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Abstract: The development of longitudinal optical-transverse optical (LO-TO) modes in CF4 has been
studied experimentally and theoretically as a function of dimensionality. Infrared absorption experiments
for CF4 adsorbed on single-walled carbon nanotubes indicate a lack of LO-TO splitting at low coverage
and a gradual appearance of LO-TO modes as the coverage of CF4 on the nanotubes is increased. We
have performed density functional perturbation theory calculations for the vibrational frequencies, IR
absorption spectra, and phonon density of states for CF4 in one, two, and three dimensions. The calculations
demonstrate that LO-TO splitting in 1D is qualitatively different from that computed for 2D or the bulk. The
magnitude of the splitting in 1D is about one-half that computed for the bulk, and the LO mode is very
weakly blue-shifted in 1D. We predict that the phonon density of states changes dramatically as the
dimensionality of the crystal is changed. This prediction can be tested experimentally via inelastic neutron
scattering. We conclude that LO-TO splitting can be used as a probe to identify 1D states of matter.

I. Introduction

The study of one-dimensional (1D) states of matter has
recently enjoyed a significant burst of activity thanks to the
discovery of single-walled carbon nanotubes (SWNTs).1-12

SWNTs are 1D structures constructed by rolling a single
graphene sheet into a tube. The diameters of SWNTs are
typically on the order of 1 nm, while the lengths can be many
micrometers.13,14 SWNTs are known to self-assemble on to a
2D hexagonal lattice to form bundles containing tens to hundreds
of individual tubes. Perfectly packed bundles of SWNTs provide
three possible sites for gas adsorption that could result in an
effective 1D state of matter. These sites are the interior of the

nanotube (endohedral site), the interstitial channel (formed where
three tubes meet), and the exterior groove site (formed where
two tubes meet on the surface of the bundle). There is evidence
for simple gases adsorbing in 1D groove and endohedrial
sites.5,9,10,12,15-27 However, there is little direct evidence of how
the 1D environment affects the properties of the adsorbed
gas.28,29

We have recently studied the adsorption of CF4 on SWNT
bundles through a combination of experimental IR and molec-
ular modeling.19 CF4 has an intense IR absorption peak at 1281
cm-1 for theν3 asymmetric stretching mode. In the IR spectrum
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of liquid CF4, the absorption peak of theν3 mode is split into
a doublet separated by about 70 cm-1. This splitting is due to
dynamic dipole interaction. There is a large electronegativity
difference between carbon and fluorine that generates a con-
siderable dynamic dipole resulting from the distortion of the
CF4 tetrahedron. This dynamic dipole in turn interacts with the
neighboring CF4 molecules and perturbs their vibrational
frequencies. This phenomenon is analogous to the longitudinal
optical-transverse optical (LO-TO) splitting in ionic crystals,
for example, NaCl, where the LO mode leads to a blue-shift in
the vibrational frequency, while the TO mode leads to a red-
shift. LO-TO splitting of CF4 has been previously studied in
the bulk30-33 and on the surface of ice.34,35

Our previous experimental IR study failed to find any
evidence of LO-TO splitting for CF4 adsorbed on SWNT
bundles.19 It is not clear from the experiments whether the
absence of LO-TO splitting is due to the low concentration of
CF4 adsorbed on the SWNTs or due to the one-dimensional
nature of the phonon modes of CF4 adsorbed inside the SWNTs
and in the groove sites. Atomistic simulations of adsorption at
the experimental temperature of 133 K and pressure of 0.033
Torr predicted that the CF4 density inside the SWNTs would
be close to that of liquid CF4,19 implying that CF4 concentration
is not the reason for the absence of LO-TO splitting. It is
therefore interesting to ask whether the absence of LO-TO
splitting for CF4 adsorbed on SWNTs is a signature of the 1D
nature of the adsorbed phase.

In this work, we have studied LO-TO splitting both theo-
retically and experimentally. We have used density functional
theory (DFT) to study the lattice dynamics and IR absorption
of CF4, varying both the dimensionality and the concentration
of the CF4 phase. We have experimentally measured the IR
spectra of CF4 adsorbed on SWNTs as a function of coverage.
The combined theoretical and experimental studies give a
detailed picture of the development of LO-TO splitting as the
concentration of the adsorbed gas is increased.

Previous work indicates that CF4 preferentially adsorbs in
the groove and the internal sites at low coverage.19 The groove
sites allow only a 1D line of CF4 molecules to adsorb at low
coverage, with the molecules confined by the strong solid-
fluid potential of the groove site. The CF4 molecules ad-
sorbed inside the nanotubes are not confined to a line, but are
adsorbed against the inside walls of the nanotubes, forming a
quasi-1D environment. At higher CF4 coverage, multilayers of
CF4 appear on the external surface of the nanotubes, giving rise
to a bulklike phase. We have experimentally probed a wide
range of coverages of CF4 on SWNTs through control of the
temperature and pressure of the system. We find that LO-TO
splitting is clearly observed from IR experiments at higher
coverages, while LO-TO splitting cannot be observed experi-
mentally at low coverages. Our DFT calculations address the
issue of whether LO-TO splitting can occur in 1D and quasi-
1D environments.

II. Computational Methods

We have performed three types of calculations relating to the IR
spectra of CF4.

First, we have computed the vibrational frequencies of CF4 for bulk,
gas phase, 1D chains, and CF4 adsorbed on SWNTs from the direct
force constant approach using VASP.36-38 Second, we have computed
IR intensities (absorption) from density functional perturbation theory
(DFPT) using the PWscf package39 combined with the method of Balan
and co-workers.40 Last, we have computed the phonon density of states
(PDOSs) and their corresponding dispersion relations in the first
Brillouin zone from DFPT using PWscf. All calculations utilized the
nonrelativistic local density approximation (LDA). This level of theory
was used previously by us to study the vibrational modes of CO2 on
SWNTs.41 The DFPT calculations were carried out for CF4 in the 3D
bulk solid, the 2D solid consisting of one, two, and three layers, and
1D chains. The effect of the nanotubes was not explicitly included in
the DFPT calculations.

A. Vibrational Frequency of Adsorbed CF4 in the Groove Site
and Internal Adsorption Site. We have carried out VASP calculations
using Vanderbilt’s ultrasoft pseudopotentials (USPP).42 In the following
sections, the results computed using VASP are denoted by LDA/USPP.
The cutoff energies for the wave function and augmentation charge
were set to 424.5 and 975.2 eV, respectively. The vibrational frequencies
were calculated by the direct force constant approach.43 Calculations
were performed for CF4 on metallic (10,10) and semiconducting (17,0)
SWNTs, in the groove site and interior of the nanotube. These two
types of SWNTs have diameters similar to those observed for SWNTs
produced by laser ablation.44

Adsorption of CF4 on the metallic (10,10) SWNTs was simulated
using a supercell having two primitive unit cells of the (10,10) SWNT,
giving a supercell length of 4.9 Å. For CF4 inside the (10,10) SWNT,
CF4 and SWNT are put into a hexagonal cell of 22.1 Å× 21.9 Å ×
4.9 Å, giving a separation between the adjacent tubes of about 8.4 Å.
For the CF4 in the groove site, a rectangular supercell of 16.3 Å×
24.3 Å × 4.9 Å was used. One primitive unit cell was used for the
(17,0) nanotube, giving a supercell length of 4.2 Å. Internal adsorption
in the (17,0) SWNT used a hexagonal cell of 22.3 Å× 22.3 Å × 4.2
Å. Groove site adsorption used a rectangular supercell of 16.3 Å×
24.3 Å× 4.2 Å. The k-space integration used 1× 1 × 6 k meshes in
all cases.

The vibrational frequency of gas-phase CF4 at the Γ point was
calculated using LDA/USPP. The gas phase was approximated by
placing a single molecule into a cubic box 15.0 Å on a side.

B. Phonon Calculations for CF4 in Different Dimensionalities.
The PWscf calculations used norm-conserving pseudopotentials gener-
ated by the Troullier-Martins scheme45 for carbon and fluorine atoms,
using the fhi98PP pseudopotential package.46 A high cutoff energy of
80 Ry was chosen for the pseudopotentials. The k-space integration
used 3× 3 × 3 k meshes for 3D and 1D models, and 3× 3 × 1 k
meshes for 2D slab models. The LDA PWscf calculations are denoted
by LDA/NCPP in the following sections.

We have modeled orientationally ordered structures of CF4 to reduce
the computational demands in the DFT and DFPT calculations. It is
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known that orientational disordering broadens the LO and TO bands
without greatly affecting the overall splitting patterns.31,32 The crystal
structure of the CF4 solid in phase II (orientationally ordered) has four
CF4 molecules per unit cell with space groupC2/c.47 LDA calculations
show a potential minimum witha*/a0 at 0.95, wherea* is the optimized
lattice parameter anda0 is the experimental result. This 5% discrepancy
is in the acceptable range, when compared to the previous LDA
calculations for the Xe crystal, which had 4% deviation in lattice
parameters from experimental results.48 We note that most functionals
used in DFT cannot account accurately for weak interactions that are
due to electron correlation.49-54 New methods have been developed to
deal with van der Waals interactions within DFT.51,55-59 However, we
use the LDA formalism because it has been shown to be reasonably
accurate for selected cases involving graphene systems.60,61We expect
LO-TO splitting to be described relatively well by LDA because the
dynamic dipole interactions are mainly electrostatic in nature, which
can be treated by LDA relatively accurately.

We have also considered CF4 molecules in a body-centered cubic
(bcc) cell, to study the space group effect on the LO-TO splitting. It
is reasonable to choose a bcc Bravais lattice for CF4, because SiF4, a
larger group IV tetrafluoride, packs in a bcc lattice.62,63

The gas-phase CF4 was modeled within LDA/NCPP using a single
CF4 molecule in a bcc cell.Γ point sampling ink space integration
was used. The length of the lattice vector was set to 20.0 Å, which
was long enough to avoid intermolecular interactions.

Gas-phase vibrational frequencies for CF4 computed from various
methods are shown in Table 1, along with the experimental frequencies.
LDA calculations universally underestimate the vibrational frequencies
of the different modes as compared to experiment. However, we are
interested in shifts of the frequencies rather than absolute values. We
expect the qualitative trends to be accurate, although the absolute
frequencies are underestimated.

C. IR Absorption Calculations for CF 4 in Different Dimension-
alities. The coupling between an incident radiation wave vector and
the phonon wave vector of a solid is only effective whenk ≈ q, where

k is the radiation wave vector andq is the phonon wave vector. Because
the IR wavelength is much longer than the lattice constants, IR
absorption occurs whenk ) q f 0. In this work, we employed the
method of Balan et al.40 to calculate the IR spectra of condensed CF4

for q f 0. The average adsorbed power is given by

where ω is the frequency, andε(ω) is 1/3 of the trace ofε5(ω), the
dielectric tensor of the sample. The low-frequency dielectric tensorε5(ω)
can be calculated by using the vibrational frequencies and Born effective
charge tensors,64 which were obtained from the DFPT method.

III. Experimental Section

Purified SWNTs produced by the laser vaporization method were
used in this study. The same batch of nanotubes was used in our earlier
experiments, and a detailed characterization of the sample can be found
elsewhere.15-17,19,65

A sample of SWNTs was deposited from a DMF suspension onto
one of two CaF2 supporting spots pressed into a tungsten grid. The
second CaF2 spot was used as a reference. The tungsten grid was
connected to massive Ni clamps fastened to Cu wires that served as
power leads and provided thermal contact with the refrigerant. The
sample temperature was controlled by an alumel-chromel thermocouple
welded to the top of the grid. The nanotubes were ozonized at 303 K
in three cycles, lasting 5 min each. The initial O3 pressures were 21.8,
16.6, and 21.1 Torr, for each cycle, respectively. A detailed description
of the transmission IR cell and experimental setup can be found
elsewhere.19

Both L-N2 and L-He were used to cool the sample. The sample was
heated to 133 K when L-N2 was used in the IR cell Dewar flask. Liquid-
He was used to achieve lower temperatures by transferring it from a
L-He Dewar flask to the IR cell Dewar flask via an evacuated double-
walled transfer tube. Helium evaporated at the outlet of the transfer
tube, due to poor insulation, producing a cold gas at∼28 K. The sample
was heated to 36 K to avoid temperature fluctuations.

CF4 (Aldrich Chemical Co., 99.9% purity) was dosed into the IR
cell from the gas line. The highest possible pressure of a gas in the IR
cell is defined by the sublimation pressure at the coldest point in the
system, which is the Dewar flask. When L-N2 was used as a refrigerant,
the saturation pressure was 0.033 Torr, and it was less than 10-5 Torr
when He was used. For the higher temperature (L-N2), gas dosed into
the IR cell quickly reached a steady state, giving an effective equilibrium
between the gas in the cell at a pressure of 0.033 Torr and the gas
adsorbed on the nanotubes at 133 K. In contrast, when He was used as
a refrigerant, gas dosed into the cell rapidly condensed on both the
Dewer flask (at∼28 K) and the sample (36 K). The mobility of the
condensed CF4 molecules at these low temperatures was extremely low,
so that steady state was not achieved over the time of the experiment.
An unknown fraction of each dose of CF4 gas adsorbed on the sample
and a constant increase of condensed CF4 on the sample were observed
with each dose. Hence, the L-N2 experiments could only produce a
low coverage of CF4 on the nanotubes, due to desorption of the gas
from the sample, while the low temperature experiments produced
macroscopically thick layers of CF4 adsorbed on the sample.

Transmission IR spectra were measured with a Mattson Research
Series FTIR spectrometer equipped with a wide band MCT detector.
All spectra were recorded at 4 cm-1 resolution with 500 scans for
averaging.

IV. Results and Discussion

A. LO -TO Splitting in Bulk CF 4. Our main goal is to
determine if LO-TO splitting can occur in confined systems,
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Table 1. Vibrational Frequencies of Gas-Phase CF4

vibrational modea ν1 ν2 ν3 ν4

degeneracy 1 2 3 3
LSDA/6-31Gb 1264 573
LDA/NCPPc 884 407 1218 597
LDA/USPPd 908 423 1238 611
experimente 909 435 1281 632

a ν1 ) symmetric stretching;ν2 ) symmetric bending;ν3 ) asymmetric
stretching;ν4 ) asymmetric bending.b LDA calculations of Byl et al.19

c This work, calculated from PWscf.d This work, calculated from VASP.
e Previous experimental work of Byl et al.19

W(ω) ∝ ω Im[ε(ω)] (1)
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specifically 1D, quasi-1D, and 2D systems. We first show that
our IR absorption and PDOS calculations reliably predict the
behavior of bulk CF4. Nectoux et al. have measured the Raman
spectra of CF4 dissolved in argon at mole fractions ranging from
10-2 to 1.33 At low concentrations, the CF4 molecules are well
separated and the Raman spectrum does not display any
LO-TO splitting, as seen from the data in Figure 1a, bottom
curve. The LO-TO splitting develops gradually as the con-
centration of CF4 increases, as seen by comparing the curves
in Figure 1a. A very similar trend can be seen from the
LDA/NCPP calculations, presented in Figure 1b and c. The
computed IR absorption spectra of theν3 mode for bulk CF4 in
a bcc lattice are shown in Figure 1b. The lattice spacing was
varied froma/a0 ) 1.4 to 1, wherea0 is the equilibrium lattice
spacing. At the largest lattice spacing (bottom curve in Figure
1b), the TO and LO peaks are located at 1200 and 1245 cm-1,
respectively, giving a splitting of 45 cm-1. The calculated
splitting at the equilibrium lattice spacing (top curve in Figure
1b) is 116 cm-1, as compared to the experimental value of 65
cm-1 (top curve, Figure 1a). Thus, the magnitude of the splitting
computed from DFPT is about twice that observed in experi-
ments, but the trends from the calculations are in qualitative
agreement with experiments (compare Figure 1a and b). Note
that the experimental Raman spectra show a peak at about 1258
cm-1 that is due to Fermi resonance with the first overtone of
the ν4 mode; this effect is not included in the calculations.

Phonon density of states computed for bulk CF4 as a function
of lattice spacing is presented in Figure 1c. The intensity of
PDOS is not directly proportional to the IR/Raman intensity
because the former involves the vibrational motions at different
values of the wave vectork over the entire first Brillouin zone.
In contrast, the IR and Raman intensities result from vibrational
motions at theΓ point of the first Brillouin zone. Therefore,
the PDOS is not a direct measure of the observable LO-TO
splitting in experiments, but it does provide additional informa-
tion on CF4 vibrations. We see that the PDOS develops in a
way that is qualitatively similar to the experimental Raman
spectra as the concentration of CF4 is increased, either through
decreasing the lattice constant (Figure 1c) or through increasing

the mole fraction (Figure 1a). As stated above, the low-
temperature structure of CF4 is C2/c. We have used a bcc lattice
in the calculations presented in Figure 1 for computational
efficiency. We have computed the PDOS for theC2/c crystal
structure and have found that the results are very similar, in
accord with the experimental observation that the Raman spectra
of CF4 in the solid and liquid phases are very similar, both
exhibiting LO-TO splitting.32

Phonon dispersion relations can provide additional insight
into LO-TO splitting. The calculated phonon structure of bulk
bcc CF4 (Figure 2a) shows that the TO modes are doubly
degenerate at theΓ points (lower frequency) and that the LO
mode is nondegenerate (higher frequency). The band valley at
1233 cm-1 in the PDOS is due to the dispersion atH (0.0, 1.0,
0.0), where the coordinates of the k point in real space are
reported in the parentheses. The vibrational motion is triply
degenerate at the two special k points,H (0.0, 1.0, 0.0) andP
(0.5, 0.5, 0.5). This is because these two k points are at the
vertices of the first Brillouin zone, at which the vibrational

Figure 1. LO-TO splitting of bulk CF4 as a function of concentration. (a) Experimental Raman spectra for CF4 dissolved in Ar at different mole fractions.
Data from Nectoux et al.33 (b) The IR absorption for bcc CF4 computed from density functional perturbation theory as a function of lattice spacing. (c) The
computed phonon density of states for bcc CF4 as a function of lattice spacing.

Figure 2. (a) Phonon dispersion curves for bulk CF4 (body-centered cubic
lattice). (b) Phonon dispersion curves for 1D CF4 packed along the molecular
C3 axis.
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motions of CF4 are totally out-of-phase, resulting in the absence
of LO-TO splitting.

The phonon dispersion relations (Figure 2a) indicate that the
TO band depends on the intralayer and interlayer CF4 interac-
tions. The inset in Figure 2a shows the special k point directions
relative to the bcc lattice. The phonon atN (0.5, 0.5, 0.0)
contributes to the PDOS intensity around 1168 and 1193 cm-1;
the phonon dispersion fromP (0.5, 0.5, 0.5) toH (0.0, 1.0,
0.0) contributes to the PDOS intensity around 1179 cm-1. For
the TO dispersion longP-H, there exists a minimum in the
phonon dispersion curves located at the k point (0.35, 0.65,
0.35), which is almost parallel to the direction of the C-F bond
pointing from one (110) layer to another. Moving fromP to H,
the dynamic dipole is not canceled out and the dipolar interaction
leads to TO coupling between different layers. As shown in
the inset of Figure 2a, the plane spanned byΓ-P andΓ-N is
parallel to the (110) CF4 layer, and the phonon dispersion along
P-H is pointing out of the (110) layer. So these intralayer and
interlayer phonon interactions result in the TO band in the PDOS
spectra. The phonon dispersion alongΓ-Ν contributes to the
PDOS of the LO band around 1261 cm-1. The IR absorption
and PDOS calculations presented here represent, to our knowl-
edge, the first example of LO-TO splitting for molecular solids
computed from first principles.

B. One-Dimensional Systems.We have computed vibra-
tional frequencies from the direct force constant approach to
complement the IR intensity and PDOS of calculations to study
vibrational modes in 1D chains of CF4 molecules. Theν3

vibrational frequencies calculated from LDA/USPP and
LDA/NCPP for linear CF4 chains are summarized in Table 2,
and the corresponding vibrational motions are schematically
illustrated in Figure 3. Lattice parameters of 4.4 and 4.9 Å were
used; the former corresponds to the optimized 1D structure for
CF4 aligned along theC3 axis, and the latter is the lattice spacing
for two primitive unit cells of a (10,10) SWNT. Comparing the
ν3 frequencies in Tables 1 and 2, we see that one of the modes
is red-shifted (softened) and two modes are blue-shifted
(hardened) for molecules in the 1D chain as compared to the
gas phase. The frequency shift from the gas phase for each mode
is given in parentheses in Table 2. The shifting of the frequencies
in the 1D chain is consistent with LO-TO splitting. The in-
phase C-F stretching along the packing axis softens theν3 mode
(M1 in Figure 3a and Table 2), while the C-F stretching
perpendicular to the packing axis hardens theν3 mode (M2 in

Figure 3b and Table 2). Both LDA/ NCPP and LDA/USPP show
the same trends. Similar results were obtained for a linear CO2

chain,41 where the asymmetric CO2 stretching mode is softened
as compared to the gas-phase value. The softening of the modes
can be explained by the electrostatic interaction between the
dynamic dipoles (Figure 3a), where the dynamic dipoles are
parallel to the electric field lines. The in-phase stretch is
therefore energetically stabilized. For theν3 vibrations perpen-
dicular to the packing axis, the dynamic dipole generates an
opposing electric field on the neighboring dynamic dipole
(Figure 3b), leading to mode hardening. Our calculations predict
that the LO-TO splitting in a 1D chain is between 30 and 55
cm-1. Taking the convention that the softened mode is the TO
mode, there is one TO mode and two nearly degenerate LO
modes for a linear chain of CF4 molecules. We note that the
LO modes are only weakly blue-shifted, with shifts ranging from
1 to 15 cm-1. In contrast, the mode in the TO region is shifted
by about 30-50 cm-1, with the larger red-shift corresponding
to the smallest lattice spacing. Hence, the LO-TO splitting is
qualitatively different in a 1D chain as compared to the bulk,
where the LO modes are blue-shifted by 56 cm-1 and the TO
modes are red-shifted by 60 cm-1. We note that results from
LDA/NCPP and LDA/USPP calculations are in quantitative
agreement.

The previous calculations considered 1D chains of CF4

molecules in free space. In reality, the molecules are adsorbed
in SWNT groove and internal adsorption sites. Theν3 vibrational
frequencies for a 1D chain of CF4 in the groove and internal
sites of both (10,l0) and (17,0) SWNTs are shown in Figure 4
and Table 2. Only the frequencies have been computed because
the number of atoms in the supercells of these systems precluded
IR intensity and PDOS calculations. We see from Table 2 that
the M1 modes for molecules in the groove site and inside the
nanotubes have about the same red-shifts (34-53 cm-1) as
molecules in a 1D chain without the nanotube. However, the
M2 modes for molecules in groove and internal sites are no
longer all blue-shifted. Five of the M2 modes are slightly red-
shifted (1-11 cm-1), and three modes are blue-shifted by a
small amount (3-8 cm-1). We also note that the TO mode for
CF4 on the (17,0) tube is more strongly red-shifted than that on
the (10,10), both for groove and for internal sites. This is because
the lattice spacing along the tube axis is substantially smaller
for the (17,0) tube, giving stronger CF4-CF4 coupling. The

Table 2. ν3 Vibrational Frequencies of CF4 in 1D Chainsa

vibrational mode

M1
(along the

packing axis)

M2
(perpendicular to the

packing axis)

LDA/NCPP (z ) 4.4 Å) 1177 (-41) 1232 (14) 1233 (15)
LDA/USPP (z ) 4.4 Å) 1188 (-50) 1242 (4) 1245 (7)
LDA/USPP (z ) 4.9 Å) 1207 (-31) 1239 (1) 1241 (3)
LDA/USPP (10,10) groove 1204 (-34) 1227 (-11) 1243 (5)
LDA/USPP (17,0) groove 1185 (-53) 1234 (-4) 1246 (8)
LDA/USPP (10,10) inside 1204 (-34) 1234 (-4) 1230 (-8)
LDA/USPP (17,0) inside 1186 (-52) 1241 (3) 1237 (-1)

a The LDA/NCPP results were computed from DFPT at theΓ point.
The LDA/USPP calculations utilized the direct force constant approach.
The first three calculations are for isolated 1D chains. The bottom four
rows are for CF4 molecules in groove or internal sites in either (10,10) or
(17,0) SWNTs. In all cases, the CF4 molecules are packed along theirC3
symmetry axis. The vibrational shifts from the gas-phase frequency (from
Table 1) are shown in parentheses for each mode.

Figure 3. Schematic diagram of the interactions between the dynamic
dipoles at theΓ point. (a) ν3 vibration along the packing axis; (b)ν3

vibrations perpendicular to the packing axis.
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results for the vibrational calculations are qualitatively similar
for CF4 adsorbed on the (10,10) and (17,0) nanotubes, when
the differences in the lattice spacing are taken into account. This
indicates that the conductivity of the nanotube does not have a
substantial effect on the vibrational modes of a weakly adsorbed
species. The overall effect of the nanotubes on theν3 modes is
to reduce the blue-shift of the M2 modes, while leaving the
M1 mode virtually unchanged. Groove site adsorption for both
the (10,10) and the (17,0) nanotubes splits the near-degeneracy
of the M2 modes as compared to the isolated 1D chains and
chains adsorbed inside the nanotubes. Thus, while it can be said
that LO-TO splitting does occur for 1D chains in both free
space and in nanotubes, the character and magnitude of the
splitting are very different from that observed in the bulk.

The best comparison between calculated and experimental
IR spectra would be for realistic geometries of CF4 molecules
adsorbed on the groove and internal sites of SWNTS. Unfor-
tunately, the linear response calculation using PWscf is pro-
hibitively difficult for such systems. We have therefore at-
tempted to mimic the effect of concentration and packing
geometry by performing LDA/NCPP calculations for the IR
absorbance for a linear chain of CF4 molecules varying the
distance between the molecules, and by considering CF4

molecules packed into a zigzag geometry. The former calcula-
tions mimic the effect of low coverages of CF4 molecules in
the groove site, as observed from classical Monte Carlo
simulations.19 The latter calculations model the effects of
nonlinear packing of CF4 molecules inside the nanotubes, also
observed in classical adsorption simulations.19

The IR absorbance for a single chain of CF4 molecules at
different values of the distance between the molecules is plotted
in Figure 5. The CF4 molecules are packed along theC3 axis,
although similar results are observed for packing along theC2

axis. The distance between the molecule centers is given for
each curve. The top curve is for a close-packed optimized
structure, where the molecules are 4.4 Å apart. Note that the
LO-TO splitting is about 55 cm-1 for the close-packed structure
and that the splitting decreases to about 18 cm-1 when the CF4
molecules are spaced 7.0 Å apart. The close-packed splitting

in 1D is less than one-half the splitting calculated for the bulk
bcc phase of about 116 cm-1 (see Figure 1). The LO-TO
splitting as a function of CF4 separation is plotted in Figure 6.
It is obvious from this plot that the splitting drops dramatically
with an increase in nearest-neighbor distance. The average
nearest-neighbor distance for CF4 molecules adsorbed inside
the nanotubes at the experimental conditions of 133 K and 0.033
torr is about 5.3 Å, as determined from Monte Carlo simula-
tions.19 This average spacing would result in LO-TO splitting
of about 35 cm-1 according to Figure 6. The splitting observed
experimentally in bulk CF4 is 65 cm-1,33 roughly one-half that
predicted in our calculations. If the splitting is overestimated
in all of our calculations, then the 1D chains with neighboring
CF4 distances greater than about 5.5 Å may not appear to have
LO-TO splitting because the two peaks would be merged. This
implies that it would not be possible to observe LO-TO splitting
from CF4 adsorbed in the groove sites, because the concentration
of molecules is predicted to be quite low.19

We have computed the PDOS and phonon dispersion relations
for the 1D linear chain geometry as a complement to the IR
absorbance calculations. From Figure 2b, it can be seen that
LO-TO splitting does indeed occur for the linear CF4 chain at
the Γ point; the splitting is evident from the spread between
the low-frequency band and the two high-frequency bands near
the Γ point. TheΓ-Z direction in Figure 2b points along the
chain axis. Note that the high-frequency LO mode is composed
of two nearly degenerate bands, in agreement with both the IR
frequency and the absorption calculations. The most striking
feature of Figure 2b is that the PDOS is very low around the

Figure 4. ν3 vibrational modes of CF4 calculated from VASP. (a) CF4 in
the groove site; (b) CF4 on the SWNT interior site. The vibrational
frequencies are given in cm-1. The numbers without parentheses are for
CF4/(10,10) SWNT. The numbers in parentheses are for CF4/(17,0) SWNT.

Figure 5. Computed IR absorbance for a 1D in-line chain of CF4 molecules
aligned along theirC3 axes. The lattice spacing increases from the top curve
to the bottom curve with the spacing,R, shown on each curve.

Figure 6. The calculated LO-TO splitting as a function of the CF4-CF4

separation for the 1D chain IR spectra shown in Figure 5.
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TO region, at about 1180 cm-1, as can be seen by comparing
the PDOS curve on the right axis of Figure 2b with the
dispersion curve. The low PDOS in the TO region does not
translate into low IR absorbance, as can be seen from Figure 5,
where the TO absorption is about equal to that of the LO mode.

The 1D chain is a reasonable approximation for the geometry
of molecules adsorbed in the groove sites. Model calculations
have shown that CF4 molecules adsorbed inside SWNTs adopt
a geometry that is closer to a zigzag 1D chain. The IR
absorbance of CF4 molecules confined to a zigzag configuration
is plotted in Figure 7. The geometry of the 1D zigzag chain is
shown in the inset of Figure 7. The heavy lines represent the
wall of the nanotube. The two length scales defining the
geometry are also shown in Figure 7. The distance perpendicular
to the zigzag axis was held fixed at 5.4 Å, while the distance
between molecules along the axis was varied from a close-
packed distance of 4.9 to 5.8 Å. The zigzag structure gives a
simulated IR spectrum containing three peaks, one TO peak at
about 1190 cm-1, a LO peak at about 1240 cm-1, and a gas-
phase-like peak at 1217 cm-1. The two peaks at lower frequency
quickly merge with increasing CF4-CF4 distance, as can be
seen from the bottom curve in Figure 7. These calculations for
the zigzag phase agree with the pure 1D chain calculation in
that the LO-TO splitting decreases rapidly with increased
adsorbate-adsorbate spacing. The zigzag phase, however,
indicates that additional peaks will occur for off-axis packing,
possibly giving rise to broadening. These features would serve
to mask the appearance of the LO-TO modes in experiments.

C. LO-TO Splitting in 1D, 2D, and 3D. In this section,
we compare IR absorption spectra for CF4 in 1D chains, in 2D
structures (monolayer and multilayers), and in the 3D bulk
crystal. The calculated spectra are given in Figure 8. We have
normalized the intensity in all of the absorption calculations so
that the number of CF4 molecules being irradiated is the same
in different structures. Note that this is different from experi-
ments where higher coverages will lead to a larger IR signal
according to Beer’s law. The LO-TO peaks are not sensitive
to the relative orientation of adjacent CF4 molecules because
CF4 packed along itsC2 axis and along itsC3 axis show similar
results.

The 2D structures have two TO modes and one LO mode, in
contrast to the 1D chains, which have one TO mode and two
LO modes. The calculated IR spectra clearly show that the two
TO modes are split in the monolayer (1 ML curve) and that the

two peaks merge as the number of layers increase (2 ML and
3 ML curves in Figure 8). The splitting is due to anisotropy in
the 2D structure. The TO mode in the bulk (bcc curve in Figure
8) is doubly degenerate. The absorption intensity grows slowly
from 1 ML, 2 ML, to 3 ML. The TO band has a larger intensity
because there are two TO modes and one LO mode; that is, the
absorbance ratio is about 2:1 for TO:LO in the bulk.

Theν3 vibrations parallel to the slab have lower frequencies,
analogous to the vibrational mode aligned along the 1D chain;
it follows that the 2D geometry has two TO modes because
there are two in-plane directions. For theν3 mode in the out-
of-plane direction, the dynamic dipoles are coupled repulsively
to their nearest neighbor, giving a shift to higher frequency,
analogous to the motions shown in Figure 3b. Hence, one of
the LO modes becomes a TO mode in going from 1D to 2D.
One of the LO modes in 1D gradually becomes a TO mode as
lines of 1D chains are brought together to form a 2D slab. There
is also another qualitative difference in the LO-TO splitting
between 1D and 2D systems. The LO mode in 1D is only
slightly blue-shifted, whereas it is strongly blue-shifted in the
2D and 3D systems, as can be seen by comparing the curves in
Figure 8.

The PDOS for the systems shown in Figure 8 are presented
in Figure 9. The PDOS for 1D chains packed along theC3 and
C2 axis are shown in Figure 9 as curves f and e, respectively.
The PDOS are qualitatively similar for both packings; both show
a very low density of states in the TO region and a considerably
higher density of states in the LO region, with a broad plateau
region of low PDOS separating the two. In going from 1D to
2D (Figure 9d), we see that the LO PDOS is decreased and the
PDOS in the TO region is increased and broadened.

The change in lattice dynamics due to adding a second layer
to the 2D monolayer can be seen by comparing Figure 9d and
c. A new characteristic peak appears at 1191 cm-1, correspond-
ing to layer-layer interactions. This characteristic peak is
between the LO band, which ranges from 1230 to 1253 cm-1,
and the small TO shoulder at 1172 cm-1. The PDOS at the TO
band becomes larger as the number of layers is increased, as
can be seen by comparing curves d, c, and b in Figure 9, which
correspond to the monolayer, bilayer, and trilayer, respectively.
The PDOS of the 2D structures become increasingly like the
PDOS of the bulk CF4, shown in Figure 9a, as the number of
layers is increased.

Figure 7. Calculated IR absorbance for a 1D zigzag chain of CF4 molecules.
The lattice spacing along the chain axis is increased from the top curve to
the bottom curve.

Figure 8. Calculated IR absorption spectra. From top to bottom: (a) bulk
CF4 (bcc lattice); (b) 3 ML CF4; (c) 2 ML CF4; (d) 1 ML CF4; (e) 1D CF4

packed along the molecularC2 axis; and (f) 1D CF4 packed along the
molecularC3 axis.
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D. Experimental Results.Figure 10 shows the IR spectra
of CF4 adsorbed at 133 K and 0.033 Torr on etched and unetched
SWNTs. A doublet with peaks at 1253 and 1272 cm-1 is
observed in the spectrum of CF4 adsorbed on the unetched
SWNTs. This results from the Fermi resonance of the funda-
mentalν3 mode and the first overtone of theν4 mode. Theν4

overtone is not included in any of the calculations. The more
intensive ν3 mode is located in the higher frequency range
relative to the overtone of theν4 mode. The frequencies of these
bands can be extracted by the Fermi self-deconvolution method
described previously19 and are located at 1267 and 1257 cm-1,
respectively, for theν3 fundamental and the first overtone ofν4

mode. This doublet is assigned to CF4 molecules adsorbed in
the groove sites of SWNT bundles.

The internal sites become available for adsorption upon
etching of the SWNTs. The IR spectrum of CF4 on the etched
tubes has a doublet with peaks at 1263 and 1241 cm-1 in

addition to the doublet observed for the unetched SWNTs. This
doublet is assigned to CF4 adsorbed in the nanotube interior.
On the basis of the intensity ratio, the fundamentalν3 mode is
believed to be shifted greater than the overtone and is located
in the lower frequency region. The Fermi self-deconvolution
analysis gives the frequencies of theν3 and 2ν4 modes at 1247
and 1258 cm-1, respectively. Adsorption in the nanotube interior
is accompanied by stronger adsorbate-adsorbent interaction due
to the deeper potential well inside of the nanotubes. This caused
softening of vibration motion and higher red-shift of the band.
The degree of softening depends on the transition dipole moment
that is much greater for theν3 mode than for the 2ν4 mode;
therefore, theν3 mode is more red-shifted.

Figure 11 shows the IR spectra of CF4 adsorbed on etched
SWNTs at 36 K. At low coverages, the spectral profile
resembles the profile of IR spectra of CF4 adsorbed at 133 K;
two families of peaks are observed that may be attributed to
overlapping of two doublets observed at higher temperatures.
However, as the coverage increases, a peak at∼1239 cm-1 starts
to appear followed by the development of a less intense and
broad shoulder at 1320 cm-1 that shifts to higher frequency
with increasing coverage. At very high coverages, these two
bands are observed at 1238 and 1321 cm-1 and can be assigned
to TO and LO modes, respectively, detected for condensed
phases of CF4. Thus, CF4 at low coverages presumably adsorbs
in the groove sites and partially inside of nanotubes because
the low temperature limits diffusion on the surface. As the
coverage increases, larger clusters of CF4 appear, forming
increasingly thick layers on the surface of the SWNTs. The
appearance of LO-TO splitting coincides with the increase in
CF4 coverage.

V. Conclusions

We have presented the first set of comprehensive ab initio
calculations for LO-TO splitting in systems of differing
dimensionality. We have computed vibrational frequencies, IR
absorption, and the phonon density of states for CF4 in one,
two, and three dimensions. We have studied how LO-TO
modes develop as the dimensionality is changed. There are two
LO modes and one TO mode for an in-line 1D chain of CF4

molecules. In contrast, 2D structures have one LO mode and
two TO modes. One of the 1D LO modes becomes an in-plane

Figure 9. (a) PDOS of bulk CF4 in C2/c structure; (b) PDOS of 3 ML of
CF4; (c) PDOS of 2 ML of CF4; (d) PDOS of 1 ML of CF4; (e) PDOS of
CF4 in a linear chain packed along the molecularC2 axis; and (f) PDOS of
1D CF4 packed along the molecularC3 axis.

Figure 10. Experimentally measured IR spectra for CF4 adsorbed on
SWNTs at 133 K and a pressure of 0.033 Torr.

Figure 11. Experimentally measured IR spectra for CF4 adsorbed on
SWNTs at 36 K. The coverage is increased from the bottom curve to
the top.
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TO mode in going from 1D to 2D. The phonon modes for 1D
chains and 2D sheets have a relatively low density of states in
the TO region. The TO PDOS are developed through interlayer
interactions as can be seen by comparing monolayer, bilayer,
trilayer, and bulk lattice structures.

We have measured IR spectra of CF4 adsorbed on samples
of unetched and etched SWNTs at 133 K and 0.033 Torr. No
LO-TO splitting was observed. We also measured IR spectra
at 36 K over a wide range of coverages and found that LO-
TO splitting developed gradually as the coverage was increased.

Our calculations demonstrate that LO-TO splitting does, in
principle, occur for CF4 molecules confined to 1D, both in linear
and in zigzag chains. The question then is why LO-TO splitting
cannot be observed in experiments at low coverages of CF4 on
SWNT samples. The calculations indicate that there are dramatic
qualitative differences between LO-TO splitting in 1D and 2D
or 3D. Specifically, (1) the splitting is much smaller for 1D
and quasi-1D structures at close packing than for the bulk
(Figure 8), (2) the LO modes are very weakly blue-shifted, and
(3) the nanotubes and packing disorder introduce additional
peaks and shift the LO modes to lower frequencies (Table 2
and Figure 7). Therefore, LO-TO splitting for 1D and quasi-
1D systems cannot be observed experimentally from the
somewhat broad experimental peaks (see Figures 10 and 11).
The IR frequencies show that theν3 modes in 1D are red-shifted,
but not strongly blue-shifted. When the nanotubes are included
in the frequency calculations, the blue-shifted frequencies almost
entirely disappear (Table 2). This is in qualitative agreement
with the experiments, which show absorption in the red-shifted
region but not at higher frequencies at low coverages (Figure
11, inset). The LO peak observed in the IR absorption and PDOS
calculations shifts to higher frequencies as the coverage increases
from 1D to 2D (Figures 8 and 9). This is also in qualitative
agreement with experiments (Figure 11).

We note that the computed LO-TO splitting for bulk CF4 is
too large as compared to experiments by about a factor of 2.
This is likely the result of inaccuracy of the exchange-correlation
functional. We performed limited calculations with two different
generalized gradient approximations, PBE66 and PW91,67 but
the results were not an improvement over the LDA calculations.
We assume that the LO-TO splitting in all of our calculations
is overpredicted. Therefore, the true splitting in 1D systems

could be much smaller than our calculations indicate, giving
another reason for the lack of observed LO-TO splitting in
the experiments.

Note that we have only included a single CF4 molecule in
the supercell of most of our calculations and we have ignored
the effect of the nanotube on the IR absorption and PDOS.
Inclusion of multiple CF4 molecules would have allowed us to
investigate orientational and packing effects that are lacking in
this study. These effects may have given us a better understand-
ing as to why LO-TO splitting is absent in the experiments.
Nevertheless, there is enough qualitative agreement between
experiments and calculations to allow us to conclude that, while
LO-TO splitting is formally present in 1D systems, in practice
it cannot be observed.

The calculated PDOS for 1D, 2D, and 3D structures show
substantial differences, as can be seen from Figure 9. The density
of states in the TO region is very small for 1D and 2D
monolayer structures. The PDOS in the TO region increase
dramatically with the addition of mutilayers, while the LO
PDOS both increase and shift to higher frequencies. These
theoretical predictions should be tested experimentally by
inelastic neutron scattering.

We propose that LO-TO splitting can be used as a sensitive
marker for identifying one-dimensional states of matter. The
qualitative changes in the vibrational spectrum and PDOS for
CF4 as a function of dimensionality make theν3 mode an
excellent probe of the effective dimensionality of adsorbed
molecules. Our results agree with those of Devlin et al., who
have previously proposed the use ofν3 spectroscopy as a probe
for 2D surface structure.34,35 It should be possible to use other
molecules that display LO-TO splitting, such as CCl4, HCN,68,69

or meta-nitroaniline70 as probes of the effective dimensionality
of an environment.
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