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Raman spectra of single-walled carbon nanotubes (SWNTs) with diameters of 0.6—1.3 nm have been studied
under high pressure. A “plateau” in the pressure dependence of the G-band frequencies was observed in all
experiments, both with and without pressure transmission medium. Near the onset of the G-band plateau, the

corresponding radial breathing mode (RBM) lines become very weak. A strong broadening of the full width at
half maximum of the RBMs just before the onset of the G-band plateau suggests that a structural transition
starts in the SWNTs. Raman spectra from SWNTs released from different pressures also indicate that a
significant structural transition occurs during the G-band plateau process. Simulations of the structural changes
and the corresponding Raman modes of a nanotube under compression show a behavior similar to the experi-

mental observations. Based on the experimental results and the theoretical simulation, a detailed model is
suggested for the structural transition of SWNTs, corresponding to the experimentally obtained Raman results

in the high-pressure domain.
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I. INTRODUCTION

Single-wall carbon nanotubes (SWNTSs) have been inten-
sively studied for their interesting one-dimensional (1D)
physical properties and for their potential applications."> The
physical properties of SWNTSs are very sensitive to their geo-
metrical structures and thus can be tuned by an applied
pressure.’ Extensive efforts have been made to understand
high-pressure-induced structural evolution of SWNTS using
experimental methods such as Raman spectroscopy,*~!? x-ray
diffraction’>!'* and neutron!® diffraction, and theoretical
methods including both molecular-dynamic simulations'®-!8
and first-principles calculations.!” It has been suggested that
a structural transition occurs at high pressure, during which
the nanotube cross section changes from circular to elliptical
then to a peanut shape.>”1929 Raman spectroscopy is one of
the most powerful techniques to study the high-pressure evo-
lution of SWNTs,2! and the most characteristic vibrational
modes are the radial breathing mode (RBM) and the tangen-
tial modes (G band). A number of studies have reported the
disappearance of RBMs from the spectrum above a critical
pressure (about 2 GPa in most cases), and this is interpreted
as the signature of a structural transition occurring near this
plressure.7’9 However, later studies found that the RBMs do
not disappear even at 10 GPa.* The vanishing of the RBM
thus cannot be considered as a sign of a structural phase
transition. Very recently, Yang et al.'® predicted that the fre-
quencies of the RBMs undergo an abrupt change at the struc-
tural transition of SWNTSs and that the RBMs can exist above
the critical pressure. The “transformation” signature of the
RBM modes is thus still debated. On the other hand, a slope
change or a characteristic plateau in the pressure dependence
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of the G-band frequencies after the disappearance of RBMs
is also found in several studies.®'® This has been related
either to a structural transition or to adsorption of the pres-
sure transmission medium (PTM) molecules around nano-
tubes. Therefore, it is necessary to investigate further
whether there is actually any fingerprint signature in the Ra-
man spectrum that can be used to identify a structural tran-
sition and preferably also how the structure transforms at the
critical pressure. We have therefore carried out Raman mea-
surements on the SWNT samples with a wide diameter dis-
tribution under high pressure and tried to correlate the ex-
perimental results with the results of theoretical calculations
of structure-induced change in Raman spectrum under com-
pression.

In this work, we studied the SWNTSs with a wide diameter
distribution (~0.6—1.3 nm) and a near IR laser (830 nm)
was used to excite this sample which produces a strong Ra-
man signal and gives us the possibility to study simulta-
neously the progressive structural changes in nanotubes with
many different diameters under elevated pressures. As in
several earlier studies we found that a plateau occurs for the
G-band under high pressure, but unlike what is observed in
previous studies RBMs can still be detected even up to 14
GPa and their frequencies increase almost linearly, without
an abrupt change, throughout the plateau of the G band.
Based on an analysis of the linewidth of the RBM versus
pressure, a structural transition in the SWNT was suggested
to start before the onset of the G-band plateau. Furthermore,
our Raman results for SWNTSs released from different pres-
sure domains indicate that a significant structural transition
occurs during the G-band plateau process. In addition to this
experimental work we performed a theoretical calculation
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FIG. 1. RBMs of the nanotubes measured using three excitation
wavelengths of 514.5, 632.8, and 830 nm. For each RBM peak the
corresponding diameter (in nanometers) is indicated.

using the density-functional theory (DFT), which also yields
the frequencies of the Raman modes as functions of the
structural evolution. Based on both the experimental results
and the theoretical simulation, a detailed model of the struc-
tural transition in SWNTs under high pressure is suggested.

II. EXPERIMENTAL DETAILS

The SWNTs used in this study were purchased from
South West Nanotechnology, Inc. (USA) and were produced
by the high-pressure catalytic decomposition of carbon mon-
oxide (HiPco process). The SWNTs were purified according
to the product instruction of company and were used in our
studies without any further treatment. Our transmission elec-
tron microscopy (TEM) observations show that the SWNTSs
mostly form bundles and that a part of the nanotubes is open.
Raman spectroscopy equipped with three excitation wave-
lengths (514.5, 632.8, and 830 nm) is further employed to
characterize the SWNT sample. The Raman measurements
show that the sample is homogeneous and the typical Raman
spectra of the nanotubes are shown in Fig. 1. On the spectra
we show one of the most characteristic regions of the Raman
spectra of SWNTs: the low-energy RBMs, for which it is
well known that the frequency w (cm™') is inversely propor-
tional to the tube diameter d (in nanometers),?> d=224/(w
—14). Thus, as shown in Fig. 1, the diameter distribution of
the SWNTs excited was calculated to be in the range of
0.6-1.3 nm.

The high pressure Raman experiments up to 30 GPa were
carried out either with or without a pressure transmission
medium. In the experiments using PTM, a small piece of
SWNTs samples, a ruby chip for pressure calibration, and the
PTM were loaded in a hole of ~75-100 wm diameter
drilled in a preindented (~100 um) steel gasket of a Mao-
Bell-type diamond-anvil cell. The PTMs used here are either
the standard 4:1 methanol to ethanol mixture or liquid argon.
In the experiments without PTM, the gasket hole was filled
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by approximately half and then a tiny ruby chip for pressure
calibration was loaded. More sample material was then
added and manually pressed until the gasket hole was fully
filled.

In the high-pressure measurements, we excited the Raman
spectra with both an 830 nm IR laser, a 514.5 nm (argon ion)
laser, and a 633 nm (He-Ne) laser in order to compare the
results for nanotubes with different chiralities and diameters.
All Raman-scattering experiments were carried out at room
temperature using a spectrometer (Renishaw inVia, UK) with
double-notch filtering and an air-cooled charge-coupled de-
vice (CCD) detector. A 50X long focal length microscope
objective was used to focus the beam on the sample and the
laser beam size was approximately 1 um inside the high-
pressure cell. According to the specifications of the manufac-
turer, the spectral resolution of the Raman system was
~1 cm™! or better for all the lasers.

III. EXPERIMENTAL RESULTS

Figure 2(a) shows the Raman spectra of the SWNTs mea-
sured with 830 nm laser excitation under high pressure to
22.1 GPa. In this experiment, liquid argon was used as PTM,
but very similar results were also obtained using the
methanol/ethanol mixture. We can see that both the G band
and the RBM signals become weaker and broader with in-
creasing pressure. Because of these effects it becomes in-
creasingly difficult to fit each component of the G band ac-
curately by Lorentzian components at higher pressures. The
only feature that can be plotted with good accuracy at all
pressures is the position of the most intense peak of the G
band. The same problem was also reported by Merlen ef al.*
The positions of the most intense peak in the G band (origi-
nally at 1594 cm™') and of the RBMs are plotted as func-
tions of pressure in Fig. 2(b), while the pressure dependence
of the intensity of the RBMs is plotted in Fig. 2(c). For the G
band, we observed an initial blueshift of 7.8 0.2 c¢m~!/GPa
with pressure. The pressure slope changes near 8 GPa, and a
plateau with almost constant phonon frequency is formed in
the range from ~8 to 15 GPa for increasing pressure. For the
RBMs, a linear blueshift with increasing pressure is observed
up to 14 GPa, even throughout the G-band plateau range.
Unlike the pressure dependence of the frequency, it should
be noted [Fig. 2(c)] that the intensity of the RBM peak at
236 cm™! decreases almost linearly with increasing pressure
up to ~7.5 GPa. Above this pressure the intensity becomes
very low but still detectable and decreases only very slowly
with further increases in pressure. The intensity of the RBM
peak at 302 cm™! also decreases almost linearly, but with a
different slope, up to ~9.5 GPa, then becomes weak and
almost independent of pressure in the same way. In both
cases, the pressures where the slope is found to change agree
well with the onset of the plateau in the G-band data in Fig.
2(b), considering the scatter in the data. To compare the in-
tensity changes for the RBMs and the G band during the
pressure increase, the original Raman spectra at 0.87, 8.51,
and 11.65 GPa are shown in Fig. 2(d). It is obvious that the
intensities of the lowest-frequency RBM has decreased more
than that of the G band (and high-frequency RBMs) when
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FIG. 2. (Color online) (a) Raman spectra in the RBM and G-band regions for SWNTs, measured with 830 nm laser excitation using liquid
argon as PTM. (b) The frequencies of two RBMs (circles) and the most intense G-band peak (squares) near 1594 cm™' as a function of
pressure. (c) The intensities of the two dominant RBMs as functions of pressure. (d) Raman spectra of SWNTs at 0.87, 8.51, and 11.65 GPa,
G-band intensity is normalized. (e) The linewidths of the two dominant RBMs (at 236 and 304 cm™') as functions of pressure.

the sample is submitted to pressures near the onset of the
plateau (8.51 GPa) or in the plateau region (11.65 GPa).
Thus we can say that near the onset pressure of the G-band
plateau, the low-frequency RBM intensities decreases
strongly and these modes become very weak. (Note that we
do not observe a complete vanishing of the RBM.) We fur-
ther plot the full width at half maximum (FWHM) of the two
dominant RBMs as functions of pressure in Fig. 2(e). As
suggested in a very recent work, the FWHM of RBM can be
used as the signature of the first structural transition of
SWNTs under high pressure.!?> We observe that there is an
obvious change in the slope of the RBM linewidth versus
pressure for the 236 cm™! peak at ~4 GPa, while the cor-

responding onset of an increased linewidth for the 304 cm™!

peak is at ~6.5 GPa. Both pressures are lower than that for
the onset of the G-band plateau. This result will be discussed
further below together with other results indicating a pos-
sible initial structural modification of the SWNT cross sec-
tion from circular to elliptic.

It has been suggested in several papers that the interac-
tions between the PTM and the sample have strong effects on
the Raman anomalies observed.®® To study the influence of
the PTM on the Raman behavior of SWNTSs under high pres-
sure and to find out if the observed phenomena depend on
the PTM, we also performed experiments without such a
medium. Raman spectra from such an experiment are shown

205411-3



YAOQ et al.
/\
ey
k=
= . )y
) Sripapane %, 19.2 GPa
= 0GPa N2
:;: 1.4 GPa B 65'021 1800 2000
2 MZ.() GPa A 1.4 GPa
5 3.7 GPa 2.6 GPa
=S NS
Lo X s a ‘
7 %%7_1 (Pa| " 778 GPa
s 78 GPa
. . : 9.3 Gl;a . | i : 17—
200 400 600 1600 1800 2000
() Raman shift (cm )
.
1650 ;o8 g, ¥H
2.5 GPa - §
& IR
51600_ - 9.4 GPa
d: -~ =
'S 3507 1
= - 80
g s
< o
£ 3004 = 3.7#0_3
[ae1 D,{»’*;':’QTZ
= =TT T 2.840.3
2501 o
il =0 8
T T T T T T T T
0 5 10 15 20
(b) Pressure (GPa)

PHYSICAL REVIEW B 78, 205411 (2008)

100004 = -3 !
~ RBM: 236 cm
] v 2.5GPa
2 5000 ‘./
= oo
5 00—y 1
,g 40004 3 e, 1 RBM: 270 cm
~ 1 - <
2 2000 IR
& -
= Ee =
5 -
E 0.0 . 1
el RBM: 304 cm
2000
z 2 i;\;;ﬁ‘*—n>;§;; =

o 1 2 3 4 5 6 7 8 9 10

©) Pressure (GPa)

50 _ A
_ m 236cm’ ;
= w0l © 270 cm’ K
; A 304 cm’ /

B ’
T 4 - o
= S o
; Ao A
] m o
m 20 /// . A //,/
K | é 6 /O/
104
g b
0 1 2 3 4 5 6 7 8 9 10
) Pressure (GPa)

FIG. 3. (a) The Raman spectra of SWNTs measured with 830 nm laser excitation without PTM. (b) The frequencies of RBMs (circle) and
the G band (square) (originally at 1594 cm™') as functions of pressure. (c) The intensities of three dominant RBMs (236, 270, and
304 cm™!) as a functions of pressure. (d) The linewidths of three RBMs (at 236, 270, and 304 cm™!) as functions of pressure.

in Fig. 3. We can clearly see several steps or plateaus for the
G-band frequency, and the intensity of the RBM peaks drops
significantly at pressures correlated with the onsets of these
plateaus. For example, the G-band shows a plateau at
~2.5 GPa where the intensity of the RBM peak at
236 cm™! drops sharply to become very weak. Another ob-
vious plateau occurs at ~10 GPa where the two RBM peaks
at 270 and 304 cm™! have decreased to extremely low lev-
els. As shown in Fig. 3(d), the FWHM for the RBM peak at
236 cm™! increases with increasing pressure already from
the start of the experiment, while for the peaks at 270 and
304 cm™! the linewidth begins to increase at 4-5 GPa. In
some cases, we observed that the slope of the G-band shift
changed strongly without showing a horizontal plateau at
pressures where the RBMs dropped rapidly in intensity. Note
that the frequencies of most RBMs increase almost linearly
to 10 GPa without any obvious change in slope. In addition,
the results also indicate that the plateau behavior of the G
band is not related to the adsorption of molecular species
from the PTM on to the surface of SWNTSs since it appears

also without a PTM. This rules out one of the possible rea-
sons mentioned in Sec. 1.

To further confirm the above observation, we have mea-
sured the Raman spectra of SWNTs by using an excitation
wavelength of 514.5 nm. This laser wavelength excites nano-
tubes with a dominant diameter distribution in the range of
0.95-0.74 nm, different from those excited by the 830 nm
radiation (mainly 1.01-0.63 nm). Figure 4 shows the fre-
quency of the G band as a function of applied pressure and
the inset shows the intensity change of the RBMs with in-
creasing pressure. In the experiments with a PTM (methanol/
ethanol mixture) this mode indicates a transition near
~12 GPa. The corresponding intensities of the RBMs for
the dominating nanotubes (270 and 318 cm™') decrease
gradually and become too weak to be detected beyond
~10 GPa, which is close to the onset of the plateau. Further,
the FWHM of the dominant RBMs as a function of pressure
shows an obvious change in the slope in the pressure varia-
tion of the RBM linewidth, having a similar tendency with
the Raman results from 830 nm laser. We can see that the
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FIG. 4. (Color online) The frequency of the G band (1594 cm™!
mode) as a function of applied pressure with a PTM (triangles) or
without a PTM (squares); inset shows the intensity change in the
dominant RBMs with increasing pressure (using a PTM). The ex-
citation wavelength is 514.5 nm.

plateau is also present in the experiments without a PTM,
and that the plateau starts at a lower pressure (~7.5 GPa)
than in the experiments using a PTM.

Finally, we also carried out experiments without a PTM
using a 633 nm laser and found that in this case the onset of
the plateau can be at ~4, ~6, or ~8 GPa, respectively,
depending on the exact nonhydrostatic pressure conditions in
different runs. In these cases, the intensity of the correspond-
ing RBMs again decreased gradually to become very weak
near the onset pressure of the plateau.

In order to investigate whether any permanent structural
deformation of the SWNTs is induced during the plateau
stage we also measured the ambient-condition Raman spec-
tra of carbon nanotubes released from different pressures us-
ing 830 and 633 nm laser excitations. The results are shown
in Figs. 5(a) and 5(b). After unloading the SWNTs from the
middle of the plateau at ~12.8 GPa in the experiment with a
PTM using the 830 nm laser, the Raman spectrum is similar
to that of as-grown SWNTs, indicating that no obvious irre-
versible structural transition occurs in SWNTs [Fig. 5(a)].
However, after unloading the SWNTs from pressures higher
than the upper limit of the plateau, i.e., from 22.1 or 31.3
GPa, the intensity of the disorder-induced D band increases
and those of the RBMs decrease significantly, indicating that
some permanent damage or deformation was imposed on the
SWNTs. In the experiments without a PTM [Fig. 5(b)], un-
loading SWNTs from 4 GPa [within the first small plateau in
Fig. 3(b)], the RBM peaks at 193 and 219 cm™! decrease to
become very weak, indicating that large diameter nanotubes
have suffered severe deformation. Unloading SWNTs from
16 GPa, where another plateau occurs [see Fig. 3(b)], all the
RBM peaks became very weak and the ratio between the D
and G peaks became high, indicating that important transfor-
mations occurred. It thus seems quite probable that some
structural transition occurs in SWNTs during the plateau pro-
cess.

Comparing the Raman results from the experiments using
argon or methanol/ethanol mixture as PTM with those from
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FIG. 5. The Raman spectra of SWNTSs released from different
pressure (a) in the experiments with a PTM, measured with 830 nm
laser excitation, and (b) in the experiments without a PTM, mea-
sured with 633 nm laser excitation.

the experiments without a PTM, it is clear that a plateau or a
sudden change in slope in the G-band energy versus pressure
appears in all cases. During the G-band plateau process, the
RBM frequency can shift up linearly with pressure even
throughout the plateau, but the intensity is always very weak
or even too weak to be experimentally detected. Therefore it
is believed that this phenomenon is an intrinsic feature of
SWNTs and is related to a structural transition near the onset
pressure of the plateau. In the plateau, the G-band frequency
shift changes relatively less than that of RBM. In fact, such
an effect has been observed by another method without using
high pressure. Zhang et al.?® found that a relatively larger
change Awgpy; in the RBMs and a relatively smaller change
Awg in the G band is induced by the presence of a substrate,
and this effect is attributed to radial deformation of the
SWNTs. Actually, this phenomenon was also observed in an
experiment on isolated nanotubes but not discussed in
detail.” The Raman behavior of individual nanotubes under
high pressure thus shows a tendency similar to that of
bundled ones. To understand the intrinsic character of
SWNTs under high pressure, it is thus feasible to study the
Raman behavior of an isolated nanotube under pressure by
theoretical simulations.

IV. THEORETICAL SIMULATIONS

To understand our experimental results, we have per-
formed numerical simulations to explore the effect of a nano-
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the axis of the FSWNT (marked with black atoms). (b) Calculated
relative intensities and Raman shifts for the same nanotube.

tube structural transition on the Raman spectra of SWNTs. In
the simulations, the structural changes in the chosen nano-
tube model and the frequencies of the corresponding Raman
modes under compression were calculated from first prin-
ciples using the local-density approximation (LDA) in
density-functional theory. The relationship between force
constant K and frequency w is described as

w ~ \/k/_m.

The computation was carried out using the GAUSSIAN 03 pro-
gram package.’*

As we know, the external force field (high pressure) act-
ing on the SWNT, which induces the deformation of the
SWNT, will not play a role on the Hamiltonian of the elec-
tronic Schrodinger equation but only has an effect on con-
trolling the coordinates of the atoms on the nanotube. On the
other hand, since the C-C bond is strong and carbon nano-
tubes show extraordinarily high stiffness and strength in the
axial direction, the axial deformation under moderate pres-
sure can be largely ignored while substantial radial deforma-
tion is already induced.'® Such approximation of only con-
sidering the radial deformation of SWNTs to study the
properties of SWNTs under high pressure gives a quite simi-
lar result comparing to other theoretical simulations.” Thus,
to approximately simulate the structural transition of SWNTs
under high pressure, only the radial deformation is taken into
account in this work. For simplicity, we have constructed a
(5,5) single-wall carbon nanotube model with finite length
(FSWNT). We first shorten the distance d (equal to the di-
ameter of nanotube) between the two opposite lines of car-
bon atoms on the nanotube, as marked with black color in
our FSWNT [see Fig. 6(a)], by 0.5 A/step, and then opti-
mize the structure to simulate the structural change in SWNT
under compression. In brief, we first control the distance d
between the two opposite lines of carbon atoms on the nano-
tube and then perform full optimizations on the other carbon
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atoms to optimize the system structure. This so-called “par-
tial optimization” method for the geometry optimization has
also been used in some other systems.?®?’ For such a large
system, containing 80 C atoms, we optimize the structure
and calculate the vibrational frequency using the double-{
basis.?® Further, one d-polarization function for each C atom
is added to improve the results [marked with 3-21G(d)]. The
optimized structures are shown in Fig. 6. We can see that the
cross section of the optimized SWNT changes from circular
to elliptical and to a peanut-shaped structure, in good agree-
ment with simulations by others, when applying high
pressure.'” The Raman spectra for the optimized FSWNT
structure were calculated according to the method used in
Ref. 29. From the calculated Raman spectra, we can obtain
the frequency of RBM and G band, as well as the intensity of
RBM. A RBM frequency (A;,) of 373 cm™' and a E,, mode
in the G band at 1556 cm™' were obtained for the (5,5)
FSWNT with Ds,; symmetry at ambient condition, which is
consistent with other theoretical calculations.'® The intensity
and frequency of the RBM and the frequency of the G mode
are plotted in Fig. 6(b) as functions of the distance d. The
frequency of the G mode first increases and then becomes
almost constant, followed by even a slight decrease when
shortening the distance, and the intensity of the RBM notice-
ably drops almost simultaneously and then becomes weak
while the frequency of the RBM increases monotonously. It
is noted that the RBM mode can still exist until the peanut
structure forms.

V. DISCUSSION

In the simulation, the general tendencies of the frequency
shift of the G band and the RBM with the structural changes
are in good qualitative agreement with our experimental ob-
servations under pressure. This indicates that the anomalous
G-band frequency shift (the plateaus observed in our experi-
ments) can originate from a structural change in the SWNTs
under pressure. In two very recent reports, both Yang et al.'®
and Cailler et al.'? also suggested that the anomalous plateau
behavior of the G band possibly indicates a structural transi-
tion in the SWNTSs under pressure. In these reports, however,
the detailed structural change in nanotubes is still not clear.
On the other hand, based on our Raman results on the
SWNTs released from high pressure, we know that some
structural transitions (or deformations) occur in carbon nano-
tubes during the G-band plateau process. Actually, in an
early work, Sharma et al.'* also suggested a structural
change in SWNTs at 10 GPa based on an in situ x-ray dif-
fraction study of SWNTs under pressure, and Teredesai et
al.'® reported the onset of a G-band plateau when they make
high-pressure Raman experiments on a similar SWNT
sample, though the real structural transition is unclear. All
these results indicate that a structural transition is induced
near the onset of the G-band plateau. As demonstrated in our
simulation, this structural transition involves a change of
cross section from circular to an ellipselike shape and then to
a flattened oval shape. In addition, our simulations also indi-
cate a significant decrease in the RBM intensity at the onset
of a G-band plateau. In theory, Yang et al.'® also predicted
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that the RBM intensity will decrease significantly or even
become too weak to be experimentally detected at the nano-
tube structural transition. In our experiments, we do observe
that the intensity of the RBM always decreases (by an abrupt
drop or by a gradual decrease) to become weak (or to disap-
pear, in some cases) near the onset of the G-band plateau.

According to group theory analysis, we can understand
the behavior of SWNTs during compression. The A;, (RBM)
and E,, (G) modes in Ds, symmetry will transform into the
modes in the C,, symmetry: A;,—A, and E;,—A,+B,,
where A, and B, preserve the vibrational characteristic of the
E,, tangential modes perpendicular to the tube axis and the
direction of pressure. When compression acts on the FSWNT
along the radial direction, this will result in an increase in the
vibrational force constant for the Ag mode, and thus the fre-
quency of the Ag mode increases. The E,, mode is associ-
ated with the out-of-phase vibrations of adjacent carbon at-
oms parallel to the surface of the tube and is sensitive to the
state of the C-C bonds parallel to the tube. As the radial
deformation evolves, the C-C bond length in the middle of
the optimized deformed FSWNT first shortens and then elon-
gates, corresponding to the increase and then decrease in the
frequency of the E;, mode.

It is worth noting that, in our simulations, the anomalous
frequency shift of the G band correlated with the structural
change does not take place as soon as the initiation of the
structural transition of SWNT but in a critical structural tran-
sition domain (from an ellipselike shape to a flattened oval
shape). This is also consistent with our experimental results.
As stated by Caillier et al.,'? the obvious change in the slope
of the FWHM versus pressure curves can be assumed to be
the signature of the start of a structural transition in the nano-
tube (the nanotube cross section changes without involving
an important volume reduction). In our experiments, the
pressure where the FWHM begins to increase is always
lower than that of the onset of the G-band plateau, indicating
that the structural change in the nanotubes starts (e.g., by a
slight structural modification) well before the critical struc-
tural transition domain (corresponding to the G-band pla-
teau). This is consistent with our simulations. In addition, the
pressure where the FWHM begins to increase with increas-
ing pressure is found to depend on the nanotube diameter.
The larger the nanotube diameter, the lower the pressure for
this change to take place; that is to say, larger diameter nano-
tubes start their structural transition at lower pressures. This
tendency is consistent with other theoretical predictions,
where the critical pressure P, for the structural transition
depends on the tube diameter as P~ d~>.>3 For example,
the change in the FWHM with pressure for the RBM at
304 cm™! (d~0.8 nm) starts at 6.5 GPa, which is very close
to the theoretically predicted value of ~7 GPa.’> Further-
more, our simulations also show that during the (minor)
structural changes in the nanotubes before the G-band pla-
teau, the RBM and G-band frequencies shift almost linearly
with pressure, in good agreement with our and others’ ex-
perimental results. Therefore, we suggest that the obvious
broadening of the FWHM of RBMs at lower pressure indi-
cates an initial minor structural transition of the nanotubes
from circular to ellipselike shapes, while the most obvious
changes in the Raman data (e.g., the appearance of a G-band
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plateau and the corresponding drop in RBM intensity before
the plateau) correspond to the more dramatic change in cross
section from an ellipselike shape to a flattened ellipse. Addi-
tionally, the good agreement between our simulation and our
experimental results also indicate that the radial deformation
of SWNTs is dominant when the nanotubes are submitted to
moderately high pressures. This is also consistent with the
prediction that the nanotube is very stiff in its axial direction
but soft in its radial direction.

From the above model, we can also understand the behav-
ior of SWNTs under high pressure above the plateau of the G
band. As observed in our experiments (see Figs. 2 and 4), the
pressure dependence of the G-band frequency was close to
that of graphite under high pressure in the experiments using
a PTM.3! We interpret these results as evidence supporting a
further structural transition in SWNTs at higher pressures, as
observed in our simulations. After the structural transition
when the SWNT cross section changes from an ellipselike
shape to a flattened ellipse, a further increase in pressure
possibly leads to a peanut-shaped cross section or even a
collapse of the SWNTs into a narrow strip with a double-
layer graphene structure. Therefore, the collapsed nanostruc-
tures of SWNTs have a high-pressure evolution resembling
that of graphite in terms of density and hybridization. The
permanent change in the Raman frequencies and modes ob-
served in nanotubes decompressed from different pressures
also supports our model. For example, the characteristic D
band, G band, and RBM band of SWNTs unloaded from a
pressure (with a PTM) in the middle of the plateau (12.8
GPa) change only slightly, indicating that the structural de-
formation is almost reversible. This corresponds to a slight
deformation of nanotubes during the plateau process, as de-
scribed in our theoretical simulations. When the nanotubes
undergo the G-band plateau process, they suffer more sig-
nificant structural changes which possibly results in some
irreversible deformation or even destruction of nanotubes.
Such changes are identified in our Raman results on the
SWNTs unloaded from a pressure above the plateau process
(22.1 GPa), i.e., obvious decreases in the intensities of the
RBM and G band. The Raman results on SWNTs released
from the high-pressure experiments without a PTM also sup-
port our suggestion. For each completed plateau, the corre-
sponding nanotubes, which are believed to transform “caus-
ing” the plateau, have suffered significant structural changes
or even destruction. This model thus enables us to explain all
the phenomena observed by Raman scattering from SWNTs
under high pressure. To verify if the model is versatile for all
kinds of nanotubes, further theoretical simulations should be
performed on nanotubes with different diameters and chirali-
ties.

VI. SUMMARY AND CONCLUSIONS

We have studied the Raman spectra of single-walled car-
bon nanotubes in high-pressure experiments performed with
or without a pressure transmission medium. The pressure
dependence of the G-band frequencies was observed to show
a “plateaulike” behavior in all experiments. We observe a
clear correlation between the onset pressure of such plateaus
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and the points where at least one radial breathing mode peak
becomes very weak, sometimes too weak to be experimen-
tally detected, either by an abrupt drop or by a gradual de-
crease in intensity. Raman measurements on nanotubes re-
leased from different pressures show that a significant
structural change may occur during the G-band “plateau”
process. We also carried out theoretical simulations of the
structural evolution of a (5,5) nanotube by compressing it
and then calculating the corresponding Raman modes of the
nanotube with the optimized structure. The results show that
when the SWNT cross section changes from a circle to an
ellipselike shape and then to a flattened oval shape, the cal-
culated Raman frequencies have a behavior similar to the
experimental observations. The change in the FWHM of the
RBM peaks further support this image of the structural evo-
lution of SWNTs under high pressure. Based on our simula-
tions and other theoretical predictions, it is suggested that the
cross section of nanotubes changes from circular to elliptical
before the onset of the G-band plateau, which can be ob-
served from the FWHM change in the RBM peaks; near the
onset of the G-band plateau, further intensity changes in the
RBMs are believed to correlate with the start of a structural
transition involving a change of cross section from an el-
lipselike shape to a flattened oval shape. We thus show a
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possible way to detect, model, and analyze the structural
transition of SWNTs under high pressure.
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