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We have studied the line shape and frequency of the G band Raman modes in individual metallic single
walled carbon nanotubes (M-SWNTs) as a function of Fermi level (�F) position, by tuning a polymer
electrolyte gate. Our study focuses on the data from M-SWNTs where explicit assignment of the G� and
G� peaks can be made. The frequency and line shape of the G� peak in the Raman spectrum of
M-SWNTs is very sensitive to the position of the Fermi level. Within �@!=2 (where @! is the phonon
energy) around the band crossing point, the G� mode is softened and broadened. In contrast, as the Fermi
level is tuned away from the band crossing point, a semiconductinglike G band line shape is recovered
both in terms of frequency and linewidth. Our results confirm the predicted softening of the A-symmetry
LO phonon mode frequency due to a Kohn anomaly in M-SWNTs.
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Recent experimental and theoretical studies on single
wall nanotubes (SWNTs) have reported significant
electron-phonon (e-p) interactions in electrical transport
[1,2], electron tunneling [3], and optical transitions [4–6].
An investigation of the e-p coupling mechanisms in me-
tallic nanotubes is therefore fundamental to understanding
1D conduction in these materials. Electron-phonon cou-
pling has been predicted to give rise to a striking difference
between the G band Raman feature of metallic (M) and
semiconducting (S) SWNTs [7–11]. The lower energy
(G�) peak of M-SWNTs (M-G�) typically is much
broader and occurs at a lower frequency compared to the
G� peak in S-SWNTs (S-G�), and in some cases exhibits
an asymmetric line shape. While the S-G� has been as-
signed to the transverse optical (TO) phonon mode, which
is downshifted with respect to the S-G� due to the SWNT
curvature, several recent works [7–11] have assigned
M-G� to the longitudinal optical (LO) mode with A sym-
metry, softened by a Kohn anomaly (KA) at the � point in
the phonon dispersion.

The KA occurs in the LO phonon branch because the LO
phonon distorts the lattice such that a dynamic bandgap is
induced in the electronic band structure [8]. This lowers the
energy of the valence electrons near the Fermi point and
thus lowers the energy required to distort the lattice, lead-
ing to phonon softening. Clearly, this coupling mechanism
is sensitive to the position of the Fermi level. As the Fermi
level (�F) is shifted away from the Fermi point, the elec-
tronic energy saved by distorting the lattice becomes neg-
ligible. Moving �F by means of doping or a gate voltage
therefore provides a way of tuning the strength of the
electron-phonon coupling.

A large body of work has been carried out on this topic,
whereby �F of SWNTs was tuned by alkali metal doping
[12–14], polymer doping [15], and by electrochemical

gating [16–21]. A general trend of an increase in the
frequency and a decrease in the linewidth of the M-G�

peak was observed for both n-type and p-type doping.
However, since most of these studies were carried out on
large ensembles of nanotube bundles, it was not possible to
track individual peaks as a function of doping. Even in
studies carried out at the individual M-SWNT level [22],
the G band often contains several overlapping peaks, mak-
ing it difficult to assign and track each peak as �F is tuned.

In this Letter we used a polymer electrolyte gate to tune
�F in order to study the KA in individual M-SWNTs. We
show that, among the many M-SWNTs investigated, some
M-SWNTs have only two peaks (G� and G�) in their G
band Raman spectrum when �F is tuned from the band
crossing point to high positive or negative doping levels.
For these nanotubes, we are able to unambiguously track
the position of theG� peak and observe the evolution of its
line shape and frequency as a function of �F. The results of
our analysis are in good quantitative agreement with recent
theoretical predictions of phonon softening in M-SWNTs
by a KA mechanism [11]. Our observations provide con-
vincing evidence of the existence of a KA in the A sym-
metry LO phonon branch of individual M-SWNTs.

SWNTs were grown by CVD (chemical vapor deposi-
tion) on a SiO2=Si substrate using dispersed catalytic
ferritin nanoparticles. Subsequently, a 30 nm Au ground
electrode with a Cr adhesion layer was evaporated on half
of the substrate to keep the nanotubes at a constant poten-
tial with respect to the gate [Fig. 1(a)]. The SWNT density
was kept high enough to create a network of tubes that are
connected to the ground electrode, but low enough to be
able to observe spectra from individual tubes with a laser
spot size of�1 �m. Figure 1(b) is a representative atomic
force microscope (AFM) image of the samples used in this
work. To get a high gating efficiency, we used a molten
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polymer electrolyte [23,24] that is stable under applied
voltages greater than 1 V. A gold wire was used to apply
a voltage to the polymer gate. Raman spectra were taken at
a laser energy (Elaser) of 1.91 eV (647 nm) with a spec-
trometer resolution of �5 cm�1. A�1 �m laser spot was
scanned along the edge of the ground electrode in search of
M-SWNTs [based on the radial breathing mode (RBM)
frequency or the G band line shape]. Once the desired
SWNT was located, a series of spectra were taken while
sweeping the gate voltage. Raman modes of the electrolyte
(1450 and 1485 cm�1) are also present in the region of
interest and can overlap with the tail of the broadened G
band. However, these peaks are independent of the applied
gate voltage VG and are easily distinguished from the G
band signal. All of the nanotubes that we have studied
exhibit a weak or absent D band, whose intensity and
frequency are independent of VG.

Figure 2(a) is a representative map of the G band inten-
sity of a M-SWNT as a function of the gate potential VG. A
clear evolution of the M-G� and M-G� peaks can be seen.
The M-G� peak shifts almost symmetrically about VG;o �
1:2 V [Fig. 2(a)]. The G band spectra, for the same nano-
tube at various gate voltages, are shown in Fig. 2(b). Here
we see that at VG;o, M-G� has the lowest frequency
(1550 cm�1) and amplitude as well as the greatest full
width at half maximum (FWHM) (68 cm�1). We believe
that VG;o corresponds to zero doping (i.e., the band cross-
ing point), since nanotubes are usually p type from am-
bient oxygen doping and can be further doped by the
electrolyte solution due to perchlorate adsorption on the
nanotubes [25]. When the gate voltage is moved below or
above VG;o, the M-G� peak frequency and intensity in-
crease, its linewidth decreases, and the peak line shape
becomes similar to theG band of S-SWNTs [Fig. 2(b)]. On
the other hand, the M-G� peak in this sample (located at
1589 cm�1 for VG � VG;o), only upshifts by 18 cm�1 with
no appreciable change in FWHM for the same range of
electrochemical gating VG. The intensity of the M-G�

peak is significantly reduced when VG is moved away
from VG;o, showing a sharp contrast to the response of
the M-G� peak to changes in the �F position.

For SWNTs, the G band has six components corre-
sponding to TO and LO phonon modes, each with either
A, E1, or E2 symmetry [26]. The A symmetry modes
typically make the largest contribution to the intensity
[27]. For the M-SWNT shown in Figs. 2(a) and 2(b), the
G band spectrum exhibits only two peaks throughout the
range of electrochemical gating. In addition, the peak
intensities and positions evolve gradually and smoothly
when the �F position changes, without any sudden shifts
or abrupt jumps. Furthermore, when the M-G� peak shifts,
it carries all of its intensity with it, without leaving behind
another peak. Based on all the above, we believe that the
M-G� and M-G� peaks can definitively be assigned to the
A symmetry LO and TO modes, respectively. In some
nanotubes it is difficult to easily assign modes to the peaks
because there are multiple peaks in the G band spectrum.
Figure 2(c) is an example of the spectrum for one such tube
taken at VG � VG;o (see also [22]). When VG is moved
away from VG;o, some peaks overlap and others disappear
entirely, making it difficult to correctly assign the peaks
and to track their evolution. The explicit assignment of the
peaks shown in Fig. 2(b) allows us to focus on the evolu-
tion of the M-G� peak under gating, which has been
proposed to be softened by a KA mechanism. We have
performed a quantitative comparison with theoretical mod-
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FIG. 2 (color online). (a) G band intensity map vs applied gate
voltage VG for an individual M-SWNT. (b) G band spectrum, for
the same nanotube as in (a), taken at the indicated VG values.
The spectrum at the bottom of the panel corresponds to VG;o.
(c) G band of a M-SWNT whose peaks are difficult to track
because the spectrum is composed of many overlapping peaks.
Arrows indicate peaks associated with the electrolyte (d) G band
of a S-SWNT taken at the different VG, with a step in VG of 0.2 V
between traces.
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FIG. 1 (color online). (a) Schematic diagram of the experi-
mental setup. The excitation laser shines through the
PEO=LiClO4 polymer electrolyte. (b) An AFM image indicating
that the nanotubes are spaced out and are typically isolated from
one another.

PRL 99, 145506 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
5 OCTOBER 2007

145506-2



els in terms of the frequency change and linewidth. A
number of works have calculated the renormalized LO
phonon dispersion due to the KA, using density functional
theory [8,10,11] and tight-binding methods [9,28], with
[9,11] specifically addressing the dependence of the pho-
non softening on the �F position. Recent works addressing
the time dependence of the coupling mechanism have
demonstrated that there are significant corrections to the
phonon renormalization with respect to calculations that
treat the problem in the static approximation [11,29]. Here
we compare our data to an analytical result taken from [11]
where a time-dependent dynamical matrix is used to de-
termine the renormalized phonon frequency and lifetime.

Figure 3(a) shows the measured frequency vs �F for two
different M-SWNTs (for which only two peaks were ob-
served in the G band) laid over the calculated phonon
frequencies based on [11]. The only fitting parameter is
the gate coupling efficiency, taken as 0.4 and 0.37 for M-
SWNT #1 and #2, respectively. These values are slightly
lower than the gating efficiency of 0.6 previously reported
for this type of gating setup [30]. In our calculation, we
have used a tube diameter of 1.2 nm, since we observe a
RBM frequency mostly in the range of 190–205 cm�1 with
an excitation energy of 1.91 eV. The two minima, located
at �@!=2 on the solid curve in Fig. 3(a), correspond to �F
being equal to half the phonon energy, at which point the
e-p coupling is the strongest because the energy of the
electronic intraband excitations is exactly the phonon en-
ergy. These singularities appear in the calculated phonon
frequency for a perfect crystal at a temperature of T �
0 K. However, with higher T, and energy level broadening
due to disorder, we do not expect to see these singularities
in our experiment [11].

Various decay pathways contribute to the phonon line-
width. The total linewidth is given by �TOT � �EPC � �0

where �EPC is the gate-dependent contribution from e-p
coupling and �0 includes contributions from phonon-
phonon interactions, inhomogeneous broadening, and im-
purity scattering. �EPC arises from the decay of the LO
phonon into low energy electron or hole excitations near
the Fermi surface, hence reducing the phonon lifetime
[31]. Once j�Fj> @!=2, there are no longer allowable
electron or hole intraband excitations, and therefore there
is a sudden decrease in the linewidth. Figure 3(b) shows
�EPC as a function of VG for the two M-SWNTs in Fig. 3(a)
overlaid with the theoretical �EPC from Ref. [11]. �0 is
taken as 12 and 10 cm�1 for M-SWNT #1 and #2, respec-
tively, which are obtained from the linewidth at high
negative gate voltages, where the linewidth no longer
changes with gate voltage.

The quantitative agreement between our data and the
theoretical calculations provides compelling evidence that
the M-G� peak is softened due to a KA in the phonon
dispersion of M-SWNTs. In addition, the KA mechanism
predicts that out of the 6 modes in the G band, only the A
symmetry LO mode will have this dramatic frequency shift
due to e-p coupling. This is also consistent with our
observations. In Fig. 3(a) the frequencies of the M-G�

from the two M-SWNT samples are also plotted versus
the �F position. Over a wide energy range around the band
crossing point, there is hardly any change in the frequency
of the M-G� peak. At higher negative or positive VG,
M-G� begins to harden (upshift in frequency), but the
range of frequency shift for different M-SWNTs is only
5–20 cm�1, which is much less than what is predicted by a
KA mechanism.

We suspect that the hardening of M-G� under high
positive or negative gating is a result of the electrome-
chanical effect due to charge injection [32]. We have
observed a similar behavior in the G band of some S-
SWNTs. However, S-SWNTs are not predicted to be af-
fected by a KA, and indeed we do not observe large shifts
in the G band of S-SWNTs. In Fig. 2(d), the evolution of a
S-SWNT G band is shown. Typically, at high doping
levels, there is a decrease in G band intensity (S-G� or
S-G�, or both), accompanied by a small upshift in fre-
quency of �3–5 cm�1. In certain S-SWNTs, however, the
frequency hardening can be up to 20 cm�1. These charac-
teristics are similar to what is observed for the M-G�

peaks, but are distinctly different from the behavior of
the M-G� peak.

Although both M-SWNTs in Fig. 3 exhibit a similar
frequency and linewidth behavior, when VG is near the
Fermi point, M-SWNT #2 exhibits a Fano line shape while
M-SWNT #1 is well fitted to a Lorentzian for all VG. This
is consistent with [31], where different values of the asym-
metry parameter (1=q) in the Fano line shape are reported
for different (n, m) metallic nanotubes. The value of�1=q
for M-SWNT #1, plotted as a function of �F in Fig. 3(c),
decreases from 0.15 to 0.04 as the Fermi level is shifted
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FIG. 3 (color online). (a) Frequency of M-G� (open points)
and M-G� (filled points), (b) linewidth �EPC of M-G�, and
(c) �1=q of M-G� as a function of the Fermi level for two M-
SWNT [tube 1 dots, tube 2 triangles]. �0 is taken as 12 and
10 cm�1 for tubes 1 and 2, respectively. The solid lines in (a) and
(b) are the calculated frequencies (T � 0 K) and linewidths
(T � 300 K) of the LO A symmetry phonon from Ref. [11].

PRL 99, 145506 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
5 OCTOBER 2007

145506-3



away from the Fermi point. The curve shape in Fig. 3(c)
follows the variation of frequency [Fig. 3(a)] and linewidth
[Fig. 3(b)] very well, indicating that the degree of asym-
metry correlates with the strength of the e-p coupling.
However, although it appears that the asymmetry is medi-
ated by the same e-p coupling mechanism that induces the
KA, because the G� of M-SWNT #1 does not show any
asymmetry throughout the gating range, the e-p coupling
alone is evidently not sufficient to create a Fano resonance.
The Fano line shape is a result of interference between
Raman scattering of the LO phonon and electronic Raman
scattering from the continuum of electronic excitations
[33]. The parameter q is defined by q � �Ve-pRp=Re
[33] where Ve-p is the electron-phonon coupling matrix
element and Rp and Re are the Raman tensors for phonon
and electron scattering, respectively. We expect the ratio
Rp=Re to depend on the (n, m) values of the nanotube.
Furthermore, since the phonon and electron Raman scat-
tering processes have different resonance profiles, the ratio
Rp=Re is also likely to depend on Elaser. We are currently
investigating the dependence of the M-G� line shape on
Elaser.

In summary, we have studied the e-p coupling due to a
KA in individual M-SWNTs by observing the evolution of
the G band Raman spectrum while applying an electro-
chemical gate voltage. In M-SWNTs where only two peaks
are observed in the G band spectra throughout the gating
range, the peaks were unambiguously assigned and their
behavior upon gating, in terms of frequency, linewidth, and
line shape, was investigated. Our experimental data pro-
vide convincing evidence of the KA phenomenon in
M-SWNTs and are in good quantitative agreement with
theoretical calculations [10]. A similar experiment was
carried out previously [22], but no clear evidence of a
KA was observed. This is most likely due to the presence
of multiple peaks in the G band [Fig. 2(c)]. Our results
indicate that other G band peaks also show a dependence
on �F. However, the changes in intensity and frequency for
these modes are different from what is observed for the A
symmetry LO mode and are not well understood at present.
In the case when these peaks overlap with the A-symmetry
LO phonon mode [22], it is difficult to follow this mode
quantitatively and to observe its softening by the KA. Our
current understanding of the response of the A symmetry
LO phonon mode under gating provides guidance for
assigning peaks in the multipeak G band spectra, creating
opportunities for further study of the �F dependence of
other G band features in M-SWNTs.
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