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ABSTRACT 

Characterization of multi-walled carbon nanotubes (MWCNT) by Raman spectroscopy is 

challenging due to their structural complexity, inhomogeneity and complicated interlayer van der 

Waals (vdW) interactions. These latter effects can be however well investigated in individual 

MWCNTs, prepared by the on-chip purification of arc-discharge (AD) MWCNT powder, combining 

atomic force microscopy, polarized Raman imaging and spectroscopy. In this work, we reveal the 

inhomogeneity of the Raman signal from individual AD-MWCNTs and attribute it to the extraction 

of inner layers during the sonication stage of the dispersion procedure. We report the splitting of 
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Raman-active G-band, describing it in terms of the variation of inter-layer mechanical vdW coupling 

as a function of diameter and interlayer distance in the probed AD-MWCNTs. Finally, we present a 

practical method for investigating the polarization behavior of MWCNTs with a non-uniform Raman 

response based on Raman mapping and advanced data fitting. Our work gives additional insights into 

the characterization of structurally non-uniform MWCNTs and allows distinguishing between these 

MWCNTs and 1D moiré crystals based on collapsed SWCNTs or studying telescopic 1D vdW 

heterostructures with Raman spectroscopy. 

INTRODUCTION 

Multi-wall carbon nanotubes (MWCNT) represent a broad class of one-dimensional carbon 

materials, existing in several distinct forms, such as coaxially stacked cylindrical1 or polygonized2 

shells, scrolls3, or herringbone structures4. MWCNTs are mechanically robust due to strong sp2 

carbon-carbon bonds and have a large outer surface area and broad hollow inner space, accessible 

for molecular grafting and encapsulation, respectively. The MWCNT electronic and optical 

properties are defined by those of the individual walls, which can be metallic or semiconducting with 

a variable band gap depending on the diameter and roll-up (chiral) angle5. However, they generally 

act as metals due to averaged responses from multiple metallic and semiconducting layers. In 

addition, the electronic band structure of MWCNTs is modulated by the van der Waals (vdW) 

electronic coupling6 and moiré interference7, resulting in the appearance of flat bands or pseudogaps8.  

Owing to these remarkable properties and low production costs, MWCNTs find multiple applications 

in composite materials9, biotechnology10,11 and electronics12. The high surface area of MWCNTs is 

used to support other molecules, e.g., the molecular catalysts for photoelectrochemical cells13 or 

single atomic catalysts14. The inner channels of MWCNTs are actively exploited as the nanoscale 

chemical labs to grow 1D materials15 or to probe the fundamental properties of encapsulated 
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materials16. Finally, MWCNTs are still widely used for fundamental studies, e.g., to determine the 

angle-dependent conductance of nanotubes17 or to investigate the adsorption of DNA on the 

MWCNT surface18.  

The structural characterization of MWCNTs is an essential step for many of these applied and 

fundamental studies. One of the most powerful techniques in this regard is resonant Raman 

spectroscopy (RRS), which was shown to provide extensive structural information for single-wall 

carbon nanotubes (SWCNT)19,20. However, applying the same characterization principles to 

MWCNTs is challenging due to their structural complexity and inhomogeneity or complicated inter-

layer vdW interactions4. So far, RRS on MWCNTs has been limited to estimating the defect density 

(ratio of ID/IG or ID/I2D), measuring inner layer diameters from radial breathing mode frequencies, 

doping state through the shift of G-modes, or verifying the encapsulation or functionalization of 

molecules (see review in Ref. [4]).  

In the present paper, we probe the role of mechanical vdW coupling and structural inhomogeneity 

for characterization of individual MWCNTs by combining Atomic Force Microscopy (AFM), 

polarized Raman imaging and RRS measurements. The pure individual MWCNTs were obtained 

from arc-discharge (AD) synthesized MWCNTs using the on-chip purification method21. We reveal 

the inhomogeneity of the Raman signal from AD-MWCNTs and ascribe it to the inner layers 

extraction or damage during the sonication step of the dispersion procedure. We report the splitting 

of Raman-active G-band in isolated individual MWCNTs and describe it in terms of the varying 

inter-layer mechanical vdW coupling being the function of diameter and interlayer distance. Finally, 

we present a practical method for probing the polarization behavior of MWCNTs with a non-uniform 

Raman response based on Raman mapping and advanced data fitting, which allows identifying the 

antenna effect.  
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METHODS 

Materials. AD-MWCNTs were obtained from MER Corp., Sigma-Aldrich or collaborating group in 

Japan (A. Koshio, Iijimatubes). A powder of catalyst-free MWCNT material (containing also 

amorphous carbon particles) was dispersed in 1,2-dichloroethane, and the resultant suspension was 

sonicated for c. 10 minutes. This dispersion was deposited via spin coating on the Si/SiO2 substrates. 

The Si substrates had prefabricated marker structures, which enabled localization with AFM of 

individual and clean cases among the randomly dispersed MWCNTs.  

Atomic Force Microscopy. AD-MWCNTs were structurally characterized using a Bruker Dimension 

ICON platform used in conventional tapping mode with two types of Si probes bought from µMasch: 

HQ:NSC14 (f = 160 kHz, k = 5 N/m) and HQ:NSC15 (f = 325 kHz, k = 40 N/m). 

Raman spectroscopy. Resonant Raman spectra from individual MWCNTs, localized on the substrate 

with respect to the marker structures, were excited with an Ar ion laser (514 nm / 2.41 eV) and 

recorded using a single monochromator Renishaw InVia Reflex spectrometer, equipped with an edge 

filter (cut-off frequency at 50 cm-1) and Si CCD detector. All experiments were performed in the 

backscattering geometry under ambient conditions. A 100x microscope objective was used to focus 

the laser beam and collect the scattered light. The laser spot had a diameter of ~1 µm at the sample 

with a power density of ~106 W/cm2. The Raman spectra of MWCNTs were registered in three 

spectral regions: RBM, D and G, and 2D bands. For the polarized measurements, the sample with 

MWCNTs was placed on the rotation stage and rotated manually with a step of 10°. A fixed polarizer 

was used to analyze the scattered light polarized parallel to the incident-light polarization (VV 

configuration). To obtain the VH signal (incident and scattered light polarized perpendicular to each 

other), we rotated the scattered light polarization by a half-wave plate, keeping the same scattered-

light polarization direction in the grating and the CCD. 
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RESULTS AND DISCUSSION 

Non-uniform Raman response from individual MWCNTs. We investigated six samples with AD-

MWCNTs deposited on the Si/SiO2 substrates and purified by the liquid immersion technique from 

residual amorphous carbon (see Supporting Information (SI) Section S1)21. Using the AFM, we 

located overall 26 isolated individual AD-MWCNTs relative to the prefabricated markers (Fig. 1a-b 

and SI Section S2; individual SWCNTs and SWCNT bundles were avoided). These MWCNTs had 

outer diameters in the range 3.9 − 17.5 nm and lengths from 1 to 4 µm, as summarized in Table S1 

(SI Section S3). We found that 18 of 26 MWCNTs were in resonance when probed with the 514 nm 

laser excitation wavelength. The radial breathing-like modes (RBLM) were not detected for any of 

the investigated MWCNTs in contrast to previous studies on macroscopic ensembles of AD-

MWCNTs by SERS22, which suggest that we probed mainly large-diameter intermediate or outer 

layers (see discussion in SI Section S4).  

 

Figure 1. (a) Schematics of the experimental approach combining AFM and RRS on the same 

individual AD-MWCNTs using the prefabricated markers for localization. (b) AFM image showing 

a substrate with 8 studied AD-MWCNTs (marked by circles). The white scale bar is 7 µm. (c) G-

band Raman map of a representative AD-MWCNT (number 6 in (b)) obtained by integrating the 
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Raman intensities from 1510 to 1640 cm−1. Small white dots indicate the RRS measurement 

coordinates. (d) The G-band Raman spectra of the AD-MWCNT extracted from the map in (c) at the 

positions shown by large white dots, highlighting the non-uniform Raman response.  

We note that most of the studied AD-MWCNTs had a non-uniform distribution of the Raman signal 

along their lengths, as shown by the G-band Raman intensity map in Fig. 1c. The map was obtained 

from Raman spectra measured around a representative AD-MWCNT with a step of 0.5 µm by 

integrating Raman intensities from 1510 to 1640 cm−1. Small white points in Fig. 1c represent the 

actual measurement locations at the substrate, while the large white dots on the MWCNT correspond 

to the Raman spectra shown in Fig. 1d (top-to-bottom spectrum order corresponds to the right-to-left 

order of the dots along the MWCNT in Fig. 1c). The G-band spectra clearly vary along the length, 

which required us to use Raman imaging systematically for the complete structural characterization 

of AD-MWCNTs. 

We tentatively assign the non-uniformity of the Raman signal to the existence of structural 

modifications along MWCNTs, e.g., the sudden termination of specific layers leading to the so-called 

telescopic structure. The latter was observed on similar AD-MWCNTs in our recent high-resolution 

scanning tunneling microscopy (STM) and AFM studies23. Such structural inhomogeneities may 

appear during the post-synthesis processing, e.g., during sonication widely used for solubilization of 

CNTs in surfactants24. Previously, high-resolution TEM25 (HRTEM) and optical spectroscopy26 

studies reported that the sonication leads to the extraction of inner layers from double-wall CNTs 

(DWCNT), the simplest case of MWCNTs. In our case, it can lead to the complete or partial sliding 

of inner shells from outer MWCNT layers creating a telescopic geometry or to the formation of 

defects. However, the ID/IG ratio for most of the studied AD-MWCNTs was less than 0.05 (see Ref. 
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[23]), which is substantially lower than the one observed for CVD-grown MWCNTs in the literature 

(ID/IG from 0.5 to 1)27 and indicates that AD-MWCNTs conserve their high crystalline quality4. 

G-band splitting in individual AD-MWCNTs. Another important feature evident from Figure 1d is 

the splitting of the G-band, i.e., the appearance of multiple phonon peaks in the high-frequency 

spectral range between 1550 and 1610 cm−1. Such behavior was previously reported in the surface-

enhanced Raman studies22 or gate-dependent Raman measurements28 on AD-MWCNTs. The latter 

work tentatively assigned the lower-frequency G-band peaks to the inner-most shells since they were 

not sensitive to gate voltage change, presumably due to the screening by outer layers. We note that 

this G-band splitting is systematically found in most of the studied AD-MWCNTs, as illustrated by 

their unpolarized Raman spectra in Figure 2a.  

The peculiar G-band structure in AD-MWCNTs contrasts with the usual one-peak G-band spectrum 

of graphene and highly ordered pyrolitic graphite (HOPG), where it consists of two degenerate E2g 

phonons with the same frequency (see the topmost spectrum in Figure 2a)29. When the graphene is 

rolled into a nanotube, the degeneracy is lifted by the curvature and quantum confinement effects30, 

resulting in six new G-modes in a chiral SWCNT (2A1+2E1+2E2) or three modes (A1g + E1g + E2g) in 

an achiral SWCNT31. However, the strong depolarization (antenna) effect in SWCNTs severely 

attenuates light absorption and emission in the direction perpendicular to the nanotube axis, leading 

to the complete suppression of E1 and E2 modes32. It means in practice that only two A1-symmetry 

lines can be observed in an isolated free-standing SWCNT with frequencies depending on the 

diameter20,30. These dependencies are illustrated by solid blue and orange lines in Figure 2c, 

corresponding to the transverse optical (TO or G−) and longitudinal optical (LO or G+) modes of 

semiconducting SWCNTs, respectively.  
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When two or more SWCNTs are combined into a MWCNT, the total G-band becomes composed of 

a sum of the layers’ G-modes33,34, affected to some extent by the mechanical vdW interlayer coupling. 

We previously established on the example of individual semiconducting DWCNTs that the vdW 

coupling could shift the inner and outer layer G-modes apart compared to their frequencies in isolated 

SWCNTs35,36. The G-band shift was explained by two effects: variation of carbon-carbon bond length 

upon structural relaxation or interaction between the layers after relaxation35. The former depends 

strongly on the distance between the layers Δr and layer diameter d. For instance, in a set of 

semiconducting DWCNTs with a fixed inner layer diameter d = 2.2 nm, the G− line shifts relative 

to its frequency in a SWCNT by the value varying from +12.5 cm−1 to −20 cm−1, when the interlayer 

distance Δr changes from 0.32 nm to 0.38 nm, respectively35. The zero shift corresponds to Δr ≈ 

0.335 nm, i.e., the equilibrium interlayer distance in the HOPG. The shifted G-band spectra in 

DWCNTs resemble the observed splitting in AD-MWCNTs. 

We therefore investigate the role of vdW mechanical coupling in the G-band splitting of AD-

MWCNTs. Since this coupling was shown to depend on the interlayer distance Δr and layer diameter 

d35, we statistically analyze the correlation between these parameters in different MWCNTs. We 

review 335 DWCNTs and 41 distinct pairs of layers in 15 MWCNTs unambiguously characterized 

by electron diffraction (ED) or HRTEM from several tens of papers (for a full reference list of 

DWCNTs, see Refs. [37,38]; MWCNT data were taken from Refs. [39–43]). These data are also 

complemented by HRTEM studies by Kiang et al.44. The MWCNT interlayer distances are plotted 

as the function of outer layer diameter in Figure 2b with gray symbols. They scatter significantly 

between 0.3 and 0.5 nm for layers with d < 5 nm but tend to about 0.344 nm for d > 10 nm.  This 

scattering can be tentatively assigned to the chirality dependence of the minimum energy 

configurations of MWCNTs as reported in Ref. [45]. In short, among all geometrically possible 
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configurations of layers of a MWCNT, some have the minimum energy due to the vdW interaction. 

The energy difference between this optimum configuration and other possible configurations is high 

at large layer diameters but becomes negligible at small diameters. The latter implies that a higher 

number of structural configurations can grow with almost equal probability leading to the large 

scattering of the data points. In contrast, large diameter nanotubes tend to grow in the minimum 

energy states, characterized by similar chiral angles of the adjacent layers and interlayer distances 

close to the one in graphite45. 

Previously, Kiang et al.44 proposed an empirical relation predicting the interlayer distance in 

MWCNTs to decrease exponentially with increasing the diameter (solid blue line in Figure 2b). We 

note that this prediction contrasts with the observed large data spread below 5 nm, which can be 

explained by the limited number of observations available in Kiang’s work. 

To account for data variation, we statistically analyzed the distribution of points among different 

values of diameters and interlayer distances (see the bivariate histogram in Figure S5). We found that 

majority of the data are clustered in a region whose top and bottom bounds can be approximated by 

the functions represented by dashed red curves in Figure 2b. These curves were obtained through a 

linear-least square regression (SI Section S5) and allow predicting the possible extreme values of 

interlayer distance Δr for a given layer diameter d of a MWCNT.  
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Figure 2. Raman spectroscopy of individual AD-MWCNTs: (a) G-band range of unpolarized Raman 

spectra of investigated AD-MWCNTs and HOPG. The labels show the outer layer diameter obtained 

from AFM measurements. (b) Dependence of interlayer distance Δr in DWCNTs37,38 and 

MWCNTs39–43 on the diameter d established by ED and HRTEM measurements. Solid blue line 

represents the empirical relation obtained by Kiang et al.44, while dashed red curves designate the 

upper and lower bounds of Δr = f(d) dependence estimated in this work based on the highest data 

point concentration. (c) Dependence of G-band frequency in MWCNTs on the layer diameter d. Open 

circles correspond to the fitted G-band frequencies from (a) plotted as a function of the outer tube 

diameter. Filled orange circles represent MWCNT data from Nii et al.46, while gray squares and 
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triangles stand for the DWCNT34–36 and TWCNT47 data, respectively. Solid blue and orange lines 

illustrate the diameter dependence of the G− and G+ mode frequencies in semiconducting 

SWCNTs20,30, respectively. The calculated deviation in the G− frequency of the inner layer and G+ 

frequency of the outer layer due to the large spread of Δr values in MWCNTs shown in (b) are 

represented by the dashed blue and dashed-dotted orange curves, respectively. The dotted horizontal 

line with an arrow originating from one of the open circles indicates that the G-mode corresponds to 

an inner layer and its true position should be within the blue area.  

We then determined the G-band shift as a function of Δr and d by fitting the calculations of Popov et 

al.35 for G− and G+ phonons of inner DWCNT layers. The calculations are available for the diameter 

range 0.7 − 2.2 nm and contain the contributions from both relaxation- and interlayer interaction-

induced effects in DWCNTs (Figure S6). To estimate the G-band shift in larger DWCNTs, we 

assume that the relaxation-induced effects become negligible with decreasing the layer curvature, 

and the total G-band shift is reduced to those determined by interlayer interactions. Popov et al. 

established that the latter changes in Bernal-stacked bilayer graphene from −4.87 to −0.67 cm−1 when 

its interlayer distance varies from 0.32 to 0.38 nm, respectively35. We assume that the transition 

between the small diameter (dominated by relaxation effect) and large diameter (dominated by 

interlayer interaction) regimes in a MWCNT happens continuously with increasing layer diameter 

from 2.2 to 20 nm. The latter diameter was tentatively established based on the combined Raman and 

X-ray studies of Nii et al.46 on commercial MWCNTs (filled orange circles in Figure 2c), which 

showed that G-band frequencies decrease with the increase of MWCNT diameter and starting from 

d = 20 nm converge to almost a constant value at least up to d = 80 nm (Figure S7). As for the G-

band in outer DWCNT layers, our experimental observations on individual DWCNTs34 and 

calculations of Popov et al.35 suggest that they exhibit an opposite behavior to that of the inner layers. 
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Therefore, as a first approximation, we assumed for them the same values of the shifts as for inner 

layers but with opposite signs. 

We can now estimate the extreme G-band frequencies in the investigated range of MWCNT 

diameters resulting from vdW mechanical coupling. For this purpose, we first calculated the 

frequencies of G− and G+ phonons in SWCNTs using the empirical formulas established by Telg et 

al.30 (solid orange and blue lines in Figure 2c, respectively). These data are then corrected for the 

extreme shift values ΔωG estimated for inner and outer layers in DWCNTs. For the sake of clarity, 

we restrict ourselves to presenting the behavior of TO modes (G−) of inner layers and LO modes 

(G+) of outer layers, shown by the blue dashed and orange dash-dotted lines in Figure 2c, 

respectively. The filled blue and orange areas designate the range of variation of the G-band 

frequencies due to the large spread of interlayer distances Δr between the fitted top and bottom 

bounds in Figure 2b. Since the variation of Δr is decreased upon increasing the diameter, the variation 

of G-band frequencies is also reduced to a single frequency above d = 15 − 20 nm. We note that other 

Raman modes (e.g., G+ of the inner layer) omitted for presentation clarity lie in the gray region 

between the blue and orange areas. 

We now compare the calculations of the G-band shifts with the G-band behavior in MWCNTs index-

identified by ED or HRTEM from the literature34–36,47 and AD-MWCNTs from this work. The 

literature data consist of 45 measured G-mode frequencies in 15 DWCNTs34–36  and 3 G-mode 

frequencies in a TWCNT47 shown in Figure 2c by gray squares and triangles, respectively (see Table 

S2 in SI Section S6). Most of these experimental data points indeed differ from the expected G-band 

frequencies of SWCNTs (solid lines in Figure 2c), but lie exactly within the calculated G-band shifts 

and agree well with our model. 
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We also fitted the high-frequency Raman spectra of 18 AD-MWCNTs from Figure 2a with a set of 

Lorentzian functions as described in SI Section S7. In contrast to relatively easily interpretable 

Raman spectra of suspended DWCNTs and TWCNTs, the analysis of the Raman data from AD-

MWCNTs on the substrate is more complicated. First, we do not know a priori which layer of the 

AD-MWCNT is in resonance, especially when RBM lines are not detected. Secondly, the only 

accessible structural parameter of the AD-MWCNT is the diameter of the outer layer estimated by 

AFM. This means that if we plot all fitted G-mode frequencies for a given AD-MWCNT versus the 

outer tube diameter, only one G-mode can be assigned to the outer tube, while others originating 

from the inner layers will be offset vertically.  

We illustrate this by plotting the G-mode frequencies as a function of outer tube diameter in Figure 

2c with gray dots. The size of the gray dots represents the relative intensity (peak height) in the given 

AD-MWCNT spectrum. In the whole experimental diameter range of 3.9 − 17.5 nm, most of the AD-

MWCNTs have indeed at least one G-band frequency that lies within the calculated region of the G-

band shifts and therefore should correspond to the outer tube. However, some points lie below or 

above the predicted ranges, e.g., the one marked by the horizontal and vertical dotted lines in Figure 

2c. This point can be interpreted as originating from an inner layer in resonance with the laser 

excitation energy but having a smaller diameter than the one determined by AFM. Therefore, the true 

position of the point should be at lower diameter values within the filled blue area, as indicated by 

the arrow in Figure 2c. This approach for analyzing MWCNT G-band spectra provides a way to 

roughly estimate the diameters of the layers corresponding to the shifted G-modes. 

Finally, we discuss factors that can lead to the possible discrepancies between the calculations and 

the measured data. We note that in a MWCNT with three or more walls, an intermediate layer will 

be surrounded by two nanotubes. Therefore, the total effect of vdW coupling may differ from the 
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estimations based on the DWCNT model with only two interacting layers. Besides, we point out that 

according to Figure 2b, the interlayer distances in MWCNTs can sometimes attain values outside of 

the fitted top and bottom bounds. We treated these cases as outliers since they are rare according to 

the bivariate distribution (Figure S5). Still, they can lead to even greater G-band shifts than predicted 

in Figure 2c. 

In addition, the described intrinsic G-band behavior in SWCNTs and MWCNTs can be affected by 

extrinsic factors, such as intentional doping48,49 or accidental environment-induced50,51 doping, 

applied strain52 or temperature changes, e.g., through laser-induced heating53. The inter-layer charge 

transfer was also reported to affect the MWCNT properties54,55, but mainly in the case of interacting 

commensurate layers, which are statistically rare to observe in the experiment. The frequency shifts 

due to the laser-induced heating depend on the polarization of laser light relative to the MWCNT 

axis and were not observed in the experiment (see next section). The extrinsic strain should be 

minimal for a MWCNT with no bendings on the SiO2 substrate. As for the doping, in any case, it 

would lead to the up-shift of G-band frequencies relative to the frequencies in undoped SWCNTs48 

and therefore can not explain the observed large downshifts of the G-band. The lower G-band 

frequencies may be also assigned to E1 and E2 phonons, activated by the symmetry rules breaking 

upon the interaction between the nanotube and the substrate56. However, this should mainly affect 

the outer-most layers of MWCNTs contacting the substrate and not the inner ones, which are shielded 

from environmental interactions57. Furthermore, previous surface-enhanced Raman studies22 and 

gate-dependent Raman measurements28 on AD-MWCNTs explained the low-frequency G-band 

peaks as originating from inner layers, which agrees with our conclusions and supports the 

interpretation of the G-band shifts as due to the mechanical vdW interaction. 
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Polarized Raman spectroscopy and imaging of structurally non-uniform MWCNTs. We also 

investigated the effect of structural non-uniformity on the polarization dependence of G-band in AD-

MWCNTs. The schematic of our experimental set-up and the geometry of the polarized 

measurements are shown in Figure 3a. We note that the inhomogeneity of the Raman response (Fig. 

1c-d) poses a significant challenge for polarized measurements, as it was difficult to locate the same 

spot on the MWCNT upon rotation of the sample. Therefore, we systematically measured full Raman 

maps with steps of 0.5 µm in VV and VH configurations (Fig. 3b) around the approximated position 

of the MWCNTs relative to prefabricated markers as a function of angle θ. The Raman spectra were 

corrected for the power variation using the integrated intensity of silicon peak at ~950 cm−1 (the 

polarization dependence of the Si peak intensity was also accounted for). 

The measured dependence of the G-band on the light polarization direction for VV and VH 

configurations is visualized in Figure 3c (left and right panels, respectively) for a selected MWCNT. 

For presentation clarity, we plot only MWCNT spectra with the maximum G-band signal in the 

Raman map at the given θ angle (e.g., the brightest point in Figure 3b). To describe the polarization 

dependence quantitatively, we selected all points with a non-zero G-band signal around the MWCNT 

position. For example, for θ = 140° they are shown with open white circles in Figure 3b. In this way, 

we obtained about 200 G-band Raman spectra combining both VV and VH configurations and all θ 

angles. We then performed their simultaneous fit by using a sum of Lorentzian functions and sharing 

peak parameters between all the spectra. This fitting approach was adapted for the analysis of 

polarized Raman mapping from the two-dimensional fitting of Raman excitation maps in Ref. [58] 

(SI Section S7). The fit results for the G-band spectra with the highest intensity are shown with solid 

red lines in Figure 3c. The vertical dashed lines represent the fitted mode frequencies, namely 1566, 

1573, 1576, 1583 and 1595 cm−1. 
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Figure 3. Polarization-dependent Raman response from structurally non-uniform MWCNTs (a) 

Schematic of the experimental set-up used for polarized Raman measurements on AD-MWCNTs. 

(b) G-band Raman maps in VV (left) and VH (right) configurations of a representative AD-MWCNT 

obtained by integrating the Raman intensities from 1510 to 1640 cm−1. Small white dots indicate the 

RRS measurement coordinates. Open circles denote points used for Raman spectrum fitting. (с) 

Experimental and fitted Raman maps, showing G-band spectra of MWCNT as a function of the angle 

between the nanotube and the polarization of the incident light. d) The normalized integrated intensity 

of the G-mode with 1595 cm−1 for VV (top) and VH (bottom) configurations. Experimental data and 



17 
 

the fit with A1 polarization dependence are shown as circles and solid red curves, respectively. The 

data points corresponding to the Raman spectra with the highest G-band intensity from (c) are 

highlighted with filled black circles.   

We now show how the symmetry of Raman G-modes can be probed from the intensity dependence 

on the θ angle given the structural non-uniformity of a MWCNT. In general, the intensity of a 

polarized Raman signal is proportional to |êi·R·ês|
2, where êi and ês are the polarization of the incident 

and scattered photons, respectively, and R is the Raman tensor for a given mode53. We take as an 

example the G-mode with 1595 cm−1 (Figure 3c) and plot its fitted integrated intensities from all 

Raman spectra in the map as open circles in Figure 3d. The data points corresponding to the Raman 

spectra with the highest G-band intensity, e.g., those shown in Figure 3c, are highlighted with filled 

black circles. We find that these VV and VH data points can be fitted simultaneously only by the A1-

symmetry function as shown in Figure 3d by the solid red line, which agrees well with the 

polarization behavior of G-modes in SWCNTs and MWCNTs with strong antenna effect32,53. We 

find that similar polarization dependences can be obtained for most of the shifted G-modes, given 

that they are sufficiently resolved in Raman spectra. 

The presented polarized Raman mapping can be used to distinguish between structurally non-uniform 

(telescopic) MWCNTs and 1D moiré crystals based on collapsed SWCNTs59. Recently, a method for 

synthesizing such 1D moiré crystals was reported using an ultrasonication of AD-MWCNTs59. The 

collapsed SWCNTs and MWCNTs were in particular differentiated based on the different 

polarization dependence of the Raman modes since the polarization behavior of the former is no 

longer characterized by the antenna effect. Nevertheless, the authors of Ref. [59] probed only a few 

MWCNTs and did not report any structural irregularities along their length. This makes polarized 

Raman mapping a more systematic approach for such structural characterization.  
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Figure 4. (a) Experimental G-band Raman spectrum (open dots) and the results of the fit (solid 

curves). Several G-modes with frequencies 1566, 1573, 1576, 1583 and 1595 cm−1 have been 

identified. (b) Distribution of the identified G-band intensities (peak height) from (a) along the 

MWCNT. 

Finally, we analyze how integrated intensities corresponding to the individual shifted G-band 

components are distributed along the MWCNT. We take one VV spectrum of the MWCNT from 

Figure 3 as an example and provide its fit in Figure 4a. We then visualize the fitted intensity (peak 

height) distributions for each G-mode as a function of spatial coordinates in Figure 4b. In the first 

three maps (1566, 1573 and 1576 cm−1), one can find zones of non-uniform Raman signal 

corresponding presumably to the structural changes in the MWCNT. Assuming the low-frequency 

G-band lines originate from the inner layers, these changes may be due to partial extraction of the 

layers during the sonication treatment (such extracted parts were observed in AFM and STM images 
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from the same batch of AD-MWCNT material in Ref. [23]). Besides, the variation in the Raman 

intensity can be due to the shift of the transition energy and the subsequent change in the resonance 

conditions for a particular layer, since electronic vdW coupling6 is different in the extracted or 

covered parts. More detailed analysis of the maps in Figure 4b can be somewhat ambiguous due to 

the absence of HRTEM images exactly showing which regions of the MWCNT are empty or filled 

and the fact that Raman signal contains the information averaged over the large area on the MWCNT 

therefore both empty (extracted) and filled regions can contribute to the signal at one particular 

measurement location. 

In principle, the presented approach for Raman imaging based on the shifted G-band can be used to 

probe other types of coaxial systems, such as one-dimensional (1D) vdW heterostructures, i.e., 

coaxially-stacked carbon, boron nitride (BNNT) and molybdenum disulfide (MoS2) nanotubes60. 

Their synthesis method is characterized by the layer-by-layer growth mechanism, which can lead to 

telescopic geometries if the growth is terminated too early. Moreover, such 1D vdW heterostructures 

are grown over the open holes or slits which allow combining optical and HRTEM measurements 

and therefore solving the problem of ambiguous data interpretation typical for substrate samples as 

described above. Finally, the carbon nanotubes in such 1D heterostructures are reported to have the 

shifted G-modes60, which can be tentatively assigned to the effect of inter-layer mechanical vdW 

interactions studied in this work. Further experimental studies measuring G-mode shifts in multiple 

SWCNT@BNNT heteronatubes as a function of interlayer distance and diameter can verify these 

assignments. 

CONCLUSIONS 

In this work, we studied structurally non-uniformed AD-MWCNTs obtained through the 

ultrasonication process by combining polarized Raman imaging and spectroscopy and AFM. The 



20 
 

Raman imaging reveals the inhomogeneity of the Raman signal from AD-MWCNTs, which we argue 

is due to the inner layers extraction or damage during the sonication step of the dispersion procedure. 

We report the splitting of Raman-active G-band in isolated individual MWCNTs and interpret it in 

terms of the effect of inter-layer mechanical vdW coupling. Finally, we present a practical method 

for probing the polarization behaviour of MWCNTs with non-uniform Raman response based on 

Raman mapping and advanced data fitting allowing to identify the antenna effect.   

Our work gives additional insights into the structural characterization of structurally non-uniform 

MWCNTs and, therefore, allows distinguishing between such MWCNTs and 1D moiré crystals 

based on collapsed SWCNTs59 or studying telescopic 1D vdW heterostructures60. 
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