Q). c) Atomic displacement patterns for infinite bundles. The atomic displacement pat-

terns of the breathing-like modes RBMB1 and RBMB2 depend on the tube’s diameter, according

to Popov et.al.[22].

in a triple-grating configuration equipped with 900 grooves per millimeter grating and a

silicon CCD. Fifteen excitation energies between 1.75 to 1.97 eV were used with an intensity

ranging from 0.8 to 1.7 mW and with a 2 min integration time. We used an Ar-Kr ion laser

(Innova Coherent), a tunable dye laser (Radiant Dyes), and a titanium-Saphire (Ti:Sa) ring

laser (Coherent MBR-100) as excitation sources. RBM frequencies were used to estimate

the diameter (d) of the CNTs d = 215 cm−1nm/(ωRBM − 18 cm−1)[28]. All RBMs in the

Raman spectra were fitted by a Lorenzian line shape. For the resonance profile, the intensity

(defined as the integrated area under the peak) was plotted as a function of the excitation

wavelength. The intensity and position of Raman lines were calibrated with respect to the

Si peak from the Si/SiO2 substrate. By fitting the resonance profiles as described in Ref. 28,

the transition energy Eii of each RBM mode was calculated.

III. RESULTS AND DISCUSSION

The radial breathing mode is a unique vibrational feature of CNTs. It describes a

breathing-like atomic displacement originating from the symmetric vibration in the radial
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direction with respect to the tube axis[29]. The phonon eigenvectors of an RBM are shown

in Fig. 1a and the mode frequency is inversely proportional to the tube’s diameter. When

tubes with the same chirality are packed into a two-dimensional hexagonal lattice, they

interact via van der Waals forces and generate a coherent and periodic intertube coupling.

At the same time, the symmetry is reduced in the crystal compared to a single, isolated

tube (Fig.1b). The lower symmetry of the hexagonal system sustaining the CNT bundle has

been predicted to mix the A1g RBM of the isolated tube with a doubly degenerate E normal

modes. The mixing results in the generation of two hybrid modes RBMB1 and RBMB2 in

the low-frequency region instead of the single mode characteristic for isolated tubes[22, 30].

Popov et al. presented a lattice-dynamical study of infinite cross-sectional bundles of iden-

tical tubes using a valence force field (VFF) model with intertube interactions described by

the Lennard-Jones potential[22]. The model uses two force constants: the intratube elas-

tic force constant (K’) and the intertube interaction force constant (Q) (as shown in Fig.

1b). The van der Waals coupling between the nanotubes has the effect of up-shifting the

frequency of the intrinsic RBM from the isolated tube. Both modes are fully symmetric

within the structure of the CNT crystal and can have mixed vibration patterns, Fig. 1ci.

Similarly to the isolated RBM, the collective vibrational modes in CNT bundles were pre-

dicted to be diameter-dependent[22]. For small tube radii, K’ is much larger thanQ, making

the first bundle eigenmode RBMB1 practically unchanged compared to the isolated tube’s

RBM, meanwhile in RBMB1 exhibits a stronger shift than RBMB2. As the tube diameter

increases, intertube interactions get stronger (Q>K’) resulting in hexagonal deformations

with nearly identical breathing-like shapes for the two bundle modes and correspondingly

similar frequencies (see Fig. 1cii)[22]. Similar results were obtained by Dresselhaus et al.[30].

We start our experimental study by measuring a micron-scale carbon nanotube coil with

a circular shape and accessible SWCNT ends on both sides. Figures 2a and b show an

SEM image of the coil and one of the free ends, designated as the tail, respectively. By

comparing the Raman spectra from the tail and the coil, we identify the effect of bundling

on the vibrational properties. Figure 2c and d show the Raman spectra measured with

1.94 eV excitation energy. Both parts show similar high-frequency D and G modes that

we use to further characterize the CNT coil. The G+ (∼1590 cm−1) mode is related to

the atomic displacement along the tube axis, the G− (∼1574 cm−1) mode to displacement

around the circumference. The Lorentzian line shape with narrow full-width half maximum
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FIG. 2. Structure and Raman spectroscopy of the tail (single tube) and coil (bundle) segments

of the defect-free coil 1. a,b) SEM images of the coil and tail. c-d) Raman spectra of the coil

(red) and the individual-tube tail (blue). Characteristic modes are indicated. e,f) Raman G mode

mapping under 638 nm excitation wavelength.

(FWHM= 5 cm−1) for the G− peak suggests this to be a semiconducting tube. The disorder-

induced D mode (∼ 1320 cm−1) was used to examine the density of structural defects before

and after coiling. The low D/G integrated intensity ratio of 0.021 indicates the excellent

crystallinity of the tube before coiling. The ratio remains constant after the coil is formed

(0.023), indicating that coiling does not increase the amount of defects. Figs. 2e and f show

Raman maps, where the full Raman spectrum was collected over an area around the coil

and tail. The G mode was used to map and locate the coil and the tail. Two maxima lobes

are observed for the coil Raman map. They originate from the alignment of coil segments

with the horizontal polarization of the exciting laser[14].

The low-energy Raman spectrum (bellow 500 cm−1) shows significant differences between

the coil and the tail. A single RBM peak is observed at 145 cm−1 in the tail spectrum,

corresponding to an isolated CNT with diameter d = 18 Å . In the coil, the single RBM

peak is split into two collective modes, RBMB1 = 138 cm−1 and RBMB2 = 164 cm−1.

This change of the low-frequency modes upon packing agrees well with the predictions[22],

showing an up-shift of the RBMB2 frequency (∆ω = 13 cm−1) and a small shift RBMB1

(∆ω = 2 cm−1) with respect to the isolated RBM frequency, see Table I. However, prior

to attributing the effect to bundling we will first confirm that our sample consists of a
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FIG. 3. Low-frequency resonant Raman measurements on coil 1 a) Raman spectra of the low-

frequency region for the nanotube coil from 1.75 to 1.97 eV. Two RBM peaks are observed at 138

and 164 cm−1. The position and line-shape of these peaks remain constant across the entire energy

range. b) 2D Raman excitation map of the two breathing modes from the resonant Raman spectra

of coil 1. Both peaks show their maximum intensity at the same energy ∼1.84 eV. c) Resonance

excitation profile for the RBM peaks. The dots are the experimental data with solid lines are the

best fit to a Raman resonance profile.

monochiral CNT to rule out the possibility that these two peaks originate from two different

tubes in a single-walled or in a double-walled configuration. The possibility of two RBMs

arising from a double-walled CNT can be easily ruled out by comparing the diameter of

the “outer” and tentative “inner” tubes. If the two RBMs corresponded to a double-walled

CNT, the two constituting tubes would have a diameter difference of 3.2 Å or less. This

is smaller than the interlayer distance in graphite (3.5 Å [31]) preventing the CVD growth

of such a double-walled tube. Furthermore, according to the Kataura plot, the inner wall

would be metallic which is not congruent with the absence of a broad G− peak characteristic

for metallic CNTs[32].

The second possibility is that the two modes arise from the presence of two different

SWCNTs coiled together. We can rule this out because different tube chiralities have dif-

ferent transition energies[33] in contrast to the single resonance observed experimentally.

We performed multi-wavelength resonant Raman measurements to determine the resonance

energies Eii of RBMB1 and RBMB2 (the RBM signal from the tail was too weak for detection

out of resonance)[28, 34]. The signal intensity strongly increases when the excitation energy

approaches an allowed optical transition reaching its maximum at incoming and outgoing
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FIG. 4. Diameter dependence of collective vibrational modes. a-c) Raman spectra of the RBM

peaks for single and bundle sections for d= 23, 18, and 7.5 Å samples respectively. ∗ marks an

artifact originating from a small number of (6,4) CNTs that have not been removed during the fil-

tration process. d) Comparison of the observed breathing modes frequency to the theoretical study

of infinite bundles of identical nanotubes. Symbols represent the experimental RBM frequencies

where circles are RBM frequencies of single tubes, triangles represent RBMB1, and squares RBMB2

of bundles[22].

Raman resonances [35], Fig. 3a. We clearly observe how the nanotube gets in and out

of resonance, while the line shape and frequency remain constant for both modes. This

trend is presented in the two-dimensional plot in Fig. 3b. RBMB1 and RBMB2 are resonant

at the same transition energy, Fig. 3c and thus originate from the same CNT. For RBMs,

there is a superposition of the incoming and outgoing resonances due to the small phonon

energy (∼0.02 eV)[35]. By fitting the resonance profiles of RBMB1 and RBMB2, we obtain

Eii = 1.84 eV for both modes, confirming the monochiral composition of the coil. Using

the Kataura plot and the tube diameter, we assign the resonance to the E33 transition and

the chirality to a (14,12) CNT[36]. Compared with the RBM of the tail, RBMB2 is shifted

to higher frequencies by 19 cm−1, whereas RBMB1 is shifted to lower frequencies by 7 cm−1.
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To study the diameter dependence of the bundling effect, two additional samples with

larger and smaller tube diameters were considered. We first analyzed another coil (“coil 2”)

made of a tube having a diameter d = 23 Å (calculated from its tail RBM=112 cm−1 peak).

An SEM image of this coil is provided in Fig. S3. The low-frequency Raman spectrum of

the coil 2 is presented in Fig. 4a. Similarly to the first coil, the second coil shows two RBM

peaks, one shifted to higher energies (RBMB2) and one to lower energies (RBMB1) relative

to the RBM of the CNT in the tail. The shifts are +13 cm−1 and –2 cm−1, respectively.

The splitting of the collective RBM decreases in the coil with the large-diameter CNT to

∆RBM(coil 2) = 15 cm−1 compared to the ∆RBM(coil 1)= 26 cm−1 found in Coil 1, which

is made of a smaller-diameter CNT.

A stronger splitting of the bundle’s RBM frequencies was predicted for CNT crystals

composed of smaller diameter CNTs, but coils with d < 18 Å did not grow in the CVD

chamber of our synthesized samples. Instead, we studied a film of racemic (6,5) single-walled

carbon nanotubes that are known to result in uniform and densely packed hexagonal crystals

of CNT with a tube diameter of 7.5 Å . The top spectrum in Fig. 4c shows the expected (6,5)

RBM peak of individual tubes measured in a water-suspended solution at 309 cm−1. Again,

two modes new vibrational modes appear in the bundle section are present at RBMB1 = 313

cm−1 and RBMB2 = 432 cm−1, with ∆RBM =119 cm−1, much higher than for coil 1 and 2

with their large diameter tubes. Interestingly, this time RBMB1 new vibrational mode in

the film is shifted to a higher frequency from the isolated RBM.

The theoretical calculations of Popov et al. characterized the change of the frequen-

cies and spacing between the collective RBMB modes as a function of the tube diameter.

They found a cross-over between RBM and RBMB1 frequencies as well as an exponential

shift of RBMB2 to higher frequencies as the tube decreases. These trends are the result

of a competition between extrinsic and intrinsic interaction forces[22]. Figure 4d compares

our experimental RBM frequencies with the calculations by Popov et al.[22]. The symbols

represent the experimental RBM frequencies where circles indicate RBM frequencies of sin-

gle tubes, triangles mark the RBMB1 of bundles, and squares correspond to the RBMB2

of bundles. The solid lines represent the theoretical frequencies, with each color denoting

a different vibrational mode[37]. Our experimental results align well with theoretical pre-

dictions, demonstrating a consistent 1/d scaling for all modes, as well as confirming the

anticipated up-shift of RBMB2 relative to the RBM. We also observe that the peak splitting,
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∆RBM , decreases as the tube’s diameter increases, confirming a strong agreement between

theory and experiment. The simulations predicted a cross-over between RBM and RBMB1,

which we confirm experimentally. RBMB1 shows a nearly pure breathing-like behavior, and

the direction of its shift compared to the unbundled RBM is the result of an interplay be-

tween the intratube radial-extension force and the intertube interaction force. For small

tube diameters (CNT film), we observe an upward shift of the RBMB1 (∆ω = 4 cm−1). As

the diameter increases, the tube elasticity increases and the deformation reduces the radial

restoring force K’. The relative intensity of RBMB1 decreases and a downshift of 2 cm−1 is

observed, a trend that is also supported by theoretical predictions [37].

The Raman intensities of the modes, unlike the mode frequencies and frequency differ-

ences, are not well reproduced by the single-particle, semi-classical theory[22] in the high

and low diameter regions. This can be seen from the relative intensity of RBMB2 with

respect to RBMB1, see Fig. S5. For the small-diameter CNTs, the calculated intensity of

RBMB2 almost vanishes for d < 12 Å whereas, our measurements show a high-intensity

mode with an intensity ratio RBMB2/RBMB1 of about 0.4 for d = 7.5 Å, Fig. 4c. For the

medium-diameter CNTs the ratio of the theoretical RBMB2/RBMB1 intensities increases

and reaches a maximum of 0.4 at d = 20 Å , matching our experimental results, Fig. 4b.

For the larger-diameter CNTs the ratio is expected to slightly decrease to 0.3, while in

our measurements on the 23 Å diameter coil, the intensity of RBMB2 is almost twice the

RBMB1 intensity (∼1.8) Fig. 4a. It is important to note that different calculation models

can result in different Raman intensities. For instance, another study based on tight-binding

molecular-dynamics calculations also predicted the second breathing-like mode for infinite

bundles[30] and showed a different trend for the intensity ratio of the collective modes. The

estimated intensity ratio continuously increases with tube diameter, with a value of 0.65 for

d =18Å, and a value of 0.9 for d =19Å(the largest tube diameter calculated) see Fig. S5, but

the simulated diameter range was too small for a comparison with our experimental data.

All theoretical studies were performed for infinite CNT crystals. Finite size affects phonon

eigenvectors more strongly than the phonon frequency. This may be the reason why the

energetic agreement between experiment and theory is much better than for the intensities.

Collective vibrations are a valuable handle for determining the size and quality of CNT

bundles in films and other configurations. We have found excellent agreement between

theory and experiment in the frequencies of bundled modes. For instance, in the smallest-
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Experiment Theory

Sample d Type RBM RBMB1 RBMB2 RBMB1 RBMB2

(Å) (n,m) (cm−1) (cm−1) (cm−1) (cm−1) (cm−1)

Coil 2 23 - 113 111 126 95 147

Coil 1 18 (14,12) 145 138 164 131 178

CNT film 7.5 (6,5) 309 313 432 319 554

TABLE I. Summary of all RBM frequencies measured for three CNT diameters on isolated and

bundles tubes and comparison to theoretical values for infinite homogeneous bundles[37].

diameter (6,5) bundles, we observe a substantial contribution from the RBMB2 mode, which

was not predicted by the initial theory that focused solely on a first-order semi-classical

theory.[21, 22]. This highlights the need for further studies on homogeneous CNT bundles

and considering additional interactions such as excitonic effects in collective modes.

In this work, we studied large bundles with n > 50 tubes, where finite-size effects are

negligible[37]. However, in smaller bundles, finite-size effects are predicted to dominate,

leading to changes in the RBMB1/RBMB2 ratio and the appearance of more modes in the

low-frequency part of the spectrum. Even for two tubes lying side-by-side, moderate effects

are expected. Moreover, the theory of collective vibrations can be extended to other types

of nanotubes, such as double-walled CNTs[38]. For nanotubes made of materials other than

carbon (MoS2, hBN, etc.), we expect the same effect, but with a different scaling, as elastic

constants and atomic masses vary in different materials. Thus various nanotube cylinders

can be used to construct and tune phononic crystals of a range of frequencies.

IV. CONCLUSIONS

We showed that chirally pure nanotubes templated into a phononic crystal display novel

vibrational properties manifested in two hybrid breathing-like vibrational modes. This be-

havior was predicted more than 20 years ago, but has been extremely challenging to ob-

serve experimentally due to the difficulties in sorting and synthesis of monochiral and well-

packed CNT bundles. We studied two different types of such crystals: coils and films.

Two breathing-like modes appeared in the coil, in contrast to the single one found in their
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unbundled tails. Using resonant Raman spectroscopy we confirmed the two modes arise

from a bundling effect of a monochiral CNT bundle by showing the two modes to have the

same transition energy. We extended the study to phononic crystals in the limits of large

and small tube diameters, revealing that the splitting between the two collective modes de-

creases with diameter, in agreement with theoretical predictions. In conclusion, chirally pure

nanotube bundles represent a novel scheme of THz-range phononic crystals leading to new

vibrational modes. Their frequency tunability upon tube diameter offers an excellent tool for

the exploration of the collective dynamics of networks of coupled oscillators[39]. This paves

the way for the optomechanics field with promising applications in telecommunications and

sensors[40].
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