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 ABSTRACT 
We report evidence for a structural phase transition in individual suspended
metallic carbon nanotubes by examining their Raman spectra and electron trans-
port under electrostatic gate potentials. The current–gate voltage characteristics
reveal anomalously large quasi-metallic band gaps as high as 240 meV, the 
largest reported to date. For nanotubes with band gaps larger than 200 meV, we 
observe a pronounced M-shape profile in the gate dependence of the 2D band 
(or G’ band) Raman frequency. The pronounced dip (or softening) of the phonon
mode near zero gate voltage can be attributed to a structural phase transition
(SPT) that occurs at the charge neutrality point (CNP). The 2D band Raman
intensity also changes abruptly near the CNP, providing further evidence for a
change in the lattice symmetry and a possible SPT. Pronounced non-adiabatic 
effects are observed in the gate dependence of the G band Raman mode, however,
this behavior deviates from non-adiabatic theory near the CNP. For nanotubes 
with band gaps larger than 200 meV, non-adiabatic effects should be largely 
suppressed, which is not observed experimentally. This data suggests that these
large effective band gaps are primarily caused by a SPT to an insulating state, 
which causes the large modulation observed in the conductance around the CNP.
Possible mechanisms for this SPT are discussed, including electron–electron 
(e.g., Mott) and electron–phonon (e.g., Peierls) driven transitions. 

 
 

The ability to grow ultra-clean, nearly defect free, 
suspended carbon nanotube field-effect transistors was 
first developed by Cao et al. in 2005 [1]. Since then, 

several interesting phenomena have been observed in 
these pristine, unperturbed nanotubes, including non- 
equilibrium phonon populations [2], pronounced Kohn 
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anomalies due to strong electron–phonon interactions 
[3], non-adiabatic effects and breakdown of the Born– 
Oppenheimer approximation [4], Wigner crystallization 
[5], and possible Mott insulator behavior due to strong 
electron–electron interactions [6]. These phenomena 
are only seen in pristine unperturbed nanotubes, 
indicating how sensitive this one-dimensional material 
is to slight defects, surface contaminants, and substrate 
interactions [7]. For example, the observation of 
non-adiabatic effects (i.e., breakdown of the Born– 
Oppenheimer approximation) in carbon nanotubes 
was not a surprising finding, based on their long 
electron lifetimes and the short vibrational cycle of 
the tightly bound carbon atoms. However, this was 
not observed prior to 2009 in substrate-supported 
nanotubes [8–11]. Desphande et al. first pointed out 
that the quasi-metallic band gaps observed in these 
ultra-clean, nearly defect-free, suspended nanotubes 
were anomalously large, exceeding the band gaps 
predicted from curvature induced effects [6, 12].    
In particular, they showed that metallic armchair 
nanotubes, which should have no curvature-induced 
band gap [12], had finite band gaps on the order of 
10–100 meV. A Mott insulator transition was proposed 
as a possible explanation, in which the strong Coulomb 
repulsion at half filling of the energy bands localize 
electrons, one electron per atom site, to form a Mott 
insulator [13]. This typically results in slight changes 
in the lattice structure of the material. Raman intensity 
modulation has been reported previously for Mott 
insulator transitions in other materials systems, 
including LaSrTiO3 and YCaTiO3, due to a lowering of 
the crystal symmetry and an increase in the effective 
mass m* associated with the Mott state [14]. Previous 
experiments with bulk Mott insulators used chemical 
impurity doping, which introduces additional disorder 
into the system. Carbon nanotubes, however, offer the 
opportunity to study electronic phenomena without 
interference from disorder by electrostatic doping. A 
Peierls distortion would also produce a band gap in 
this system, but has only been predicted theoretically 
in nanotubes with very small diameters (~0.5 nm) 
and at very low temperatures, and is not expected to 
occur in the relatively large diameter nanotubes grown 
in this study. 

Previous Raman studies of ultra-clean, nearly defect- 

free, suspended carbon nanotubes focused primarily 
on the G band Raman mode [2, 4, 15]. In this paper, 
we present the electrostatic doping dependence of 
the 2D band (also known as G’ band) Raman mode, 
which is not significantly affected by the Kohn 
anomaly or non-adiabatic effects in the nanotube and, 
thus, provides a more direct means for observing 
changes in the lattice structure and bond strengths of 
the nanotube. The effects observed in the Raman spectra 
are correlated with I–Vgate transport data, which exhibit 
large effective band gaps of ~200 meV. 

Suspended carbon nanotubes (CNTs) were grown by 
chemical vapor deposition (CVD) on pre-patterned 
wafers using ferric nitrate catalyst at 825 °C. Before 
growth, platinum source and drain electrodes were 
patterned on a Si/SiO2/Si3N4 wafer, together with a 
gate electrode in a 500 nm deep, 2 μm wide trench 
etched into the wafer [15]. The resulting field effect 
transistor (FET) device geometry is shown in Figs. 1(a) 
and 1(b). The nanotube growth is the final step in this 
sample fabrication process, which ensures that these 
nanotubes are not contaminated by any chemical 
residues from the lithographic fabrication processes.  

The current–bias voltage (I–Vb) and conductance– 
gate voltage (G–Vg) characteristics of each device were  

 
Figure 1 (a) Scanning electron microscope image and (b) 
schematic diagram of suspended carbon nanotube field effect 
transistor device. 
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recorded on a probe station, allowing us to separate 
metallic from semiconducting nanotube devices. High 
bias transport measurements were performed in an 
argon environment to determine whether the device 
is suspended, which is indicated by a region of 
negative differential conductance (NDC) [16]. The 
value of the maximum current enables us to determine 
if the device is a single isolated CNT or a bundle, as 
established by Pop et al. [16]. Single metallic CNTs 
that passed these selection criteria were selected and 
wire-bonded for further characterization. We then 
collected Raman spectra with either 633 nm or 532 nm 
wavelength radiation. The laser beam was focused  
to an approximately 1 m spot size and attenuated 
by neutral density filters to ensure that heating was 
minimal, with a power of 20 μW. None of the devices 
reported here exhibited any detectible defect-induced 
D band Raman mode around 1,350 cm–1 [17].  

Figure 2(a) shows the gate voltage dependence of 
the 2D Raman mode for a single suspended metallic 
carbon nanotube measured at room temperature, 
exhibiting a clear “M” shape profile. This “M” shape 
profile has a linear background with a slope of 
approximately –0.33 cm–1·V–1, which can be attributed 
to doping-induced weakening of the carbon–carbon 
bonds, and hence softening of the phonon modes. 
The dip occurring around zero gate voltage can be 
understood as the result of a structural phase transition 
(SPT) occurring at the charge neutrality point, causing 
a slight change in the lattice symmetry/bond strength, 
as discussed below.  

Figure 2(b) shows the conductance–gate voltage 
characteristics for the same CNT shown in Fig. 2(a). 
This data was fitted using a Landauer transport model, 
giving an estimated band gap of the nanotube of 
220 meV. Here, we also fitted the I–Vgate data using a 
Landauer model, as discussed previously [7, 18]. 
Briefly, the low bias conductance of the device can be 
expressed as  
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the derivative of the Fermi–Dirac distribution [19]. 

 
Figure 2 (a) Gate voltage dependence of the 2D band Raman 
shift and (b) conductance–gate voltage curve for a suspended 
metallic CNT measured at room temperature. 

Using a hyperbolic energy dispersion relation, we 
integrate over the density of states which is given by  
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Here, the density of states is zero inside the band gap, 
Eg. The Fermi energy in the nanotube is related to the 
applied gate voltage according to the following relation 
[18, 20, 21]:  

 F g
QE eV
C

               (3) 

where EF is the Fermi energy, Q is the electric charge 
on the nanotube, and C is the geometric capacitance. 
The electric charge is calculated by 

 bands
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where ( )D E  is the density of states, and ( )f E  is the 
Fermi function.  

Figure 3(a) shows the gate voltage dependence of 
the 2D band for another suspended quasi-metallic 
CNT device. Here, a slight monotonic decrease in the 
2D band frequency is observed under applied gate 
voltages with a slope of approximately –0.25 cm–1·V–1, 
consistent with doping-induced expansion of the 
carbon–carbon bond. A band gap of 56 meV was 
determined from a Landauer fit of the G–Vg data 
shown in Fig. 3(b). This behavior was observed 
consistently in four other nanotubes measured whose 
effective transport band gaps were below 100 meV. 

As reported in our previous work, the gate 
dependence of the G band Raman mode exhibits a 
pronounced W-shape profile, as shown in Fig. 4(a), 
which arises from non-adiabatic behavior observed 
through the strong Kohn anomaly in the nanotube.  

 

Figure 3 (a) Gate voltage dependence of the 2D band Raman 
shift and (b) conductance–gate voltage curve for another suspended 
quasi-metallic CNT measured at room temperature. 

This W-shape profile was first predicted theoretically 
[10, 12, 22, 23] and later observed experimentally 
[3, 4]. Figure 4(b) shows the non-adiabatic doping 
dependence of the G band calculated at room tem-
perature using second order perturbation theory for 
a quasi-metallic nanotube with various band gaps. 
Following the treatment of Sasaki et al. [12], we 
calculate the phonon self energy, Π(ω, EF), using the 
expression in Eq. (5). 
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where Vk is the electron–phonon coupling matrix 
element,   is the phonon energy (0.196 eV), Eeh = 
Ee – Eh (where Ee(h) is the electron (hole) state energy, 
given by the hyperbolic dispersion), f e(h) is the Fermi 
occupation function for electrons (holes), and Γ is 
determined self consistently from the imaginary part 
of the phonon self energy. The real part of the phonon 
self energy gives the renormalization of the phonon 
energy due to electron–phonon interaction.  

Figure 4(b) shows the calculated relative Raman 
shift of the G band due to non-adiabatic phonon 
renormalization. Here, the W-shape profile becomes 
significantly weaker for a band gap of 100 meV, and is 
completely absent for a nanotubes with a band gap of 
200 meV. That is, when the band gap of the nanotube 
is larger than the optical phonon energy (196 meV), 
the dominant contribution for perturbation (Eeh=ħω) 
is suppressed. Also, notice that the slope of the G 
band Raman shift with respect to gate voltage is 
non-zero in the experimental data near the charge 
neutrality point (CNP), whereas theory predicts a 
zero slope. This deviation from theory is observed 
consistently in all metallic nanotubes measured with 
large band gaps. The pronounced non-adiabatic 
W-shape profile observed experimentally indicates 
that the actual separation between the conduction and 
valence bands must be smaller than 200 meV. This 
suggests that the large effective band gaps observed 
in the I–Vg characteristics are primarily caused by a 
SPT to an insulating state, which causes a large 
modulation in the conductance around the CNP.  
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Figure 4(c) shows the gate dependence of the 2D 
band, which also shows the same M-shape profile seen 
in Fig. 2(a). Near the CNP, the 2D band exhibits a 
monotonically decreasing gate dependence with a slope 
of approximately –0.5 cm–1·V–1. The 2D band Raman 
mode is affected much less by the Kohn anomaly than 
the G band and, thus, provides a more reliable means 
for observing changes in the lattice structure and bond 
strengths of the nanotube. Figure 4(d) shows the non- 
adiabatic doping dependence of the 2D Raman mode 
calculated using Eq. (5). Since the 2D band does not 
exhibit significant non-adiabatic effects, the M-shape 
profile shown in Fig. 4(c) indicates the existence of a 
different mechanism for phonon softening at the CNP. 
Araujo et al. observed an upside down V-shape gate 
dependence in the 2D band of single layer graphene 
[24]. This behavior was attributed to non-adiabatic  

effects; however, no rigorous calculations were given. 
In the 2D data shown in Figs. 2(a) and 4(c), the 
downturns at the two ends of the M-shape profile 
could be due to non-adiabatic effects, while the dip at 
the CNP is due to the SPT.  

We also observe dramatic changes in the 2D band 
Raman intensity, as shown in Figs. 5(a) and 5(b). Our 
previous measurements of the G band Raman intensity 
have shown similar changes with doping [3, 15]. 
Typically, changes in the Raman intensity of CNTs 
are attributed to a change in the resonance condition 
(ΔEii). Such a large change in the Raman intensity (5X) 
would require a change in the resonant optical transi-
tion energy of ΔEii≥50 meV. It is tempting to attribute 
the changes observed in Raman frequency and Raman 
intensity to strain induced by the electrostatic gate 
force. However, this can be ruled out for several 

 
Figure 4 Experimentally measured (a) G and (c) 2D Raman modes taken from the same nanotube at room temperature. Non-adiabatic 
calculations of the gate dependence of the (b) G and (d) 2D bands. 
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reasons. First, the nanotube will be pulled towards the  

bottom of the trench with a force given by 
 2

g

1
2

F
C V

,  

where   d / dC C z  is the derivative of the capacitance 
with respect to the distance between the nanotube 
and the gate electrode. Assuming a Young’s modulus 
of 1 TPa [25] and a strain-induced downshift rate of 

Gd / dW σ = –5.2 cm–1·GPa–1 [26], a tension of 0.38 GPa 
would be required to produce the 2 cm–1 change in 
the Raman shift that is observed experimentally. This 
corresponds to an applied gate voltage of more than 
40 V [27, 28], which is one order of magnitude higher 
than the actual gate voltage applied in this study, and 
thus negligible. Furthermore, any change in Raman 
shift due to gate voltage induced strain would produce 
a monotonically decreasing change, not an abrupt  

M-shaped change, where there is first a phonon 
hardening and then a softening. Second, we have not 
observed any changes in the radial breathing mode 
(RBM) anti-Stokes/Stokes intensity ratio, which is 
extremely sensitive even to small changes in the optical 
transition energies (i.e., Eii) due to strain [15]. Lastly, 
no gate-induced changes in the Raman intensity    
or Raman frequency have ever been observed for 
suspended semiconducting nanotubes, further in-
dicating that the phenomena observed here are not 
due to electromechanical forces. Here, we believe that 
a SPT occurring near the CNP results in significant 
changes in the matrix elements associated with the 
Raman process. The exact nature of this SPT, however, 
is still unknown and will require further studies. As a 
comparison, the CNT shown in Fig. 3 (Eg = 56 meV) 
showed no gate dependence of the Raman intensity.  

 
Figure 5 (a), (b) 2D band Raman integrated area intensities and (c), (d) Raman shifts for two different quasi-metallic devices (Sample 1
and Sample 2). 
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Several possible mechanisms have been proposed 
to explain the band gaps observed in metallic carbon 
nanotubes. Early scanning tunneling microscopy (STM) 
studies of metallic nanotubes attributed these small 
energy gaps to the curvature of the nanotube [29]. 
The curvature-induced band gaps are given by 

 2
gap tcos(3 )E C d , where C is 60 meV·nm2, dt is the 

nanotube diameter, and   is the chiral angle [12, 30]. 
For the range of diameters in this work, we expect 
band gaps of Egap ≈ 0–50 meV, which is more than four 
times smaller than the band gaps we observe. Armchair 
nanotubes, which theoretically should have Egap = 0, 
have also been shown to exhibit substantial band gaps 
experimentally [6]. Like curvature, uniaxial strain can 
also result in a band gap [31, 32]; however, these 
types of symmetry-breaking band gaps can be closed 
with the application of an axial magnetic field, which 
was not observed experimentally in suspended CNTs 
[6], indicating that another underlying mechanism 
must be responsible for the observed band gaps. As 
mentioned above, the relatively large band gaps 
observed in ultra-clean, suspended quasi-metallic 
carbon nanotubes have been attributed to a Mott 
insulator transition arising from strong electron– 
electron interactions [6]. However, this mechanism 
has not been verified, and the exact nature of the Mott 
state is not known, including whether it exhibits a 
charge density wave, spin density wave, or otherwise 
[33, 34]. Many authors have calculated a Peierls 
instability in nanotubes, as early as 1992, predicting 
that this transition is unlikely because of the energy 
subband structure [23, 35–38]. Both a Peierls distortion 
and a Mott transition would result in a large 
modulation of the Raman intensity through a lowering 
of the crystal symmetry and an increase in the effective 
mass m*. However, Peierls distortions have been 
predicted theoretically only in nanotubes with very 
small diameters (~0.5 nm) and are not expected to 
occur in the relatively large diameter nanotubes grown 
in this study. Both transitions are extremely sensitive 
to slight changes in the free charge density in the 
system [39, 40]. A change in the lattice constants and 
optical transition energies with Fermi energy have 
been predicted by first principles calculations in 
metallic nanotubes near the first pair of van Hove 
singularities [41]. Structural stabilization by a naturally 
occurring torsion of the nanotube has also been pre-

dicted to produce a band gap in metallic nanotubes 
[42]. Future studies are needed in order to establish 
the precise mechanism underlying the structural phase 
transition reported in this letter. It is likely that this 
modulation has not been observed until now because 
most previous studies of electrostatically gated carbon 
nanotubes were performed on nanotube-on-substrate 
devices rather than pristine, suspended devices. The 
Mott insulating state (and Peierls distortion) requires 
the presence of a well-defined charge neutrality point 
[20], which may not occur in samples with defects, 
substrate contact, or post-processing residue. 

In conclusion, the electrostatic doping dependence 
of the Raman spectra and electron transport in ultra- 
clean suspended carbon nanotubes shows evidence for 
a structural phase transition. Near the charge neutrality 
point (CNP), effective band gaps as large as 240 meV 
are observed in the current–gate voltage characteristics 
of quasi-metallic nanotubes. A pronounced dip in the 
2D band is also observed at the CNP indicating a change 
in the lattice or electronic structure. The measured 
gate dependence of the G and 2D band Raman shifts 
and intensities deviate from non-adiabatic calculations 
near the CNP, indicating the existence of another 
mechanism affecting the phonon modes. For nanotubes 
with smaller quasi-metallic band gaps (~50 meV), these 
Raman features are not observed near the charge 
neutrality point, indicating that the Raman and 
transport phenomena are related. 
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