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The picotube molecule is a highly symmetric hydrocarbon, closely related to a very short 共4,4兲 carbon
nanotube. We present a thorough experimental and theoretical study of the physical properties of picotube
crystals. In x-ray diffraction experiments we find the picotube molecules to display D2d symmetry. We identify
the most intense Raman peaks as A1 modes with polarization-dependent Raman measurements. Ab initio
calculations of the structural, electronic, and vibrational properties of picotubes are in excellent agreement with
our experiments. We assign the measured vibrations to displacement eigenvectors including those analogous to
the nanotube high-energy mode, the D mode, and the radial-breathing mode.
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PACS number共s兲: 33.20.Fb, 33.15.Bh, 31.15.Ar, 78.30.Na

I. INTRODUCTION

The discovery of fullerenes and carbon nanotubes greatly
stimulated the interest of the physics community in carbon
materials. In 1996 a new, highly symmetric hydrocarbon was
synthesized and given the name picotube.1 The name refers
to the resemblance of the molecule to a very short 共4,4兲
nanotube. A picotube represents a crucial step toward chirality selective growth of carbon nanotubes with chemical
methods. The electric and optical properties of nanotubes
depend on the diameter and chirality, so that a precise control
of their production is desirable.2 The physical methods used
for nanotube synthesis rely mainly on self-organization with
a carbon plasma as starting point. Calculations of the nanotube folding energy show a smooth dependence on the nanotube diameter in agreement with the uniform chirality distributions measured up to now.3–6 In contrast, organic
chemistry can control the breaking and formation of single
bonds with great accuracy. Controlled switching between
well-defined geometries is possible representing a promising
way of achieving the goal of chirality specific growth. The
synthesis of picotube molecules is a good example of this.
These crystals are currently the closest available to a
monochiral nanotube crystal.5,7,8
Another interesting feature of the picotubes is their size.
With a diameter of 5.4 Å they are closely related to the
smallest nanotubes available.9 The properties of these very
small nanotubes can differ strongly from those of their bigger counterparts and are subject of intense study.10–14 The
curvature of the nanotube walls has important effects on the
electronic and optical properties of nanotubes and cannot be
derived from graphene.12–17 Nevertheless, much of the understanding of carbon nanotubes has been derived from the
known properties of graphene.2 This approach has the advantage of explaining many regularities of the properties of
nanotubes, but it breaks down when the curvature starts to
play an important role. Picotube crystals can serve as a
1098-0121/2005/72共15兲/155402共11兲/$23.00

complementary approach to the understanding of carbon
nanotubes, including the curvature of the walls. For small
nanotubes, a rehybridization of the  and  orbitals has been
predicted and observed indirectly through photoluminescence and resonant Raman measurements.5–7,13,16–19 The
lower symmetry restriction in the picotube makes this effect
visible in the molecular structure, where typical sp3 angles
are found 共see Sec. III A兲.
In this paper we present a study on the structure, electronic properties, and vibrations of picotube crystals. The
atomic structure was obtained with x-ray analysis. The picotube crystals belong to the C2h symmetry group, whereas
the picotube molecule is best described by D2d symmetry.
Calculations of the electronic properties of the picotube molecules are presented. We show polarization-dependent microRaman spectroscopy measurements. We obtained the symmetry of the most intense Raman modes and discuss the
interaction strength of the molecules in the crystal. We assign
the measured modes to atomic displacement patterns by
comparing the measurements with ab initio calculations. We
identify the counterparts of both the characteristic Raman
modes of carbon nanotubes and the sp3-like modes typical
for small tubes with strong wall curvature.
This paper is organized as follows. We first describe the
experimental and computational methods in Sec. II. In Sec.
III we present the structure of picotube crystals as measured
with x-ray diffraction. We compare with ab initio calculations for an isolated molecule. The electronic properties of
the molecule are discussed in Sec. IV and compared with
calculations for carbon nanotubes. In Sec. V we move to
Raman measurements of picotube crystals. Measurements of
the polarization dependence of the intensities allow us to
obtain the symmetry of most intense peaks. An assignment
of the Raman modes to atomic displacements based on
ab initio calculations is presented in Sec. V C. Nanotubetypical modes like the radial-breathing mode, the highenergy mode, and the D mode are identified,2 together with
sp3-like modes among others.
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II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

Picotube crystals have a characteristic flat shape. The
longest edge is typically a few hundredths of micrometers
long. They are transparent to the eye and easily break into
pieces when pressed with a needle. The picotube molecules
are synthesized by ring-expanding metathesis of tetradehydrodianthracene. The exact procedure can be found in Ref. 1.
Two different samples were used for the two experiments.
The x-ray sample was prepared by placing a small vial of a
homogeneous solution of the picotube in carbon disulfide
into a larger flask with acetonitrile 共diffusion method兲. The
crystal was measured on an image plate diffraction system
diffractometer 共IPDS I兲 at 173± 2 K using graphitemonochromated Mo K␣ radiation with  = 0.710 73 Å. Crystallographic data for the measured structure have been deposited at the Cambridge Crystallographic Data Center
共deposition number CCDC 273647兲 and can also be found in
the supplementary materials Ref. 20.
The Raman sample was prepared by purification by highperformance liquid chromatography on a silica gel column
with hexane-dichloromethane 2:1 and crystallized from a solution in pentane-dichloromethane 共1:1兲. Micro-Raman spectra were recorded in backscattering geometry using a singlegrating spectrometer21 and an excitation wavelength of
633 nm. Our experimental setup had a resolution of
3 – 4 cm−1 共full width at half maximum兲. Three inequivalent
surfaces of the same crystal were measured. For the
polarization-dependent experiments we rotated the sample
under parallel and crossed polarization of the incoming and
outgoing light.
Ab initio calculations were performed with the SIESTA
code.22,23 The local-density approximation was used for the
exchange-correlation functional as parametrized by Perdew
and Zunger.24 The core electrons were replaced by nonlocal,
norm-conserving pseudopotentials.25 A double- singly polarized basis set of localized atomic orbitals was used for the
valence electrons. The cutoff radii were determined from an
energy shift of 50 meV by localization.26 For calculation of
the picotube molecule we used a grid cutoff of ⬇100 Ry in
real space 共⬇200 Ry for the calculation of the vibrations兲.
Since SIESTA uses periodic boundary conditions, the molecule was placed in a cubic cell with side length of 25 Å to
avoid interaction between the images. The parameters used
for the nanotube calculations can be found elsewhere.13 The
structures were relaxed until the forces were smaller than
0.04 eV/ Å. The calculation of the vibrational modes was
performed with the method of finite differences.

FIG. 1. 共a兲 Top view of a picotube molecule from the x-ray
measured crystal. Black 共dark gray兲 carbon-carbon bonds are in the
foreground 共background兲 of the picture. Light gray atoms are hydrogen. Two twofold rotation axes 共C⬘2兲 and two reflection planes
共d兲 are shown. 共b兲 Side view of the same molecule. The main
rotation axis is indicated 共C2 , S4兲.

about the main axis; twofold rotation 共C2⬘兲 about two axes
perpendicular to the primary axis; reflection in two diagonal
共d兲 planes.
The picotube molecule is closely related to the 共4,4兲 armchair nanotube 关see Fig. 2共a兲兴. The unit cell of a nanotube
repeats periodically along the direction of its axis. Therefore
it is treated as a one-dimensional solid rather than as a molecule. Cutting a section of three unit cells of a 共4,4兲 nanotube
关including three hexagons along the nanotube axis as indicated by the arrow in Fig. 2共a兲兴 and opening the walls into
four wings, yields a molecule with D4h 共4 / mmm兲 symmetry
关Fig. 2共c兲兴, including fourfold rotation and inversion. In the
actual structure, two of the wings of the molecule tend to
close towards the main rotational axis 共C2兲, and two tend to
bend away from it, complementarily on the lower side 关compare Figs. 2共b兲 and 2共c兲兴. The fourfold rotation symmetry is

III. STRUCTURAL PROPERTIES
A. Single molecules: X-ray scattering and ab initio calculations

Figure 1 shows the structure of a picotube 共C56H32兲 as
determined by x-ray diffraction. The molecule shows very
small deviations from D2d 共4̄2m兲 symmetry, in good agreement with infrared measurements27 and density functional
theory calculations 共see Sec. III A and Ref. 27兲. The symmetry operations of the D2d group are indicated in the figure:
twofold rotation 共C2兲 and fourfold rotatory reflection 共S4兲

FIG. 2. 共a兲 Structure of a 共4,4兲 nanotube 共gray bonds are in the
background of the picture兲. 共b兲 Ab initio calculated structure of the
picotube molecule with D2d 共4̄2m兲 symmetry and parameter definition for Table I. We denote the wings bending inward, i.e., toward
the main rotational axis, as i, and those bending outward as o. Note
the absence of inversion symmetry due to the asymmetry of the i
and o wings of the molecule. 共c兲 Idealized picotube geometry with
D4h 共4 / mmm兲 symmetry including inversion symmetry.
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TABLE I. Structural parameters of the picotube 共PT兲 molecules
as measured by x-ray diffraction and calculated with ab initio methods. The notation corresponds to Fig. 2共b兲. In the last column the
corresponding parameters of a calculated 共4,4兲 nanotube 共NT兲 are
shown for comparison. The experimental parameters are mean values of symmetry-equivalent bonds.
PT 共expt.兲 PT 共calc.兲 共4,4兲 共calc.兲
Diameter 共Å兲
C-C bond length 共Å兲

1
2i
2o
3i
3o
4i
4o

C-H bond length 共Å兲
C-C-C angles
2i-2o
1-2i
1-2o
Wing angle



5.4
1.36
1.51
1.49
1.42
1.41
1.39
1.39
0.99
108
126
126
51
70

5.4
1.37
1.49
1.48
1.43
1.42
1.40
1.40
1.11
109
126
125
51
73

5.5
1.43
1.43
1.43
1.43
1.43
1.43
1.43
119
118
118

lowered to a rotary reflection, i.e., a fourfold rotation followed by a horizontal mirror operation 共hC4 = S4兲. The resulting group is D2d. The inversion symmetry is broken,
which has important effects on the Raman selection rules
共see Sec. V兲. This symmetry lowering is due to the repulsion
between the neighboring wings.
We performed ab initio calculations of the structure of the
picotube and found two equivalent minima of the total energy corresponding to the D2d structure shown in Fig. 2共b兲,
separated by a maximum corresponding to a D4h symmetry
关Fig. 2共c兲兴. The energy difference of 300 meV allows a conformational motion between the two equivalent minima in
agreement with the calculations of Herges et al.27 In Table I
the structural parameters are shown for both the measured
and the calculated picotube structures, as well as for a 共4,4兲
single-walled nanotube. The agreement between the experimental and theoretical data for the picotube is excellent.
Note that the calculation corresponds to an isolated molecule, whereas the measurements were performed in a crystal. The good agreement suggests a low interaction between
the molecules in the crystal and a high stability of the molecule.
In the 共4,4兲 nanotube, all carbon bonds have a similar
length halfway in between a typical single and double bond
length, consistent with delocalized electronic states. In the
picotube, the bonds in the middle ring 关denoted as bond 1 in
Fig. 2共b兲 and in Table I兴 shrink toward the typical C-C
double-bond length of 1.35 Å, whereas the neighboring
bonds 共2i and 2o兲 are longer than the delocalized carbon
bonds. A similar effect is found for polycyclic aromatic hydrocarbons. These molecules are similar to unrolled picotubes of different sizes and shapes. They have unequal

FIG. 3. 共Color online兲 共a兲 Unit cell of the picotube crystal measured with x-ray diffraction. Carbon-carbon bonds in the foreground
共background兲 are shown in black 共dark gray兲. Light gray atoms are
hydrogen, red nitrogen, and blue sulfur. For clarity, the non-carbon
atoms of the CS2 and CH3CN molecules are represented as balls.
The unit cell includes four C56H32 共picotube兲 molecules, four CS2,
and four CH3CN molecules. Two of the picotubes are seen from the
top and two from the side. Note the two parallel picotube wings in
the center of the unit cell. 共b兲 Space filling plot of the formula unit
including one picotube, a CS2 molecule, and a CH3CN molecule,
which has its CH3 group inside the picotube.

C-C bond lengths in contrast to the bonds of graphite, which
are equivalent by symmetry.28 Remarkably, the bond angle
denoted as 2i-2o in the table is 109°, which is expected for
sp3 hybridization. All other angles are close to the sp2 value
of 120°. Similar angles are found for the metastable structure
with D4h symmetry.
In contrast to graphite, where the  and  orbitals are
orthogonal, the curvature of the picotube central ring and
nanotube wall enforces an interaction of these orbitals. This
has important consequences for the electronic and optical
properties of carbon nanotubes, e.g., turning tubes that are
expected to be semiconducting from zone folding into
metals.13,16,17 In armchair nanotubes such small angles between bonds have only been obtained in calculations of
3-Å-diameter nanotubes.29 The observed angle of 109° is a
direct consequence of the rehybridization of  and  orbitals
due to the wall curvature.
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TABLE II. Unit cell vectors and angles of the picotube crystal
measured with x-ray diffraction.
a

b

c

␣

␤

␥

12.470 Å

16.030 Å

20.950 Å

90°

98.13°

90°

B. Picotube crystal: X-ray scattering

In Fig. 3共a兲 the structure of the picotube crystal obtained
from x-ray analysis is shown. The unit cell is monoclinic,
5
共P21 / c兲, with the parameters given in Table
space group C2h
II. This symmetry group includes inversion symmetry, a
glide plane, and a twofold screw axis. The crystal contains
per formula unit one picotube 共C56H32兲, a carbon disulfide
molecule 共CS2兲, an acetonitrile molecule 共CH3CN兲, and four
formula units per unit cell. The four picotubes are arranged
in pairs, with an angle of 74° between the main rotational
axes of the molecules. Each picotube has three of its hexagonal wings confronted to a wing of a neighboring molecule. In
this way, two carbon hexagons from the wings of two different molecules are parallel to each other at a distance of about
3.6 Å; see, e.g., the two wings in the center of Fig. 3共a兲. The
distance between the wings is close to the graphite interlayer
distance, thus lowering the energy of the system via van der
Waals interaction. Interestingly, this situation is favored by
the D2d symmetry of the molecule and may be the reason for
the good agreement of the calculated structure of a single
molecule with the molecular structure in the crystal. In Fig.
3共b兲 a space filling plot of the formula unit is shown. The
acetonitrile molecule has its CH3 group inside the picotube
molecule.
Until now we discussed the structural properties of picotube molecules and crystals. In the following, we discuss
the electronic and vibrational properties of our samples.
IV. ELECTRONIC PROPERTIES

In this section we will show theoretical results on the
electronic properties of picotube molecules and compare
them to the properties of carbon nanotubes. On the left of
Fig. 4共a兲 we show the calculated density of states 共DOS兲 for
the picotube. The highest and lowest occupied molecular orbitals 共HOMO and LUMO, respectively兲 are separated by
2.3 eV. Measurements of absorption of picotubes in solution
show the absorption with the longest wavelength at 300 nm
corresponding to an energy of ⬇4.1 eV 共Ref. 1兲. This is
higher than our theoretical prediction. However, it is known
that the density functional theory underestimates the band
and HOMO-LUMO gaps,30 in particular, for molecules
where the structure of the ground and excited states often
differs.28,31 The picotube has a very large HOMO-LUMO
gap when compared to the band gap of carbon nanotubes,
which comes from the molecular character of the picotube.
In Figs. 4共b兲 and 4共c兲 the calculated DOS and the band
structure of a 共4,4兲 nanotube can be seen. This nanotube is a
metal, with its bands crossing close to two-thirds of the Brillouin zone 共label K兲.32 To compare the DOS of the 共4,4兲
nanotube to that of the picotube molecule, we extract from

FIG. 4. 共Color online兲 共a兲 Calculated electronic density of states
of the picotube. Left-hand side, black lines: full calculation. Righthand side, red: density of states derived from the electronic band
structure of the 共4,4兲 nanotube. The arrow indicates the first optical
transition for light polarized parallel to the main rotational axis of
the molecule. 共b兲 Calculated electronic density of states of a 共4,4兲
carbon nanotube. The arrow indicates the first optical transition for
light polarized parallel to the nanotube axis. 共c兲 Calculated electronic band structure of a 共4,4兲 carbon nanotube.

the band structure of the tube the states with kz vectors compatible with a nanotube length of three unit cells. In this
approximation we consider the two systems equal around
their circumference, and we neglect the effect of the hydrogen atoms on the electronic band structure. The latter approximation is reasonable because the H-related states are
⬇4 eV above and below the Fermi level.
The quantization condition along the nanotube axis is
kz = n / 3a, where n is integer and a is the unit cell length of
the nanotube. The allowed kz are the ⌫ and X points, the
point at two-thirds of the Brillouin zone 共which corresponds
to the K point of graphite in the zone-folding scheme, and
will be therefore denoted as the K point from now on兲 and
the point halfway between ⌫ and K 关see vertical dashed lines
in Fig. 4共c兲兴. From the eigenenergies at these k points we
calculated a nanotube-derived DOS, which is shown to the
right in Fig. 4共a兲 关red 共gray兲 lines兴. Comparing with the DOS
from the full calculation, we see that the energy difference
between the HOMO and LUMO of the picotube is much
larger than predicted by the zone-folding approach. However, the picotube gap is close to the so-called optical gap of
the 共4,4兲 nanotube, meaning the energy of the first optical
transition. Comparing the lowest optical transitions for light
polarized parallel to the main rotational axes of the picotube
and nanotube 关indicated with arrows in Figs. 4共a兲 and 4共b兲兴,
we find very similar transition energies.
We calculated the wave functions of the HOMO and
LUMO of the picotube molecule, which can be seen in Figs.
5共c兲 and 5共a兲, respectively. In panels 共b兲 and 共d兲 the corresponding wave functions from the K point of the 共4,4兲 nanotube are shown. In the central ring of the picotube, the wave
functions are almost identical to those of the nanotube. Furthermore, the symmetry with respect to the d reflection
planes is the same. The parity with respect to these planes is
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FIG. 5. 共Color online兲 Ab initio calculated HOMO and LUMO
wave functions for the picotube molecule and the 共4,4兲 nanotube.
The surfaces shown correspond to a probability amplitude of ±0.05.
The two colors denote the different signs of the wave function. 共a兲
LUMO of the picotube molecule, 共b兲 LUMO of the infinite 共4,4兲
nanotube, 共c兲 HOMO of the picotube molecule, and 共d兲 HOMO of
the infinite 共4,4兲 nanotube.

odd for the wave functions in Figs. 5共a兲 and 5共b兲 and even
for 5共c兲 and 5共d兲. An electronic transition between HOMO
and LUMO through absorption of light polarized along the
axis of the molecule 共with positive parity with respect to d兲
is thus forbidden by symmetry. The first allowed optical transitions for light polarized along the main rotational axis of
the picotube and 共4,4兲 nanotube are indicated in Figs. 4共a兲
and 4共b兲, respectively. Note that the selection rules for light
polarized perpendicularly to the axis are different. In this
configuration the absorbed photon changes the parity of the
electron.
There are also differences between the wave functions of
the picotube and the nanotube. Comparing the HOMO of the
picotube and the corresponding wave function of the nanotube, we see that—apart from the central ring—the electronic
clouds are mainly concentrated in the wings denoted as i in
Fig. 2. Due to the lower symmetry of D4h compared to D2d
the wings are not equivalent by symmetry, but they separate
in two groups 共i and o as defined in Fig. 2兲. This lowers the
interaction between the wings and contributes to the lowering of the symmetry from D4h to D2d.
V. VIBRATIONAL PROPERTIES

In the following we concentrate on the vibrational properties of the picotube molecules, starting with general properties of the vibrational spectrum. Polarization-dependent
Raman measurements allow us to obtain the symmetries of
the main peaks. With the help of ab initio calculations we are
able to assign eigenvectors to the observed vibrational
modes.
A. Raman spectrum

The picotube molecules 共C56H32兲 have D2d symmetry, as
we found in the x-ray investigations 共see Sec. III兲. All nor-

FIG. 6. 共Color online兲 共a兲 Micro-Raman spectra of the picotube
crystal with incident and scattered light parallel to the three inequivalent crystal edges. 共Ref. 51兲. Inset: shape of the crystal and
system of reference. 共b兲 High-energy region of the measured Raman
spectrum of a picotube crystal 关z共x , x兲z̄, same as the black-line spectrum in 共a兲兴 and a sample of bundled nanotubes 共mean diameter
⬇1 nm兲, both excited at 633 nm.

mal modes are expected to be Raman active from group
theory.33,34 If we restrict the analysis to the symmetric part
of the Raman tensor 共excluding thus the 33 A2 modes兲,
the dynamical representation can be decomposed as
33 A1 丣 33 B1 丣 33 B2 丣 132 E.
In Fig. 6 we show three Raman spectra of a picotube
crystal with polarization parallel to the three inequivalent
crystal edges. The spectra are dominated by a feature at
about 1600 cm−1, typical for sp2 carbon compounds. In this
band, we can resolve two modes at 1601 and 1592 cm−1,
plus a less intense mode at 1569 cm−1. The analysis of
polarization-dependent Raman measurements suggests that,
in fact, more than two modes give rise to this feature 共see
Sec. V B兲. In the range between 1000 and 1400 cm−1, several modes are found. The single peak at 1131 cm−1 is the
most intense one followed by a group of three modes at
about 1050 cm−1. In the low-energy region, features appear
around 480 cm−1 and 280 cm−1. In Sec. V B we summarize
the measured frequencies for the most intense peaks in the
range from 200 to 1700 cm−1 共see Table III兲.
The shape of the band at ca. 1600 cm−1 in the spectrum of
the picotube crystal is very similar to the characteristic
double-peak shape in the spectrum of single-walled nanotubes 关see Fig. 6共b兲兴. In particular, the Raman spectra of
isolated single-walled carbon nanotubes often look very
similar to the picotubes high-energy modes except for
slightly different frequencies.35 The high-energy line shape
has, however, a different origin for each system. The nanotube high-energy mode stems from two totally symmetric
vibrational branches derived from the in-plane optical phonon of graphite 共one branch in the case of achiral
nanotubes兲.36,37 The broad line shape, also found for isolated
nanotubes, has its origin in a double-resonant process involving vibrational modes away from the ⌫ point 共q ⫽ 0兲.38–40
Such double-resonant processes are related to the electronic
and vibrational dispersions of the nanotubes and are not expected from a molecule. In the picotube the Raman band
comes from the several overlapping modes. The differences
between the pico- and the nanotube’s Raman spectra origi-
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TABLE III. Observed frequencies, assigned symmetries, fitted
Raman tensors, and character of the picotube phonon eigenvectors
from ab initio calculations. We show the non-zero elements of the
Raman tensor, normalized to r11 of the peak at 1601 cm−1.

 共cm−1兲

Symmetry Raman tensor

1601

A1

1592
1569
1445
1313
1294

A1 , B2 , E

r11 = r22 = 1.00 Tangential C-C stretch
r33 = −1.55
Tangential C-C stretch
Tangential C-C stretch

A1

r11 = r22 = 0.24
r33 = −0.63

1238
1171

A1

1158

A1

1131

A1

r11 = r22 = 0.10
r33 = −0.25
r11 = r22 = 0.16
r33 = −0.35
r11 = r22 = 0.58
r33 = −0.58

1066
1056
1042
488, 479, 473
286, 272, 253

Eigenvector

sp3-like C-C stretch

C-C stretch

A1 or B1
A1 or B1
A1 or B1
Wing torsion
Radial-axial
Hexagon libration
Bending, breathing

nate from three sources. First, we have to take into account
the different aspect ratio of picotubes and nanotubes. The
large aspect ratio of nanotubes gives rise to the antenna
effect,41,42 which suppresses all nondiagonal contributions to
the Raman tensors.2,43 Only totally symmetric modes are observed in the Raman spectrum of nanotubes.36,37,43,44 This is
not expected for the picotubes because of their much lower
aspect ratio. Second, for every Raman allowed branch of a
共4,4兲 nanotube we can derive several Raman allowed picotube vibrational modes by applying the same zone-folding
procedure to the nanotube vibrational bands as explained for
the electronic bands in Sec. IV. Third, the lower symmetry of
the picotube, for example the absence of inversion, allows
more modes to be Raman active.
The ab initio calculations presented in Sec. V C indicate
the mode at 1596 cm−1 as a possible analog of the D mode of
carbon nanotubes. The energy of this Raman peak is much
higher than the energy of the D mode in graphite or nanotubes. Symmetry and the calculated eigenvectors show that
the 1596 cm−1 mode corresponds to the K-point TO mode of
graphite 共see Sec. V C and Fig. 9 for details兲.28,31
The third feature in the Raman spectra of single-walled
nanotubes is the radial-breathing mode 共RBM兲. The RBM is
one of the Raman fingerprints of single-walled tubes, since it
is absent in the spectra of graphite or multiwalled

nanotubes.45,46 It corresponds to an in-phase radial vibration
of all atoms of the nanotube, with a small nonradial
component.4,47 For carbon nanotubes, the frequency of the
radial-breathing mode depends inversely on the tube
diameter.6,18,48–50 We use the experimentally determined parameters from Telg et al.,6 and obtain

RBM =

214
cm−1 nm + 19 cm−1 = 408 cm−1
d

共1兲

for the 共4,4兲 nanotube with diameter 0.55 nm. The ab initio
calculated radial-breathing mode of the 共4,4兲 nanotube is
found at 413 cm−1 in very good agreement with Eq. 共1兲. Our
ab initio calculations of the picotube’s vibrational properties
show, however, a breathinglike mode at much lower frequency than expected from Eq. 共1兲, closer to the measured
peaks at ⬇270 cm−1. This lower frequency is due to the
lower symmetry of the picotube 共see Sec. V C for details兲.
Let us now look back at the x-ray structure of the picotube crystal shown in Fig. 3. The symmetry of the picotube
is D2d. Although this is lowered to C2h in the crystal, we find
two planes that are structurally almost identical 共for example
the one shown in the figure, the second found by turning the
unit cell by 90° about the c axis兲, whereas the third perpendicular plane shows a different configuration. Figure 6 displays Raman spectra taken with light polarized parallel to the
three inequivalent edges of a single picotube crystal. Clearly,
two of the spectra are practically the same 关x共y , y兲x̄ and
x共z , z兲x̄兴, while the z共x , x兲z̄ differs from the other two.51
Compare, for example, the shape of the double peak at
⬇1600 cm−1 or the group at ⬇480 cm−1. In the following we
discuss angle-resolved polarized Raman spectra and use
them to assign the symmetry of the vibrational modes.
B. Polarized Raman measurements

To assign the symmetry of the vibrational modes we performed polarization-dependent Raman measurements. Figure
7共a兲 shows the measured Raman intensity as function of the
angle  between the excitation polarization and the y direction for the mode at 1601 cm−1. At first sight, the polarization dependence seems to show an A1 behavior. The Raman
intensity in parallel polarization 共closed symbols兲 is at maximum for  = 0°, decreases towards 45° and has a second
maximum at 90°. In crossed polarization 共open symbols兲 we
find a fourfold symmetry for the  dependence of the scattering intensity. Both observations point to A1. It is, however,
remarkable that the intensity for parallel polarization of the
incident and scattered light does not vanish for  = 45° as
expected for A1.34 This is observed for the xy and xz surfaces
of the crystal, but not on the yz surface, where the intensity
of the peak drops below 5% of its maximum value. These
observations exclude the possibility of describing the polarization dependence of the signal using a single Raman tensor.
To resolve the apparent contradiction between the measured Raman intensity and the symmetry imposed Raman
tensors, we take another look at the x-ray structure of the
crystal in Fig. 3. The unit cell includes two pairs of parallel
molecules, with an angle of 74° between their main rota-
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FIG. 7. 共Color online兲 共a兲 Raman intensity of the peak at
1601 cm−1 vs angle  between the polarization of the incident light
and the crystal y axis as defined in Fig. 6. The black closed circles
correspond to parallel polarized incident and scattered light, the red
共gray兲 open circles to perpendicularly polarized incident and scattered light. Lines are fits to our model for an A1 vibration. 共b兲
Proposed model for the unit cell for the Raman sample. The scattering pattern from each molecule is shown for an A1 Raman tensor,
as well as the sum, which corresponds to the expected intensity for
independent scattering. Black lines correspond to parallel polarized
incident and scattered light, red 共gray兲 lines to perpendicularly polarized incident and scattered light.

tional axes. We now model the Raman intensity as the added
contributions from two rotated molecules. This is justified
because the atoms of two different picotubes in the crystal
are at least separated by the typical van der Waals distance.
Thus, we expect only a weak interaction between them. To
explain the polarization dependence in Fig. 7共a兲 we assume a
simplified crystal structure with two noninteracting perpendicular molecules as building blocks 关see Fig. 7共b兲兴. This
unit cell gives rise to a structure with two equivalent faces, in
good agreement with our observation 共see Fig. 6兲. We identify the equivalent faces as the xy and xz surfaces of our
crystal. The third, different face, corresponds to yz. For such
a crystal the Raman signal can be calculated as
2
I ⬀ 共ei · R PT · es兲2 + 共ei · R⬜
PT · es兲 ,

共2兲

where R PT is the Raman tensor of a picotube molecule and
R⬜
PT the same Raman tensor rotated by 90°. The form of the
Raman tensors can be derived from group theory.34
In Fig. 7共b兲 we show the independent contribution of each
molecule of the simplified unit cell for an A1 Raman tensor

FIG. 8. 共Color online兲 Raman intensity vs angle  between the
polarization of the incident light and the y axis as defined in Fig. 6
for four picotube modes. The closed black circles correspond to
parallel incident and scattered light, the open red 共gray兲 circles to
crossed incident and scattered light. 共a兲 1592 cm−1. The fit corresponds to the sum of two modes with A1 and E symmetry from two
perpendicular, independent molecules according to Eq. 共2兲. Measured  dependence for the modes at 共b兲 1294, 共c兲 1131, and 共d兲
1056 cm−1. The fits correspond to the A1 symmetry, plus a small B2
component for the mode at 1294 cm−1.

关Eq. 共2兲兴. The resulting intensity in the weak-interaction approximation is the sum of the intensities for the independent
molecules. Using Eq. 共2兲 we obtain an excellent fit of the
data for the mode at 1601 cm−1, as can be seen in Fig. 7共a兲.
We assign this peak to an A1 mode.
Although the angle between the main rotational axes of
the molecules in Fig. 3共a兲 slightly differs from 90°, this does
not affect our conclusions. Modes with B2 or E symmetry
have their maxima at 45° for parallel polarized incident and
scattered light. The functional form resulting from modes
with B1 symmetry is similar to those with A1 on the xy side.
However, on the zy surface the intensity from A1 modes does
not vanish, in contrast to our measurements for the
1601 cm−1 mode. Thus, A1 is the only possible Raman tensor
explaining the polarization of the 1601 cm−1 phonon of the
picotube.
In Fig. 8共a兲 an equivalent plot is shown for the mode at
1592 cm−1. It cannot be satisfactorily described by any of the
symmetries of the D2d group alone. However, it can be fitted
as the superposition of intensities corresponding to two vibrational modes of similar frequency but different symmetries. From the functional form of the measured  dependence we find that one mode belongs to the A1 or B1
representations and the other one to B2 or E. The fit in Fig.
8共a兲 includes an A1 and an E Raman tensor. Panel 共b兲 shows
the data for the peak at 1294 cm−1. The fit was performed
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FIG. 9. 共Color online兲 Calculated A1 eigenvectors in the frequency range corresponding to the measured band at ⬇1600 cm−1.
The calculated frequencies and the assigned experimental frequencies are indicated. The mode shown in panel 共a兲 corresponds to the
totally symmetric Raman active high-energy mode of armchair
nanotubes, derived from the optical in-plane phonon of graphite. In
panel 共c兲 we show a vibrational mode related to the K-point TO
mode of graphite 关shown schematically in 共d兲兴. The TO branch of
graphite gives rise to the D mode.

with an A1 Raman tensor, plus a very small B2 component to
account for the nonvanishing intensity at  = 0° for the
crossed configuration. Panels 共c兲 and 共d兲 of Fig. 8 show further data and fits of two different modes. Panel 共c兲 can be
assigned to the A1 symmetry using the information from the
zy surface as we did for the mode at 1601 cm−1. The mode
shown in Fig. 8共d兲 is of A1 or B1 symmetry.
The modes at 1158 and 1171 cm−1 behave similarly to the
1294 cm−1 mode 关Fig. 8共b兲兴. The modes at 1066 and
1042 cm−1 show intensity plots similar to the one shown in
Fig. 8共d兲. In Table III the fitted elements of the Raman tensors are summarized, normalized to r11 of the peak at
1600 cm−1.
C. Ab initio calculations

From the Raman measurements shown in the previous
sections we obtained the frequencies and symmetries of the
vibrational modes of the picotube molecules in the crystal.
To assign the measured modes to atomic displacement patterns, we performed ab initio calculations of the vibrational
modes of the picotube molecule. We found 32 pure C-H
stretching modes with frequencies between 3088 and
3165 cm−1. Below these frequencies, the first mode appears
at 1643 cm−1.
Around 1600 cm−1 we find three A1 modes in our calculation with frequencies 1596, 1600, and 1621 cm−1. The

eigenvectors are shown in Figs. 9共a兲–9共c兲. The mode at
1621 cm−1 is clearly related to the ⌫-point high-energy mode
of armchair carbon nanotubes.39 As we discussed in Sec.
V B, the measured band must contain more than three modes
with different symmetries. In the frequency region between
1596 and 1621 cm−1 we find nine further C-C stretching
eigenvectors with tangential displacements perpendicular to
the picotube axis like those shown in Fig. 9 with B1 共one
mode兲, B2 共two modes兲, and E symmetries 共three pairs of
eigenvectors兲. We will call these modes transversal. Above
them we find eight eigenvectors, all of them with tangential
displacements mainly along the picotube axis 共longitudinal兲.
Their symmetries are A2 共two modes兲, B1 共two modes兲, and
E 共two pairs of eigenvectors兲. We conclude that the eigenvectors underlying the measured peaks in the high-energy
region are most likely transversal C-C stretching modes.
The eigenvector shown in Fig. 9共c兲 is related to the K
point transverse optical phonon of graphite 关Fig. 9共d兲兴.31
Rolling the graphene sheet in Fig. 9共d兲 to a nanotube we
obtain a totally symmetric eigenvector. Correspondingly we
expect a totally symmetric equivalent for the picotube. After
searching all A1 picotube eigenvectors we find the mode at
1596 cm−1 resembles most the graphite mode 关see Fig. 9共c兲兴.
The corresponding phonon branch of graphite gives rise to
the so-called defect-induced mode or D mode.2,38,45 In graphite and carbon nanotubes the D-mode frequency shifts with
laser excitation energy, which had been a Raman puzzle for
more than 20 years.52 This behavior was finally explained by
double-resonant Raman process involving phonons close to
the K point of graphite.38 Recent measurements of the phonon dispersion of graphite53 yielded a frequency of
1265 cm−1 for the D-mode branch at the K point, much
lower than expected from ab initio calculations.54 The low
frequency of the phonon branch was explained by the large
electron-phonon coupling of the mode to the Fermi electrons
in graphite 共Kohn anomaly兲.53,55 The atomic displacement
opens a gap at the Fermi level, lowering the total energy of
the system. This results in a softening of the phonon frequency. In the picotubes the D-like mode is much higher in
frequency 共1596 cm−1兲 than in graphite or carbon nanotubes
共⬇1350 cm−1 for excitations in the visible energy range兲.
This is in excellent agreement with the Kohn-anomaly picture, because the picotube is a semiconductor without electronic states at the Fermi energy.
In the region around 1445 cm−1, we find several modes
combining C-C stretching and C-C-H bending, in which
mainly the atoms in the wings move. In particular, we find
two A1 modes at 1450 and 1456 cm−1 in good agreement
with the measured frequencies. The mode at 1456 cm−1 is
shown in Fig. 10共a兲. The second mode shows an identical
displacement pattern but only for the o wings.
We identify the measured A1 peak at 1294 cm−1 as the
calculated A1 vibration at 1290 cm−1 关see Fig. 10共b兲兴. The
main effect of this displacement pattern is to stretch the
bonds 2i and 2o 关see Fig. 2共b兲兴. As discussed in Sec. III A
these bonds have lengths and display an angle typical for an
sp3 hybridization. The stretching of these bonds gives rise to
a frequency which is fairly close to the diamond frequency of
1332 cm−1. Around the measured frequency of 1238 cm−1,
we find several sp3-like C-C stretch modes.
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found in the phonon dispersion of carbon nanotubes. For
q ⫽ 0 these two branches have the same symmetry. They
show a level anticrossing and interchange their eigenvectors
with a strong mixing in the intermediate region. The mode
calculated at 466 cm−1 is analogous to such a mixed radialaxial eigenmode.
In the low-energy region, we find mainly radial modes.
The following eigenvectors are in very good agreement with
the measured frequencies: the wing-hexagon bending at
287 cm−1, the ring-hexagon libration at 253 cm−1, and a
breathing mode at 267 cm−1 关see Fig. 10共f兲兴. As explained in
Sec. V, the frequency of this mode is softened with respect to
the RBM frequency of carbon nanotubes 关see Eq. 共1兲兴. The
reason for this frequency softening is the lower symmetry of
the picotubes. In carbon nanotubes, all atoms are equivalent
by symmetry. Therefore, the magnitude of the atomic displacements must be constant for an A1g phonon like the
radial-breathing mode. In the picotube, there are eleven nonequivalent atoms, which relaxes the symmetry constraints on
the A1g displacements. Since the breathinglike mode in Fig.
10共f兲 is not purely radial, several C-C bonds are not stretched
resulting in a lowering of the frequency.

VI. CONCLUSIONS

FIG. 10. 共Color online兲 Selected calculated eigenvectors, calculated frequencies, and assigned experimental frequencies. They all
belong to the A1 representation. Gray carbon-carbon bonds in 共f兲 are
in the background 共displacement omitted for clarity兲.

At lower frequencies, we found only two modes that are
not of A2 symmetry and hence Raman active: a B1 mode at
1157 cm−1 and an E mode at 1163 cm−1. The measurements
yield modes at 1158 and 1171 cm−1 in good agreement with
the calculated frequencies. However, the measured A1 symmetry cannot be explained by the calculations. Our calculations yield an eigenvector with A1 symmetry and energy
1136 cm−1 关see Fig. 10共c兲兴 which can be identified with the
intense peak at 1131 cm−1. As we showed in Sec. V B, the
symmetry of three modes measured at 1066, 1056, and
1042 cm−1 is either A1 or B1. Looking at the calculations, we
find three modes with these symmetries: a B1 mode at
1040 cm−1, an A1 mode at 1047 cm−1 shown in Fig. 10共d兲,
and a B1 mode at 1047 cm−1. The next mode with one of
these symmetries appears at 1076 cm−1.
The group of modes measured around 480 cm−1 are related to the radial-breathing mode of carbon nanotubes. In
the ab initio calculation we find several wing-torsion modes
at 494 cm−1 and above, and mixed radial-axial modes at
475 cm−1 and below. In Fig. 10共e兲 we show the A1 radialaxial eigenvector with frequency 466 cm−1. Mixing of the
radial-breathing mode with the axial-translation branch is

We presented a thorough theoretical and experimental
study of the physical properties of picotube molecules and
crystals. We found the measured crystal structure to be almost identical to the calculated structure of an isolated molecule. This, together with the large distance between the molecules in the crystal, implies a low molecular interaction.
The atoms in the central ring of the molecule show an angle
of 109°, typical of sp3 hybridization. This confirms the
curvature-related rehybridization of  and  orbitals in carbon nanotubes. The calculated picotube density of states
shows a gap of 2.3 eV, in contrast to the metalicity of the
共4,4兲 nanotube. However, the symmetries of the HOMO and
LUMO are analogous in both systems.
We presented polarization-dependent Raman experiments
on the three inequivalent sides of picotube crystals. The
spectrum is dominated by a feature at 1601 cm−1. The shape
of this mode is very similar to that of the high-energy modes
of single-walled nanotubes. In the picotube, several modes of
different symmetry form this band, including the characteristic sp2 vibration related to the optical in-plane phonon of
graphite. We assigned the symmetry of the most intense
peaks, in most cases A1. Comparing with ab initio calculations of the vibrations of an isolated picotube we identified
most of the measured modes, and in particular those corresponding to nanotube modes: the high-energy mode, the D
mode, and the radial-breathing mode.
In conclusion, we showed strong analogies between the
physical properties of picotube molecules and single-walled
carbon nanotubes, but also interesting additional features. We
benefited from the knowledge about carbon nanotubes in order to understand the similarities to picotubes, and learn
about effects caused by the differences between these two
compounds.
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