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Radial breathinglike mode of the collapsed single-walled carbon nanotube

bundle under hydrostatic pressure
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Using the first-principles calculations we have studied the vibrational modes and Raman spectra of
a (10, 10) single-walled carbon nanotube (SWNT) bundle under hydrostatic pressure. Detailed
analysis shows that the original radial breathing mode (RBM) of the SWNT bundle disappears after
the structural phase transition (SPT). And significantly a RBM-like mode appears at about
509 cm™!, which could be considered as a fingerprint of the SPT happened in the SWNT bundle, and
further used to determine the microscopic structure of the bundle after the SPT. © 2006 American

Institute of Physics. [DOI: 10.1063/1.2208274]

The carbon nanotubes (CNTs) have attracted much atten-
tion since their discovery1 due to their remarkable electronic
and mechanical plroperties,2 and potential applications in fu-
ture nanoscale electronic devices. It is well known that the
physical properties of the CNTs depend much on their geo-
metrical structures, and so can be easily changed by an ap-
plied pressure or strain, which could be used to fabricate the
nanoscale electromechanical coupling devices and transduc-
ers. For example, a uniaxial strain on the single walled car-
bon nanotubes (SWNTs) can cause a metal-semiconductor
transition.

Recently, the effect of hydrostatic pressure on the CNT
bundle, including the Raman spectroscop} investigation, has
attracted much attention in experiments 19 and theoretical
calculations.' ™ Tt is reported that the intensity and broad-
ening of R band decrease with increasing pressure and the
radial breathing mode (RBM) vanishes above a critical
pressure,“_7 showing a structural phase transition (SPT) at
this pressure. Meantime, the Raman spectra,4 in situ synchro-
tron x-ray diffraction data,® and the optical absorption
spectra9 showed that the changes of geometrical structure
and optical properties are reversible upon unloadinig the pres-
sure. Theoretically, the first-principles calculations !and mo-
lecular dynamics simulations ~ are employed to determine
the structure of the CNT bundle under hydrostatic pressure,
and the tight-binding calculation'” and elastic theory'3 are
used to investigate the Raman frequency shift in the CNT
bundle before SPT. But no detailed theoretical analysis on
the vibrational properties and Raman spectra of CNT bundle
under hydrostatic pressure has been made yet. These topics
are just what we attempt to study in this letter.

The Raman spectroscopy has been considered as a pow-
erful tool to detect the diameter-selective phonon modes of
the SWNTs.'*'"® An important low-frequency Raman peak is
attributed to the RBM (R band), where all carbon atoms are
subject to an in-phase radial displacements. It was found that
the RBM frequency is inversely proportional to the tube di-
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ameter, and independent of its chirality. And the higher fre-
quency peaks are caused by the out-of-phase vibrations of
the neighboring carbon atoms parallel to the surface of the
cylinder (tangential modes, T band).

In this work we will pay our main attention to the effect
of hydrostatic pressure on the vibrational modes of the (10,
10) SWNT bundle. Our most striking finding is a RBM-like
mode in the collapsed bundle after the SPT, which is also
Raman active and could be considered as a fingerprint of the
SPT happened in the SWNT bundle, and further used to ac-
curately measure structure of the bundle after the SPT.

Our theoretical calculations were performed using the
density-functional theory in the local-density approximation
(LDA)," in which the highly accurate projected augmented
wave (PAW) method”® was used. The maximum spacing be-
tween K points is 0.03 A~! and the Gaussian smearing width
is 0.04 eV. The geometrical structures of the SWNT bundle
before and after the SPT are optimized by the first-principles
method at 0, 0.45, 2.8, and 5 GPa, and in the final geometry
no forces on the atoms exceed 0.001 eV/A. The Raman in-
tensity was calculated by combining above first-principles
results with the empirical bond polarizability model.”!

The optimized structures of a (10, 10) SWNT bundle
under different pressures are shown in Figs. 1(a)-1(c). As the
hydrostatic pressure increases, the tube surface deformation
energy increases, and the intertube distance decreases, in-
creasing the van der Waals (vdW) energy. When the pressure
increases up to a critical value, it becomes energetically fa-
vorable to reduce the tube’s inner volume, rather than simply
reduce the intertube distance, making thus the system un-
dergo a SPT and the tube spontaneously collapses to form a
peanutlike cross section, which is consistent with the recent
molecular dynamics simulations.'* Such a kind of structural
change should exhibit some important characters in the vi-
brational properties.

To investigate the systematic vibrational properties, the
nonresonant Raman spectra of SWNT bundle under different
pressures are firstly calculated and plotted in Fig. 2. It can be
found from Fig. 2 that more peaks emerge in both the low-
and high-frequency regions after the SPT, i.e., the whole Ra-
man spectra distribute wider after the SPT. This should be
attributed to the symmetry breaking and the split of phonon
bands. The high-frequency part in the Raman spectra of the
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FIG. 1. (Color online) Some characteristic vibrational modes of the bundle:
(a) at 0.45 GPa before the SPT, (b) at 2.8 GPa after the SPT, and (c) at
5 GPa. The small circles represent the carbon atoms and the straight lines
between them indicate the bonds. The arrows represent the atomic motions.
Deeper color arrow means the corresponding atom is nearer to the reader. r
is the radius of its two circular ends.

bundle before the SPT are almost the same, and the same
holds for those after the SPT. This means that the sudden
change of structure occurs only at the SPT pressure. Most
importantly, the original RBM of the bundle disappears from
the spectra after the SPT, which is consistent with the experi-
mental results.”®

In all the structures, the Raman frequencies increase
when external pressure increases. We calculate the pressure
dependence and summarize them in Table I, in which the
experimental data taken from Ref. 5 are also presented. From
Table I, we can find that although first-principles calculation
overestimates the Raman frequency systematically, it can re-
produce most of the experimental dependence of the Raman
frequency on hydrostatic pressure. So we can use the first-
principles results to further investigate in detail the vibration
modes of (10, 10) bundle under hydrostatic pressure.

Because of the complexity of the vibrational modes, here
we only pay main attention to some characteristic vibrational
modes in low-frequency region. We show the rotational
mode (A), and the RBM or RBM-like mode (B) of the
SWNT bundle at 0.45, 2.8, and 5 GPa in Figs. 1(a)-1(c),
respectively. Firstly, in Fig. 1(a) one may notice that the
tube’s cross section is not a perfect circle now. This is be-
cause the rotational symmetry of the (10, 10) tube is incom-
patible with the hexagonal lattice symmetry, making the
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FIG. 2. (Color online) The nonresonant Raman spectra of (10, 10) bundle at
different pressures. From up to down, the external pressures are 0, 0.45, 2.8,
and 5 GPa. The frequencies of RBM and RBM-like modes are labeled.

tube’s cross section deformed slightly. This result is analo-
gous to the result in Ref. 11, which is also calculated by
first-principles method. Secondly, the atomic motions in the
rotational mode (A) before and after the SPT are always
almost along the tube surface, but its frequency cannot re-
main zero because of the noncircular cross section and the
tube-tube interaction. This mode is IR active, making it pos-
sible to be observed in IR spectra.

On the other hand, because of the hexagonal symmetry
of the unit cell in the bundle, the atomic motions in the RBM
are not the same for every atom, as seen from Fig. 1(a),
exhibiting approximately the hexagonal symmetry too,
which means that the RBM frequency in the SWNT bundle
will not be the same as that in the isolated SWNT.

A special attention should be paid to the mode (B) of
509 cm™! at 2.8 GPa after the SPT in Fig. 1(b), in which
most of the atomic motions on the two ends are perpendicu-
lar to the tube surface, showing in-phase vibrations, and the
motions of the atoms in the flat region are along the tube
surface. This mode also exists at 5 GPa, as shown in Fig.
1(c), which so can be regarded as a RBM-like mode appear-

TABLE L. The frequencies of some characteristic Raman active modes and their pressure dependence. The weyp,
and wy,,, are the experimental and theoretical Raman frequencies of the structure at 0 GPa.

RBM T Band
Structure

T egion wexpt dwexpl/ dp Wheor dwlheor/ dp wexpt dwexpl/ dp Wheor dwtheor/ dp

Before 1566 6.1 1583 9.3

SPT 181 10.1 205 9.0 1571 11.0 1598 13.0

1591 10.1 1615 9.3

After 0.7 1.6

SPT 59 6.2

5.8 3.9
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ing only in the bundle after the SPT. In fact, the previous
researcher also found a similar mode in a capped SWNT,*
which comes from a mixing of the RBM of the Cg, hemi-
sphere and the tangential mode of capped SWNT. Because
most of the atomic motions in the mode are in phase, this
RBM-like mode has a large Raman intensity, as shown in
Fig. 2, making it possible to be found experimentally in the
Raman spectra of the bundle after the SPT.

It is well known that the RBM frequency is inversely
proportional to tube diameter, expressed by the formula of
frem=D/d,, where D is a constant. To examine further the
RBM-like behavior of the mode in Fig. 1(b), we have mea-
sured the radius of the circular end in Fig. 1(b), which is r
=d,/2~2.26 A. After taking D=228 nm/cm™~" from Ref. 5,
which was also obtained by the first-principles method, one
can obtain frgy=504.4 cm™!. This value is very close to our
first-principles result (509 cm™'), and a difference of several
cm™! comes from the tube-tube interactions. In order to make
a more accurate comparison between them, we directly take
one isolated tube from the collapsed bundle at 2.8 GPa, and
then calculate the frequency of its RBM-like mode, which is
found to be 501 cm™!. Thus, a very good agreement between
the normal mode frequency of the isolated tube and the RBM
of an equivalent SWNT composed of the circular ends of a
collapsed tube in the bundle has been obtained, indicating
that the normal mode (B) in Fig. 1(b) can indeed be consid-
ered as a RBM-like mode of the tube bundle after the SPT. It
is valuable to mention that the appearance of this RBM-like
mode indicates an existence of the two circular ends in the
bundle after the SPT, which furthermore can be regarded as a
fingerprint-type mark of the SPT. More importantly, the fre-
quency of this RBM-like mode is only determined by the
radii of the two circular ends, and so is mainly influenced by
the external pressure, but not the radius of the original tube.
As shown in Fig. 1(c), when external pressure increases to
5 GPa, the frequency of the RBM-like mode is changed to
519 cm™!. So this mode can also be used to determine ex-
perimentally the microscopic structure of the bundle after the
SPT, no matter what kind of SWNT bundle is used origi-
nally.

Another interesting Raman active normal mode (C) in
Fig. 1(b) is a quadrupole vibration mode, which often has a
strong intensity in the Raman spectra of clusters, and the
lowest E,, Raman active mode of the SWNT is also a quad-
rupole mode. The similitude between these modes may indi-
cate that the mode (C) originates from the lowest E,, Raman
active mode of the SWNT. In other words, the Ezg-like
modes of the two circular ends would combine together to
give the mode (C) in Fig. 1(b), which could be identified by
the following argument. It is known that the lowest E,, Ra-
man active mode of SWNT is inversely yroportional to the
squared tube diameter, i.e., fo d,‘z.2 Taking r=d,/2
~226 A, its E,, mode frequency will become f
~(6.8/2.26)%17~154 cm™', where the radius of (10, 10)
tube is equal to r(jg, 10~ 6.8 A, and 17 cm™ is the E,, mode
frequency of the isolated (10, 10) SWNT. After considering
the up shift of the frequency induced by the intertube inter-
action, this value is compatible with the mode frequency of
177 cm™! given in Fig. 1(b). So, we think this mode can also
be observed in future Raman experiments.

Next, the mode (D) of 143 cm™! in Fig. 1(b) is mainly
contributed by the out-phase motion of nearby flat walls,
which can be regarded as the B,, mode of the graphite with
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its frequency of 127 cm™'. But now due to pressure effect, its
frequency increases to 143 cm™'. When pressure increases
up to 5 GPa, the frequency of this mode further increases to
193 cm™'.

In conclusion, using the first-principles calculations we
have studied in detail the vibrational modes of the (10, 10)
SWNT bundle under hydrostatic pressure, which are found
to be very different from those without the applied pressure,
especially after the SPT. Several important results are ob-
tained, e.g., disappearance of the original RBM, and the ap-
pearance of a RBM-like mode and a quadrupole vibrational
mode after the SPT. All the modes can be considered as a
fingerprint of happening of the SPT, and used to measure
accurately the microscopic structure of the bundle after the
SPT in future experiment.
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