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Variations in the Raman peak shift as a function of hydrostatic pressure for various carbon
nanostructures: A simple geometric effect
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We have investigated pressure-induced Raman peak shifts for various carbon nanostructures with distinct
differences in the degree of structural order. The high-frequency tangential vibrational modes of the hollow
nanostructures, as well as those of graphite crystals and a macroscopic carbon fiber used as reference materials,
were observed to shift to higher wave numbers. The hollow nanostructures and the carbon fiber displayed two
distinct pressure regimes with transition pressures between 0.75 and 2.2 GPa, whereas the graphite crystals
showed a linear pressure dependence up to hydrostatic pressures of 5 GPa. The observed peak shifts were
reversible for all hollow nanostructures and graphite. Although the pressure-induced Raman peak shift in the
low pressure regime could be used to identify the elastic properties of the macroscopic carbon fiber, a theo-
retical model shows that the observed deviations in the pressure coefficients of the hollow nanostructures in
this regime can be explained entirely on the basis of geometric effects. The close match of all Raman peak
shifts in the high pressure regime indicates a reversible flattening of the nanostructures at the transition point.

DOI: 10.1103/PhysRevB.67.035417 PACS number~s!: 78.30.Na, 61.46.1w, 62.50.1p, 81.07.De
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I. INTRODUCTION

Both multi-wall ~MWCNTs! and single-wall carbon nano
tubes~SWCNTs! can be produced by a variety of process
such as carbon arc discharge,1–3 laser vaporization,4 and
various chemical vapor deposition and catalytic grow
processes.5–8 SWCNTs grow mostly as bundles or ‘‘ropes
containing between 20 and 100 individual tubes.9,3,7 The
quality and yield of carbon nanotubes depends on the s
thesis technique and the specific growth conditions us
Catalytic processes generally involve lower growth tempe
tures and can lead to both variations in the orientation of
graphitic planes with respect to the tube axis and to an
creased concentration of structural defects. Howe
catalytically-grown carbon nanostructures are typically av
able in larger quantities and may enable bulk application
such areas as polymer nanocomposites. It is importan
understand the structure-property relationships for car
nanostructures so that a suitable material can be chosen
given application.

The mechanical properties of carbon nanotubes have b
predicted to be sensitive to details of structure,10 an effect
which has now been established experimentally.11 It was dis-
covered that point defects hardly affect the elastic proper
of MWCNTs, although more general structural disorder c
reduce the elastic modulus by orders of magnitude.11 Heat
treatment of catalytically grown MWCNTs led to an increa
in the elastic stiffness by at least one order of magnitud11

Despite recent experimental advances in probing individ
mechanical nanotube properties based onin situ tensile
tests,12,13we are still lacking a fundamental understanding
the structure-property relationships for the wide variety
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nanostructures currently available. Microscopic tests on in
vidual carbon nanotubes are difficult to perform, time co
suming, and a statistically significant experimental analy
of the mechanical properties of different nanostructures
mains challenging.

It has been shown that laser Raman spectroscopy ca
applied to follow the deformation of carbon fibers as a fun
tion of applied strain.14–17The tangential RamanE2g2

mode

shifts to lower wave numbers under an applied uniaxial t
sile strain and to higher wave numbers upon axial comp
sion. The rate of the shift per unit strain in such experime
was found to be proportional to the Young’s modulus of t
carbon fiber.

Optical spectroscopy, in particular laser Raman spect
copy, can be employed to study the vibrational properties
carbon nanotubes. In recent yearsin situ comparative Raman
studies of nanotubes and graphite under hydrost
pressure18–24have been performed in addition to x-ray pre
sure studies25,18,26–28as well as neutron diffraction studies.29

In a detailed study of the pressure dependence of the tan
tial modes of laser-grown SWCNTs in the pressure range
to 5 GPa Peterset al.22 observed a clear transition of all thre
modes around 1.7 GPa, as well as a deteriorating ra
breathing mode around this pressure. Providing additio
molecular dynamic simulations of the lattice constants
~10,10! armchair SWCNT bundles as a function of pressu
they concluded that the nanotubes undergo a structural p
transition from a circular to an oval cross section at t
pressure.22 Tight-binding total energy calculations by Kah
and Lu30 of peak position vs pressure for the three modes
~10,10! tubes showed good agreement with the experime
©2003 The American Physical Society17-1



ut this

s

J. SANDLERet al. PHYSICAL REVIEW B 67, 035417 ~2003!
TABLE I. List of the carbon structures investigated, their abbreviations and symbols used througho
study, and their dimensions determined from electron microscopy.

Material Abbrev. Symbol Outer diameter Wall thicknes
@nm# @nm#

Graphite crystals Graphite j N.A. N.A.
Vapor-grown nanofibers VGCNF L 155630 4267
As-received catalytically-grown multi-wall nanotubes C-MWCNT . 10.463.3 4.161.8
Graphitized catalytically-grown multi-wall nanotubes G-MWCNT , 10.463.3 4.161.8
Laser-grown single-wall nanotubes SWCNTd ands 1.54 0.34a

Arc-grown multi-wall nanotubes A-MWCNT n 15.162.6 5.562.6
High-modulus carbon fiber P100 ! 10 00061000 N.A.

aFor explanation of SWCNT dimensions see text.
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slopes, transition pressure, and type of structural defor
tion. Two studies comparing linearly fitted pressure coe
cients for SWCNTs and MWCNTs up to pressures of 10 G
showed a slightly smaller pressure dependence for
MWCNTs.21,23 This effect was explained on the basis of
simple elasticity approach, considering nanotubes to be
low cylinders made up of mechanically isotropic sheets21

Recently, excellent agreement betweenab initio calculations
and an elastic continuum approximation has been sh
for individual SWCNTs in a bundle under hydrostat
pressure.31

We report here a comparative study of pressure-indu
shifts of the high-frequency tangential Raman modes fo
range of different carbon nanostructures, graphite crys
and a macroscopic carbon fibre as a function of hydrost
pressure up to 5 GPa. The aim was to distinguish the ela
properties of these nanostructures as a function of their
gree of structural disorder by the variations in the pressu
induced peak shifts. We have observed a transition in
pressure dependence for all hollow nanostructures and
macroscopic carbon fiber and explain their relative behav
in the identified different regimes. A theoretical model
applied to predict the pressure-induced high-frequency
man peak shifts for all nanostructured materials in the lo
pressure regime and the calculated results are compare
the experimentally observed pressure coefficients.

II. MATERIALS AND EXPERIMENTAL DETAILS

The materials used in this study were vapor-grown car
nanofibers~VGCNF! ~Applied Sciences Inc., USA!, arc-
grown multi-wall carbon nanotubes~A-MWCNT! ~Technical
University Hamburg-Harburg, Germany!, catalytically-
grown multi-wall carbon nanotubes~C-MWCNT! ~Hyperion
Catalysis International, USA!, and laser-grown single-wal
carbon nanotubes~SWCNT! ~Tubes@Rice, USA!. Graphite
crystals ~Graphite, Fluka Chemie AG, Switzerland! and a
high-modulus mesophase pitch carbon fiber~P100, BP
Amoco, USA! were investigated as reference materials. B
transmission and scanning electron microscopy were use
determine the average diameter and wall thickness of all
hollow carbon nanostructures, to assess their structura
rangements, and to confirm that the ends were closed.
materials used in this study are listed in Table I as well
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results of the geometric analysis.
The carbon nanofiber material consists of a mixture

two distinctive structures present in the sample, relativ
straight cylindrical tubes and the so-called bamboo tube
structures, arranged into loose aggregates. The inner part
nanofiber wall shows an arrangement of the graphitic lay
at a615° angle with regard to the fiber axis. The outside p
of the wall is made up of short graphitic segments paralle
the fiber axis.

The arc-grown multi-wall carbon nanotubes, taken fro
the core of the arc deposit, are long and straight cylindri
tubes. On the other hand, the catalytically-grown multi-w
carbon nanotubes, generated by decomposition of hydro
bon gases,32 consist, almost exclusively, of balls of loose
aggregated nanotubes that are noncoiled but generally cu
and kinked as a result of structural defects.33 In order to
minimize these structural defects without changing the
ometry of the tubes, a sample of C-MWCNT was graphitiz
at 2800 °C in an inert atmosphere; this sample is labe
G-MWCNT. This type of treatment is well known to im
prove the crystalline quality of defective nanotubes.11

The SWCNTs were prepared by a pulsed-laser vapor
tion process.4 The typical narrow diameter distribution o
individual tubes in the bundles has been determined fr
transmission electron microscopy, x-ray diffraction, and R
man spectroscopy to be around 1.2 nm.4 It has been pointed
out that more accurate processing of experimental data
be achieved by accounting for the discrete nature of the c
section of a single-wall nanotube by increasing the outer
dius of such a tube by half the interatomic graphite sh
spacing.34 Furthermore, all-electronab initio calculations of
a SWCNT and a graphene layer have shown that their ef
tive wall thickness should relate to the van der Waals rad
for carbon, and hence have a value of 0.34 nm.35 Scaling the
wall thickness of a single-wall nanotube to the graphite
terlayer spacing of 0.34 nm leads to an effective outer dia
eter of 1.54 nm, as given in Table I.

All Raman spectra were recorded at room temperat
using a Renishaw 1000 Raman microprobe system. Scatt
light from the sample was collected in the backscatter
geometry, passed through a holographic notch filter an
diffraction grating and was detected with a Peltier coo
charge coupled device~CCD! camera. Initial high-frequency
7-2
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Raman spectra in air of the as-supplied materials were
tained using 514.5 nm excitation of a 50 mW argon la
with the incident and backscattered laser light polarized p
allel. The ratio of the relative intensities of theD and G
bands was taken as a quantitative measure of the degre
structural order and was compared to high-resolution T
images. For these measurements only the macroscopic
bon fiber was positioned parallel to the laser polarizat
whereas all other samples had a random orientation with
gard to the incident light.

The high-pressure Raman measurements were perfor
in a gasketed diamond anvil cell~DAC! ~Mao-Bell type!
with a 4:1 mixture by volume of methanol-ethanol as t
pressure transmitting medium. A small chip of ruby was a
placed in the 40mm diameter sample chamber. The ru
fluorescence method allows the calibration of the pressur
within 3% following theR-line emission.36 All pressure cell
measurements were also carried out at room temperature
backscattering geometry with the incident and backscatte
laser light polarized parallel. A320 microscopic lens was
used to focus the laser beam on the sample inside the p
sure cell. The pressure cell was positioned in such a way
the macroscopic carbon fiber axis was parallel to the la
polarization. All other samples had a random orientat
within the pressure gasket and in these cases the
sampled a number of randomly oriented nanostructures.

The increasing pressure within the cell was calibra
with the 633 nm line of a 25 mW He-Ne laser. In order
obtain a clear signal from the graphitic materials witho
exciting the ruby, a 50 mW 780 nm near-IR excitation w
then used to follow the characteristic high-frequency tang
tial Raman modes of the carbon samples at different lo
tions within the cell as a function of the applied hydrosta
pressure. Static scans were centered around 1580 cm21 in
order to prevent saturation of the CCD camera from

FIG. 1. Comparative high-frequency Raman spectra of grap
crystals, arc-grown multi-wall carbon nanotubes~A-MWCNTs!,
vapor-grown carbon nanofibers ~VGCNFs!, as-received
catalytically-grown carbon nanotubes~C-MWCNTs!, and annealed
catalytically-grown nanotubes~G-MWCNTs! taken in air for a ran-
dom orientation within the samples. In addition, the Raman spe
of a high-modulus carbon fiber (P100) is shown, the laser polarize
parallel to the fiber axis in this case. All spectra are normalized w
regard to theG-band intensity, the scaling factor is indicated.
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strong diamond peak. Depending on the crystalline quality
the sample the integration time had to be varied betwee
and 5 min.

Prior to closure of the pressure cell high-frequency R
man spectra of all samples immersed in the pressure tr
mitting medium were recorded. The ruby calibration f
these measurements still showed zero pressure. All h
frequency peak values were determined by fitting the r
data from the spectrometer with a mixture of Lorentzian a
Gaussian routines. For all graphitic samples the presenc
the feature at;1620 cm21 (D8-band! was also taken into
account and fitted with the same routine.

III. RESULTS

High-frequency Raman spectra taken in air revealed
ferences in the degree of structural perfection of the inve
gated materials, as shown in Fig. 1. All materials exhibit
two main features at about 1350 and;1580 cm21, respec-
tively, the former corresponding to the defect-induced R

te

ra

h

FIG. 2. Line-shape analysis of the high-frequency Raman sp
tra of ~a! laser-grown SWCNT inside the pressure cell at zero a
4.1 GPa applied pressure~the two observed modes are labeledT2

andT3) and~b! arc-grown multi-wall nanotubes in air, immersed
the pressure transmitting medium, upon closure of the pressure
and as a function of increasing pressure.
7-3
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TABLE II. Summary of the experimentally observed shifts due to immersion in the pressure liquid
resulting peak position at zero GPa hydrostatic pressure. The experimental pressure coefficients
regimes before and after the transition pressure are given as well as the theoretical pressure coe
calculated up to the experimental transitions.

Material dv liquid v0 dvexperiment/dp dvexperiment/dp dv theory/dp
@cm21# @cm21# @cm21/GPa# @cm21/GPa# @cm21/GPa#

~Closed cell! ~Before transition! ~After transition! ~Up to transition!

Graphite ;4 1581 4.6 4.5
VGCNF ;6 1597 7.8 4.3 7.5
C-MWCNT ;5 1603 6.3 4.1 6.6
G-MWCNT ;5 1577 6.3 4.3 6.5
SWCNT T3 not meas. 1594 9.7 5.3 9.6
SWCNT T2 not meas. 1552 8.0 4.3 9.9
A-MWCNT ;10 1582 11.9 4.4 5.4
P100 (G band! 1582 7.0 3.7 4.5
P100 (D8 band! 1613 7.1 3.7 4.5
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manD band and the latter to the graphite in-plane vibrat
mode called G band.37 In addition, the feature a
;1620 cm21 which is due to the maximum in the phono
density of states38 was observable and was most promine
for the macroscopic carbon fiber with the axis parallel to
laser light polarization.

The high-frequency modes of the laser-grown SWCN
inside the closed pressure cell at 0 and 4.1 GPa hydros
pressure are shown in Fig. 2~a!. The solid lines represent th
curve fits obtained from the mixed Lorentzian and Gauss
line-shape analysis. We could only clearly identify two pea
in the tangential mode region which we labeledT2 for the
peak at 1552 andT3 for the one at 1594 cm21, according to
Venkateswaranet al.20 Taking into account the distribution o
helicities and diameters present in these nanotube bun
both high-frequency modes should have contributions fr
E2g , E1g , andA1g vibrations. Figure 2~b! shows the mea-
sured high-frequency spectrum and the corresponding l
shape analysis of the A-MWCNT sample at different sta
of the experiment as an example. It can clearly be seen
the immersion of nanotubes in the liquid shifted the posit
of both theG band and theD8 band to higher wave number
and slightly reduced the intensity. The obtained peak sh
dv liquid due to the liquid for theG band of all investigated
materials are displayed in Table II, as well as the result
peak positionsv0 at zero pressure.~This effect could not be
established for the SWCNT material since it was delivered
a surfactant solution and no spectrum in air without poss
effects of the surfactant could be taken.! The next spectrum
taken upon closure of the cell and the ruby calibration sho
ing zero hydrostatic pressure reveals that theG band re-
mained at that position. Due to the presence of the diam
window the noise level increased but theG band and its
position could clearly be detected.

With increasing hydrostatic pressure the high-freque
peaks of all carbon nanostructures were found to shift
higher wave numbers, which corresponds to a reduction
bond length and associated stiffening of the bonds. We
served a broadening of the tangential modes for all graph
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samples. A comparative plot of the observed Raman hi
frequency peak positions of all investigated carbon structu
as a function of hydrostatic pressure is shown in Fig. 3. T
lines represent linear fits to the obtained data points and
arrows indicate transitions in the pressure coefficients.
the SWCNT sample both tangential modes are shown.

It can be seen in Fig. 3~a! that the graphiteG band shows
a linear pressure dependence over the investigated pre
range up to 5 GPa. In contrast, the macroscopic carbon fi
clearly reveals two distinct regimes with a transition arou
0.75 GPa. Both theG band and theD8 band feature of this
sample show identical pressure-induced peak shifts and
transition occurring at the same pressure. During the exp
ment the carbon fiber was clearly visible in the pressure
up to the transition pressure where it was observed to br
up into smaller fragments.

All of the hollow nanostructures also display two distin
regimes with a transition pressure that varies for the differ
materials as shown in Figs. 3~b! and 3~c! ~the graphite data is
included for comparison!. An initial steeper slope gives wa
to a shallower slope that lies approximately parallel to
graphite line at higher pressures. The experimentally
served pressure dependenciesdvexperiment/dp, in both re-
gimes, are listed for all materials in Table II.

It is interesting to note that the initial slopes and the tra
sition pressures vary for the different types of multi-wa
carbon nanotubes such as the arc-grown and the cata
material, as well as the vapor-grown carbon nanofibers.
the other hand, the defective and graphitized catalytic na
tubes with identical geometries show identical pressure
pendencies both below and above the transition and the s
transition pressure. Above the transition point, the press
coefficients of all hollow nanostructure modes, except theT3
SWCNT mode, are slightly lower than the one obtained
graphite. In addition, the two tangential SWCNT modes
verge, theT3 mode showing a higher pressure coefficient
both regimes. The shifts in peak position were observed to
fully reversible for all hollow nanostructures and graphi
over the pressure range that was investigated.
7-4
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IV. DISCUSSION

The observed variations in the high-frequency peak p
tions at ambient pressure for a given laser excitation for
different carbon nanostructures verify our electron micr
copy observations with regard to the differences in structu
perfection. The Raman features of graphitic materials in
frequency range are sensitive to structural sample qual38

with the G band depending on the two-dimensional graph
ordering, whereas nonplanar microstructural distortions c
tribute to theD band. The change in Raman spectra with h
treatment of the catalytic multi-wall carbon nanotub
clearly reveals improved structural perfection, as has b
shown for vapor-grown carbon nanofibers.39

In addition to the variation in initial peak position w
noticed a shift to higher wave numbers upon immersion
the nanoscale materials in the pressure medium. This
has previously been ascribed to the cohesive energy
sity ~CED! of the liquid, where the molecular forces induc
a hydrostatic pressure on the suspended nanoscale
ticles.40,41We also observed such a shift when the nanosc

FIG. 3. Comparative plot of the Raman high-frequency pe
positions for~a! graphite and high-modulus carbon fiber (P100),
~b! vapor-grown carbon nanofibers, as-received and graphit
catalytic multi-wall carbon nanotubes, and~c! graphite, arc-grown
multi-wall carbon nanotubes, and laser-grown single-wall na
tubes as a function of hydrostatic pressure. The lines represent
fits and the arrows indicate the transition pressures. Note that fo
carbon fiber the shift for theD8 band is included in~a!.
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materials were immersed in the medium but did not find t
shift to increase further upon closing the pressure cell, w
the ruby calibration initially showing zero hydrostatic pre
sure. It is interesting to note that the macroscopic carb
fiber did not reveal any peak shift upon immersion in t
pressure medium. Following the approach published
Wood et al.41 the CED of the pressure medium used in th
study can be expressed as a hydrostatic pressure of a
0.84 GPa. The experimentally obtained peak shifts due to
liquid are in good agreement with the pressure dependen
measured up to the transition points.

There is a linear increase in theE2g2
peak position of

graphite up to pressures of 5 GPa. The slopedv/dp in our
study is 4.6 cm21/GPa and compares well to the slope of 4
found by Hanflandet al.18 Our results for the hollow nano
structures also closely match the literature. Both the ini
higher pressure dependencies as well as the transition p
sures of the SWCNTs agree with both experiment22 and
theory.30 In the previous cases where transitions of the hig
frequency modes at low pressures were not observed, p
bly due to widely spaced data points, the slopes reported
both single-wall nanotubes19,21,42,24,23as well as multi-wall
nanotubes21,23 match those found in our higher pressure
gime. From these slopes it appears that the pressure de
dence of the tangential Raman modes is generally smalle
MWCNTs than for SWCNTs, as previously shown.21,23

In addition, we have observed a fully reversible press
dependence for all our nanostructures over the pressure r
investigated. In the case of all hollow materials the pressu
induced peak shift was found to follow the two slopes w
no apparent time dependence. Within experimental error,
transitions occurred at the same pressure for both load
and unloading cycles. Raman spectra taken in air after
pressure run showed identical high-frequency modes c
pared to spectra taken before the pressure cell experim
Furthermore, SEM analysis of the carbon nanofibers after
pressure experiment showed no change in structure. T
results are consistent with studies that found that the Ra
high-frequency mode shifts could be reversed upon rele
of the pressure, including those which observed a clear t
sition in the pressure dependence. Peterset al.22 reported a
small time dependence but did not explore the effect qua
tatively.

In the case of the solid macroscopic carbon fiber
higher initial pressure dependence compared to the grap
crystals is related to the lower stiffness of the material. T
ing the elastic in-plane stiffness of ideal graphite to be 1
TPa, the ratio of the initial slope of the P100 fiber compar
to the one for graphite results in an elastic modulus of ab
700 GPa for the carbon fiber. This result is in excelle
agreement with values obtained for this fiber from uniax
tensile and bending tests and the manufacturer’s data.
Raman peak shift was found to be irreversible in this c
which can be explained by a shattering of the fiber obser
after the pressure run.

V. THEORETICAL APPROACH

From the higher initial pressure dependence of the hi
modulus carbon fiber in our experiment one would assu
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that a higher Raman peak shift per unit stress indica
higher in-plane strains and, therefore, a more compliant
terial. Nevertheless, the identical pressure dependencie
both the untreated and the graphitized catalytically-gro
carbon nanotubes~same diameter but higher stiffness! are
strong evidence that the deviations in initial pressure coe
cients of all hollow nanostructures are related more stron
to the geometry of the nanoscale samples and not variat
in elastic properties. Furthermore, the very high pressure
efficient ~high compliance! of the arc-grown multi-wall car-
bon nanotubes compared to the other materials would ot
wise be surprising since such nanotubes show very l
structural disorder.

To test the hypothesis that the observed initial press
coefficients of the hollow nanostructures are related to
geometry rather than variations in stiffness, we have ca
lated the expected Raman shifts for ideal graphite as a s
and arranged in a cylindrical geometry equivalent to each
the hollow nanomaterials tested. We approximate all holl
nanostructures by a thick-walled cylinder with a wall of
nite thickness and closed ends. The pressure inside the c
nanostructures is assumed to be zero. Even atmospheric
sure within the nanotubes is orders of magnitude sma
than the imposed hydrostatic pressure and can therefor
neglected.

The equations for a thick-walled cylinder under hydr
static pressure are applicable to locations far from the t
ends that make up the majority of the samples. Since o
axially symmetrical loads and constraints are admitted,
solution is axially symmetrical. We use cylindrical coord
natesr, u, and z for the radial, circumferential, and axia
directions, respectively. The nonzero stress components
principal stressess rr , suu , and szz. Figure 4 shows the
definition of coordinates and the stresses acting on a vol
element of the cylinder wall.

In the absence of a temperature change and an inte
pressure the following expressions for the stress compon
on the surface of a closed cylinder can be derived:43

s rr 5
Ri

22Ro
2

Ro
22Ri

2
p, ~1!

FIG. 4. Model of thick-walled cylinder under hydrostatic pre
sure and the coordinates used. The volume element displays
normal stresses which, in the absence of shear, are a function o
radial coordinater only.
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suu5
2Ri

22Ro
2

Ro
22Ri

2
p,

szz5
2Ro

2

Ro
22Ri

2
p,

whereRi andRo are the inner and outer radii of the cylinde
respectively, andp is the hydrostatic pressure.

These principal stresses can be transformed into in-p
strain deformations of the ideal graphitic cylinder in the ax
exx and circumferentialeyy directions by using the elasti
compliances of ideal graphite

exx5S11szz1S12suu1S13s rr , ~2!

eyy5S12szz1S11suu1S13s rr .

The elastic compliancesS are taken asS1150.98, S12
520.16, andS13520.33 GPa21 ~Ref. 44! and the dimen-
sions of all materials are as listed in Table I.

Sakataet al. have measured the strain dependent Ram
E2g2

mode for highly graphitized vapor-grown carbon fibe
during uniaxial tensile testing.45 From the observed polariza
tion dependent frequency shifts they have derived phen
enological coefficients which describe the changes in
elastic constants of thek'0 optical phonons with strain.

Following their approach we can estimate the polarizat
dependent Raman peak position as a function of the hy
static pressure-induced in-plane strains as follows:

vparallel5v01S 1

2v0
D @~A1B!exx1~A2B!eyy#,

vperpendicular5v01S 1

2v0
D @~A2B!exx1~A1B!eyy#.

~3!

Herev0 is the experimentally observed peak position
side the pressure cell at zero hydrostatic pressure, andA and
B are the derived phenomenological coefficients with valu
A521.443107 andB565.83106 cm22.45 The subscripts
denote the orientation of the cylinder axis with regard to
polarization of the incident laser light. Taking a mean of t
two polarization dependent peak shifts to account for
random arrangement of the nanoscale samples in the pre
cell allows us to calculate the Raman peak shift as a func
of hydrostatic pressure. A comparative plot of the experim
tal data points in the pressure regime below the transi
points and the theoretical predictions~solid lines! is shown in
Fig. 5.

Without the introduction of any arbitrary fitting param
eters there is a close match between our theoretical pre
tions and the experimental slopes for all nanoscale mater
except the arc-grown multi-wall carbon nanotubes. The th
retically calculated Raman peak shiftsdv theory/dp and the
starting position of the tangential modes inside the press
cell v0 used for the calculations are included in Table II. F
the solid graphite crystals there is a perfect match of

the
the
7-6
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VARIATIONS IN THE RAMAN PEAK SHIFT AS A . . . PHYSICAL REVIEW B67, 035417 ~2003!
hydrostatic pressure inducedE2g2
peak shift. The underesti

mation of the pressure dependence of the arc-grown n
tubes in our model relates to a reduction in the effective w
thickness. TEM analysis has revealed that for these na
tubes some of the inner shells are essentially isolated f
the hydrostatic pressure due to premature closure within
outer shell. The estimated wall thickness in our mode
based on the wall thickness in the middle of the tube whi
therefore, does not represent the true load bearing geom
An effective wall thickness of 2.8 nm which is about 1/2
the one obtained from the TEM observations yields a th
retical prediction matching the experimental data.

We have followed our approach to calculate both hig
frequency SWCNT modes as a function of pressure. A g
fit to the experimental data can be observed for theT3 mode.
The slight overestimation of theT2 mode might be due to
more pronounced contributions of other atomic vibratio
SWCNT axial and circumferential vibrations have been p
dicted theoretically to show different pressure induced
rivatives depending on chirality.46

It must be noted that our theoretical calculations are o
relevant at pressures up to the experimentally observed
sition points. We believe that at this pressure a revers
flattening occurs. Molecular dynamics studies of SWCNTs
a function of hydrostatic pressure have demonstrated th
nanotube at the critical pressure will abruptly release ene
by locally switching into a different morphology.47 Although
it cannot be resolved in our experiment such a collapse c
not occur simultaneously throughout a nanotube of subs
tial length.48 In the hydrostatic case a reversible collapse
initiated locally and then propagates with a speed prop
tional to the square root of overpressurev'(p/p021)1/2

along the tube.48 Similar abrupt transitions have also be
observed in simulations of SWCNTs subjected to vario
mechanical deformations.49–51

FIG. 5. Comparison of experimental data~symbols! and theo-
retical predictions~solid lines! for the Raman peak shifts in the low
pressure regime for graphite, arc-grown multi-wall nanotub
vapor-grown nanofibers, defective and annealed catalytically-gr
multi-wall nanotubes, and laser-grown single-wall nanotubes a
function of hydrostatic pressure.
03541
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In the high pressure regime after this transition large p
tions of the nanotube walls are approximately parallel so t
the pressure dependence of this structure is expected t
semble bulk graphite, in agreement with our experimen
results. The slight variations in final pressure coefficients
related to the covalent bonds between the graphene la
that are not present in the graphite crystals. To estimate
exact collapse pressure, the anisotropy of graphite need
be considered. A simple continuum elasticity estimation
the collapse pressure based on the in-plane stiffness o
ideal graphene layer does not seem applicable.

VI. CONCLUSIONS

We have followed the high-frequency tangential Ram
modes of various carbon nanostructures as a function of
drostatic pressure to investigate the elastic properties of b
samples with distinct variations in the degree of structu
order. The Raman modes were found to shift reversibly
higher wave numbers with increasing pressure and to
into two distinct linear regimes for all hollow nanostructure
Taking into account the polarization dependence of a str
induced Raman peak shift we are able to predict the ini
pressure dependence of all the nanostructures tested.
variations in initial pressure coefficients are based purely
geometric differences, with the in-plane strains at a nanot
surface dependent on the diameter and the effective load
rying wall thickness. These differences in in-plane strains
a function of hydrostatic pressure can be calculated b
simple continuum model. Nevertheless, the initial pressu
induced Raman peak shift could be used to identify the e
tic properties of a macroscopic carbon fiber. We attribute
change in slope for the hollow nanostructures to a revers
collapse transition. We are currently evaluating whether
differences in collapse points or the initial Raman peak sh
upon immersion in a liquid can be linked to variations
intrinsic elastic properties.

This study also highlights the need to take overall na
tube geometry into account when assessing their mecha
performance rather than simply referring to the intrinsic st
ness of the walls, and provides evidence that continuum
chanics can be applied at very small size scales under ce
circumstances, in agreement with earlier theoretical pre
tions for carbon nanotubes.52
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