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Abstract 

We report pronounced electron-phonon interactions in suspended, nearly defect-free metallic 

carbon nanotubes, observed through a Kohn anomaly (KA) of greater strength than theoretically 

predicted. This KA is accompanied by a gate-induced modulation of the G band Raman 

intensity. By establishing a quantitative correlation between the strength of the non-adiabatic 

Kohn anomaly and the modulation of Raman intensity, we determine that the underlying cause 

that leads to both these effects is the same. By varying temperature, we find that metallic 

nanotubes can switch between a regime in which the non-adiabatic Kohn anomaly is clearly 

observed and a regime where the non-adiabatic Kohn anomaly is absent. The regime that does 

not exhibit a non-adiabatic Kohn anomaly is accompanied by a suppression of the Raman 

intensity under electrostatic gating, whereas in the regime where the non-adiabatic Kohn 

anomaly is clearly observed, strong enhancement of the Raman intensity with gating is observed.  
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Carbon nanotubes (CNTs) have been studied extensively over the last two decades due to 

their remarkable mechanical, electronic, and thermal properties. Despite this large collective 

body of research effort, there are still several important aspects of carbon nanotubes that are not 

well understood, with significant discrepancies between experiment and theory. Recently, the 

ability to fabricate ultra-clean, nearly defect-free, suspended single wall carbon nanotubes 

(SWNTs) has been developed 1-3. This has allowed scientists to study many interesting physical 

phenomena such as negative differential conductance (NDC)4, breakdown of the Born-

Oppenheimer approximation5, Wigner crystallization6, Raman intensity modulation7, and Mott 

insulator behavior2, 7. Because of their one-dimensional nature, pristine, defect-free SWNTs 

provide an excellent experimental platform to study the exotic physical phenomena of one-

dimensional systems.  

The especially strong electron-phonon coupling in this one-dimensional system has a 

significant effect on the G band of metallic nanotubes, which gives rise to a Kohn anomaly 

(KA)8-11, and is even predicted to cause a Peierls distortion (PD) at T=0K 12, 13. The G band for 

metallic SWNTs consists of two peaks, a G- peak that corresponds to the LO phonon mode and a 

G+ peak, corresponding to the TO phonon mode. In metallic SWNTs, the G- peak is downshifted 

and broadened due to a strong coupling of this phonon mode to the continuum of electronic 

states14. Time dependent density functional theory (DFT) calculations predict a breakdown of the 

Born-Oppenheimer approximation15, 16, which leads to the non-adiabatic Kohn anomaly17. In the 

non-adiabatic KA regime, the gate voltage (Vg) dependence of the G- phonon frequency follows 

a W shape profile15, which provides a signature of the non-adiabatic behavior17, 18. This 

phenomenon has been investigated previously, both in carbon nanotubes and graphene, using 

Raman spectroscopy13, 18-20. It is not surprising that the Born-Oppenheimer approximation breaks 
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down in carbon nanotubes, given the fast vibrational motion of their tightly bound carbon atoms 

(0.02ps) and long electron lifetimes (0.2-3.0ps)21. However, it is surprising that a vast majority of 

the literature on Raman spectroscopy of gated metallic CNTs shows no evidence of a non-

adiabatic KA10, 13. In these previous studies, the nanotubes were lying on a substrate and had 

undergone lithographic processing, which may induce defects and surface contaminants. In fact, 

clear non-adiabatic effects have only been observed in ultra-clean, nearly-defect free, suspended 

carbon nanotubes5. This is a testament to the acute sensitivity of this one-dimensional system to 

perturbations from substrate interactions and surface contaminants. Furthermore, in the work 

presented here, the strength of this effect is found to be considerably greater than both previous 

experimental work and predictions made theoretically20, 22. We have also found that nanotubes 

can transition between a regime in which the non-adiabatic KA is clearly evident to a second 

regime where there is no sign of the non-adiabatic KA, by varying the temperature.  

In this work, platinum source and drain electrodes are patterned on a Si/SiO2/Si3N4 wafer, 

along with a platinum gate electrode in an 800nm deep, 2μm wide trench, as described 

previously7, 18. A ferric nitrate catalyst for carbon nanotube growth is dispersed in de-ionized 

water and deposited in lithographically-defined windows patterned on the source and drain 

electrodes. CNTs are then grown by chemical vapor deposition (CVD) using a mixture of argon 

gas bubbled through ethanol and hydrogen at 825°C, yielding suspended single wall carbon 

nanotubes in a field effect transistor (FET) geometry, as shown in Figures 1(a) and 1(b). The 

nanotube growth is the final processing step in the sample fabrication, which ensures that these 

nanotubes are not contaminated by any chemical residues from lithographic processes. Also, 

since these nanotubes are suspended, there are no effects induced by the underlying substrate. 
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Current-bias voltage (I-Vb) and conductance-gate voltage (I-Vg) characteristics of each 

device are measured on a probe station in order to distinguish metallic nanotubes from 

semiconductors. High bias transport measurements are performed in an inert gas environment to 

determine whether the device is suspended, which is indicated by a region of negative 

differential conductance (NDC), as shown in Figure 1(c). The value of the maximum current is 

used to determine whether the device is a single isolated CNT or a bundle, as established by Pop 

et al.4. Single metallic CNTs that pass these selection criteria are selected and wire-bonded for 

further characterization. Raman spectra of these CNT devices are collected using either 633nm 

or 532nm wavelength radiation. The laser beam is attenuated by neutral density filters, to ensure 

that heating is minimal, and focused to a 1μm spot size using a cover-glass corrected 40X 

objective lens. The measurements are performed in an optical cryostat (Cryo Industries, Inc.) 

under vacuum at various temperatures between 4K and 400K. As a further selection criterion, we 

(Color online)Figure 1: (a) Schematic diagram and (b) SEM image of a suspended CNT 
FET device. (c) Typical room temperature electrical current versus bias voltage 
characterization of a metallic SWNT. The inset shows the low bias conductance versus gate 
voltage. 
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ensure that each nanotube does not exhibit a defect-induced D band Raman mode near 1350 cm-1 

23. G band Raman spectra are collected at different gate voltages and fitted to both Breit-Wigner-

Fano (BWF) and Lorentzian lineshapes. The Raman shift, peak height, full width at half 

maximum (FWHM), and the electron-phonon coupling factor (Fano factor from the BWF 

lineshape14) are extracted from these fits and plotted as a function of the applied gate voltage.  

Figure 2 shows the G- band Raman shift plotted as a function of the applied gate voltage, 

which clearly shows the W shape profile predicted for the non-adiabatic KA (Figure 7). The inset 

shows the raw Raman spectrum at Vg=0V. Time-dependent density functional theory predicts the 

maximum downshift in phonon frequency with gate voltage (from the ungated sample) at room 

temperature to be approximately 3 cm-1 15, 16, 20. However, as shown in Figure 2, this device 

shows maximum downshifts of 15 cm-1 at 300K, a stronger dependence of phonon energy on 

gate voltage than theoretically predicted. A similar W shape profile has been observed in 

graphene, but only at very low temperatures (T=12K)24. For graphene, however, the depth of this 

W shape is only about 1 cm-1. The significantly more pronounced W shape profiles observed in 

CNTs are indicative of strong electron-phonon interaction in metallic nanotubes, and of the 

cleanliness of suspended CNT samples fabricated in this fashion. Graphene samples, prepared on 

Si/SiO2 substrates, are prone to spatial fluctuations of Fermi level, making it harder to observe 

these effects. Comparing our results with the calculations of Tsang et. al20, we conclude that the 

electron-phonon interaction matrix element squared is approximately 500 eV2Å-2 for these 

suspended pristine metallic CNTs, which is about 5 times greater than values reported 

previously, both by experimental methods20 and theoretical calculations15. For a majority of our 

devices, the G- peak is significantly more intense than the G+ peak. Raw spectra for one such 

device are plotted in Figure S1. A color plot is shown in Figure S2, which also shows the gate 
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dependence of the G- band linewidth. On devices that clearly show a G+ band, we find that the 

G+ band Raman shift and intensity do not change with gate voltage. 

 

 

 

 

 

 

 

 

 

  

 

All 25 nanotubes characterized in this study were found to exhibit only two types of 

behavior, which we refer to as Regime 1 and Regime 2. In Regime 1, shown in Figure 3(a), the 

G band Raman shift exhibits a strong non-adiabatic Kohn anomaly, or W shape profile. These 

devices also show a suppression of the Raman intensity near Vg=0V, as shown by the data 

corresponding to the right vertical axis. Not all of our samples exhibit a W shape profile. In fact, 

a slight majority of samples do not exhibit this behavior. In Regime 2, shown in Figure 3(b), no 

gate voltage dependence is observed in the G band Raman shift, however, significant 

enhancement in the Raman intensity is observed near the charge neutrality point. Regime 1 

behavior was observed in 11 of the 25 nanotubes measured in this study, showing a clear W 

shape profile in the Raman shift versus Vg dependence and a gate-induced enhancement of the G 
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(Color online)Figure 2: G- band Raman shift plotted as a function of gate voltage at 
300K for sample 527-1m. The inset shows a typical Raman spectrum of a pristine 
metallic SWNT taken at 300K at Vg=0V. 
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band Raman intensity. As mentioned above, this W shape profile indicates strong electron-

phonon coupling and phonon energy renormalization due to the non-adiabatic Kohn Anomaly. 

The fact that this profile is not observed in Figure 3(b) indicates that neither the Kohn anomaly, 

nor the breakdown of Born-Oppenheimer approximation, make a significant contribution to the 

phonon renormalization energy in Regime 2 and the electron-phonon coupling is weak.  

 

 

 

 

 

 

 

 

 

 

 

Interestingly, many of the devices measured in this study were found to transition from 

Regime 2 to Regime 1 as the temperature was lowered. Figure 4 shows the gate dependence of 

the G- band for the same device measured at two different temperatures. At room temperature, 

the device shows no sign of the non-adiabatic Kohn anomaly (Figure 4(a)), and the Raman 

intensity is enhanced around Vg=0V, consistent with devices in Regime 2. At 4.2K, however, we 

observe the signature W shape profile (Figure 4(b)) and Raman intensity suppression around 

Vg=0V, consistent with devices in Regime 1. It should be noted that, in the case of this particular 

(a) Regime 2 Regime 1 (b) 

(Color online)Figure 3: Room temperature gate voltage dependence of the G- band Raman 
shift and intensity for (a) device 435-8m, showing the signature W shape profile indicating 
breakdown of the Born-Oppenheimer approximation(Regime 1) and (b) device 498-16m, 
showing no evidence of non-adiabatic behavior (Regime 2).  
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device, the full W shape profile cannot be seen, simply because the device was not gated strongly 

enough to clearly observe the upshift that follows, completing the W shape profile. This change 

from 300K to 4.2K in gate dependence was reversible and repeatable as we cooled down and 

warmed up the device. Hence, any contamination or damage to the nanotube can be ruled out as 

an underlying cause of this temperature-induced transition. Data was also collected at 

intermediate temperatures, and the temperature at which the device transitioned from Regime 1 

to Regime 2 was found to lie between 4.2K and 100K for device 359.  

 

 

 

 

 

 

 

  

 

 

These results indicate that there is a relation between the Raman intensity modulation and 

the non-adiabatic Kohn anomaly. In order to further establish this correlation, we first quantify 

the intensity modulation using the ratio of the Raman G band intensities of the gated and ungated 

CNT. Similarly, we quantify the strength of the non-adiabatic Kohn anomaly from the maximum 

downshift observed in G band Raman frequency from Vg=0V. This corresponds to the depth of 

the minima in the W shape profile. By plotting the intensity ratio against the maximum phonon 

(Color online)Figure 4: Gate voltage dependence of the G band Raman shift and G band 
Raman intensity for device 359 at (a) T= 300K, consistent with Regime 2, and (b) at 
T=4.2K, consistent with Regime 1. 
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energy downshift, we obtain the linear correlation shown in Figure 5. While both a bandgap and 

the electronic lifetime affect non-adiabaticity, based on our limited dataset, we are unable to 

clearly distinguish between changes brought upon due to a bandgap and due to a change in 

electronic lifetimes. It should be noted that, in this scheme, all the devices in Regime 2 (showing 

an enhanced Raman intensity around Vg=0V and no non-adiabatic KA) lie near the (0,0) point, 

since the Raman intensity of the doped CNT is much smaller than the undoped CNT. The G- 

band linewidths for the 25 samples measured in this study spanned a wide range from 33 cm-1 to 

83 cm-1.This data is given in Table T1 in the supplementary document along with the relative 

strengths of the non-adiabatic effects. No correlation could be established between the G- band 

linewidth and either the maximum Raman downshift in the W-shape profile, or the intensity 

modulation ratio.    
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Figure 5: Correlation between the ratio of gated and ungated G band Raman intensities for 
various devices plotted as a function of the maximum gate-induced downshift of the G band 
Raman frequency due to the non-adiabatic Kohn anomaly. Each point on this plot 
corresponds to a different nanotube sample. 
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The depth of the minima in the W shape profile is directly proportional to the electron-

phonon coupling matrix element, and the wide range of values obtained for this depth can be 

explained by the chirality dependence of electron-phonon coupling in SWNTs22. The linear 

correlation between this depth and the intensity modulation, as shown in Figure 5, suggests that 

intensity modulation is a manifestation of the same underlying mechanism, i.e., electron-phonon 

interaction. An abrupt change in the Raman intensity, as shown in Figure 3(a), can arise from a 

structural phase transition. For example, a Mott insulator transition or Peierls transition can result 

in a charge density wave, which lowers the symmetry of the crystal and can change these 

vibrational modes from Raman active to Raman inactive, thus resulting in an abrupt drop in 

Raman intensity near the charge neutrality point. However, from our limited datasets, we are 

unable to establish exactly which instability is producing these effects, and further studies are 

needed in this direction.  

The minima in the W shape profile have been predicted to deepen significantly as the 

temperature is lowered for graphene and metallic carbon nanotubes 15, 20, 22. These calculations 

assume linear bands for electron dispersion, with no bandgap. This general trend is observed on 

several devices, although, the effect is still not as pronounced as theoretically predicted. For a 

significant fraction of our devices, however, we do not see this trend. Figure 6 shows the gate 

dependence of the G- band Raman shift relative to the Raman shift at Vg=0, at different 

temperatures for two different CNT devices. Both devices show the W shape profile, indicating a 

strong non-adiabatic KA. However, at low temperatures, the device in Figure 6(a) clearly shows 

a deepening of the minima in Raman shift. In contrast, for a number of other devices, such as the 

one shown in Figure 6(b), we saw no appreciable change in the gate dependence of the Raman 

shift at different temperatures. 
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The Kohn anomaly occurs in metallic CNTs when a phonon excites an electron-hole pair 

across the tiny bandgap of the metal15. The creation of this electron-hole pair renormalizes the 

phonon self energy. A renormalized phonon self energy is written as the sum of the 

unrenormalized energy, ԰߱, and the real part of the phonon self energy, Πሺ߱,  ிሻ. Theܧ

imaginary part of this self energy gives the phonon lifetime, and hence the width of the phonon 

mode. From second order time dependent perturbation theory, the self energy is given as 

Πሺ߱, ிሻܧ ൌ 2 ∑ ൬ |௏ೖ|మ԰ఠିா࢑೐೓ା௜୻/ଶ െ |௏ೖ|మ԰ఠାா࢑೐೓ା௜୻/ଶ൰࢑ ሺ ௛݂ െ ௘݂ሻ,    (1)  

where the prefactor 2 comes from spin degeneracy22. Here, ௛݂,௘ are the Fermi distribution 

functions for holes and electrons, ܧ௞௘௛ ൌ ௞௘ܧ െ  ,௞௛ሻ is the electron (hole) energyܧ௞௘ሺܧ ௞௛, whereܧ

and ௞ܸ is the electron-phonon matrix element that converts a phonon into an electron-hole pair. 

By doping the nanotube, we increase its Fermi energy so that states in the conduction band are 

occupied. At T=0K, when ܧி ൌ ԰ఠଶ , all the electronic states that can be excited by a phonon are 

occupied, which switches off the Kohn anomaly and dramatically changes the electronic 

(Color online)Figure 6: Relative Raman shift of the G-band with respect to Vg=0 for (a) device 
491-15 and (b) device 527-1 taken at various temperatures. 
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screening of phonons. As a result, this phonon renormalization is extremely sensitive to the band 

gap of the nanotube. Since metallic nanotubes actually have non-zero band gaps, we must 

consider a model that includes the finite effective mass of the electrons. Using a finite-mass 

Dirac dispersion relation ሺܧ ൌ ඥ݉ଶ ൅ ሺ԰߭ி݇ሻଶሻ in the non-adiabatic case at T=0, we obtain 

 ReሾΠሺ߱, ிሻሿܧ ൌ ିఈଶ ቈܧ஼ െ ிܧ െ ቄሺ԰ఠሻమିሺଶ௠ሻమସ԰ఠ ቅ ln ቤ|ாಷ|ି԰ഘమ|ாಷ|ା԰ഘమ ቤ቉,     (2)  

where ߙ and ܧ஼ are constants and 2݉ is the band gap22. In this case, we see that the logarithmic 

singularity can be eliminated if the band gap nears the phonon energy, thus explaining why some 

nanotubes do not show a strengthening of the Kohn anomaly at lower temperatures, as in Figure 

6(b). In order to more accurately interpret the experimental observations presented in this study, 

both the functional form of the matrix element, Vk, and the curvature induced mini gap must be 

considered. Unfortunately, this requires a precise knowledge of the nanotube chirality. 

According to Engelsberg and Schrieffer25, non-adiabatic phonon frequencies are observed 

when the electronic momentum relaxation is slower than the phonon frequency. One can, thus, 

switch from adiabatic to non-adiabatic frequencies by changing the electronic relaxation time 

(that is, by changing the parameter Γ in Equation 1). The observed transition away from non-

adiabatic behavior, as shown in Figure 5, is brought upon by varying the temperature only. While 

the underlying nature of this change is not fully illuminated by this data, one possibility is that 

the electron lifetime (and hence Γ) changes with temperature. However, if that is the case, one 

expects to see a monotonic phonon hardening, as reported by Farhat et al10. That fact that this is 

not observed in our experiment indicates that the change in behavior is due to a change in the 

electron-phonon interaction matrix element, Vk. This is further corroborated by the observed G- 

band linewidths at different temperatures, which do not change considerably. 
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Figure 7(a) shows the calculated real part of the phonon self energy (based on Equation 

1) plotted as a function of the applied gate voltage, for two different temperatures, assuming 

there is no bandgap in the electron band structure of the metallic CNT. In this case, we can 

clearly see a deepening of the minima in the W shape profile, which has been reported 

previously 11, 15, 20. This behavior agrees with the trend observed in Figure 6(a). However, the 

inclusion of a mini bandgap (120 meV) at T=150K in the band structure of the CNT, can reduce 

the renormalization of phonon energy, as shown in Figure 7(b). Small bandgaps of ~100meV 

ب) ݇஻ܶ) have been observed experimentally in metallic nanotubes2, 7, and have been attributed 

to the effect of curvature22 and electron-electron interactions2. These calculations indicate that 

the experimental data shown in Figure 6(b) can be explained if a bandgap opens up in the 

metallic CNT as the temperature is lowered7. The electron-phonon coupling matrix element,| ௞ܸ|, 
is assumed to be the same for all cases in Figure 7. One must note, however, that these 

calculations involve several simplifications, making it difficult to provide an exact estimate for 

the electron-phonon interaction from our experimental data. Ideally, the electron-phonon matrix 

element, Vk, depends on the electron wavevector k. In a more detailed analysis, one could 

calculate the electron and hole wavefunctions using an extended tight binding model26, and 

thereby obtain the bare electron-phonon matrix element (g), using a deformation potential form 

of interaction22, 27, 28. Given the nanotube chirality, it is then possible to assign a functional form 

to the k dependence of Vk, which is proportional to g. However this simplification qualitatively 

captures the physical understanding of how a bandgap influences the phonon renormalization20. 

A more rigorous analysis would require information about the chirality of the nanotube to 

precisely calculate this matrix element, since the functional form of Vk varies with chirality. 

Unfortunately, none of the nanotubes presented in this study exhibited a radial breathing mode. 
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We were, therefore, unable to identify the chirality of the nanotubes, and this issue is yet to be 

investigated experimentally.  

  

 

 

 

 

 

 

 

 

 

 

As mentioned above, the W shape profiles observed in this work, and hence electron-

phonon interaction matrix elements, are significantly larger than values reported previously, both 

by experimental methods20 and theoretical calculations15. A recent study of graphene has 

indicated that the presence of long range electron-electron interactions renormalize both the 

phonon dispersion curve and the strength of the electron-phonon coupling matrix element using 

more accurate calculations of the electron band structure through the GW approximation29. The 

electron-phonon coupling matrix element calculated in this manner was found to be about 50% 

larger than the value obtained using the local density approximation. In view of this result, we 

feel similar theoretical studies are needed for metallic SWNTs to explore the role electron-

(Color online)Figure 7: The real part of Π(߱,  ,ி) from Equation 1 at T=300K and T=150Kܧ
with (a) no bandgap in the electron band structure and (b) a bandgap of 160meV.  
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electron interactions may have in enhancing the electron-phonon interaction and possible 

structural phase change. 

In conclusion, the immense strength of the electron-phonon interactions in metallic 

carbon nanotubes causes their phonon energies to depend strongly on the free carrier density. We 

find that these pristine nanotubes exist in one of two regimes – (1) having no sign of the 

breakdown of the Born Oppenheimer approximation and showing a suppression of the G- band 

Raman intensity with electrostatic gating and (2) showing a breakdown of the adiabatic 

approximation and accompanied by a dramatic gate-induced enhancement of G- band Raman 

intensity. We establish that the coupling between electrons and phonons in metallic CNTs is 

approximately five times stronger than previous theoretical and experimental reports, and that 

the strength of this coupling is correlated with the gate-induced Raman intensity modulation. The 

abrupt changes in the Raman intensity can arise from a structural phase transition, (e.g., charge 

density wave), which lowers the symmetry of the crystal, and can change these vibrational 

modes from Raman active to Raman inactive.  We feel that, in light of this evidence, the 

electron-phonon interactions in metallic carbon nanotubes should be theoretically re-examined.  
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