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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.
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[. INTRODUCTION nanostructures currently available. Microscopic tests on indi-
vidual carbon nanotubes are difficult to perform, time con-
Both multi-wall (MWCNTSs) and single-wall carbon nano- suming, and a statistically significant experimental analysis
tubes(SWCNT9 can be produced by a variety of processesof the mechanical properties of different nanostructures re-
such as carbon arc dischargé, laser vaporizatiofl,and  mains challenging.
various chemical vapor deposition and catalytic growth |t has been shown that laser Raman spectroscopy can be
processes® SWCNTs grow mostly as bundles or “ropes,” applied to follow the deformation of carbon fibers as a func-
containing between 20 and 100 individual tuBéS.The tion of applied straift*~*' The tangential Ramaki,, mode

quality and yield of carbon nanotubes depends on the SYehifts to lower wave numbers under an applied uniaxial ten-

thesis technique and the specific growth conditions use Sile strain and to higher wave numbers upon axial compres-
Catalytic processes generally involve lower growth tempera-. 9 p P

tures and can lead to both variations in the orientation of th&'®"- The rate of the shift per unit strain in such experiments

graphitic planes with respect to the tube axis and to an inWas found to be proportional to the Young's modulus of the

creased concentration of structural defects. HowevercarPon fiber. , _

catalytically-grown carbon nanostructures are typically avail- OPtical spectroscopy, in particular laser Raman spectros-
able in larger quantities and may enable bulk applications iffOPY; can be employed to study the vibrational properties of
such areas as polymer nanocomposites. It is important tgarbon nanotubes. In recent yearsitu comparative Raman
understand the structure-property relationships for carbofitudies of nanotubes and graphite under hydrostatic
nanostructures so that a suitable material can be chosen fogessur€~**have been performed in addition to x-ray pres-
given application. sure studies*826=28%3s well as neutron diffraction studiés.

The mechanical properties of carbon nanotubes have bedn a detailed study of the pressure dependence of the tangen-
predicted to be sensitive to details of structtf@n effect tial modes of laser-grown SWCNTs in the pressure range up
which has now been established experimentallywas dis-  to 5 GPa Peterst al* observed a clear transition of all three
covered that point defects hardly affect the elastic propertiesiodes around 1.7 GPa, as well as a deteriorating radial
of MWCNTSs, although more general structural disorder carbreathing mode around this pressure. Providing additional
reduce the elastic modulus by orders of magnittiddeat molecular dynamic simulations of the lattice constants of
treatment of catalytically grown MWCNTSs led to an increase(10,10 armchair SWCNT bundles as a function of pressure,
in the elastic stiffness by at least one order of magnifdde. they concluded that the nanotubes undergo a structural phase
Despite recent experimental advances in probing individualransition from a circular to an oval cross section at this
mechanical nanotube properties based ionsitu tensile pressuré? Tight-binding total energy calculations by Kahn
tests'>*we are still lacking a fundamental understanding ofand Lu* of peak position vs pressure for the three modes in
the structure-property relationships for the wide variety of(10,10 tubes showed good agreement with the experimental
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TABLE I. List of the carbon structures investigated, their abbreviations and symbols used throughout this
study, and their dimensions determined from electron microscopy.

Material Abbrev.  Symbol Outer diameter Wall thickness
[nm] [nm]
Graphite crystals Graphite H N.A. N.A.
Vapor-grown nanofibers VGCNF ¢ 155+ 30 42+7
As-received catalytically-grown multi-wall nanotubes C-MWCNT V¥ 10.4+3.3 4.1+1.8
Graphitized catalytically-grown multi-wall nanotubes G-MWCNT V 10.4+3.3 4.1+1.8
Laser-grown single-wall nanotubes SWCN® andO 1.54 0.34
Arc-grown multi-wall nanotubes A-MWCNT A 15.1+2.6 5.5-2.6
High-modulus carbon fiber P100 * 10 000+ 1000 N.A.

3 or explanation of SWCNT dimensions see text.

slopes, transition pressure, and type of structural deformaesults of the geometric analysis.

tion. Two studies comparing linearly fitted pressure coeffi- The carbon nanofiber material consists of a mixture of
cients for SWCNTs and MWCNTSs up to pressures of 10 GPawo distinctive structures present in the sample, relatively
showed a slightly smaller pressure dependence for thetraight cylindrical tubes and the so-called bamboo tubelike
MWCNTs** This effect was explained on the basis of astructures, arranged into loose aggregates. The inner part of a
simple elasticity approach, considering nanotubes to be hohanofiber wall shows an arrangement of the graphitic layers
low cylinders made up of mechanically isotropic shééts. g 5+15° angle with regard to the fiber axis. The outside part

Recently, excellent agreement betweminitio calculations  of the wall is made up of short graphitic segments parallel to

and an elastic continuum approximation has been showp,q. fiper axis.

for |nd|§|ldual SWCNTs in a bundle under hydrostatic = 14 arc_grown multi-wall carbon nanotubes, taken from

pressure. . . the core of the arc deposit, are long and straight cylindrical
We report here a comparative study of pressure-induce

. . : ubes. On the other hand, the catalytically-grown multi-wall
shifts of the high-frequency tangential Raman modes for Zarbon nanotubes, generated by decomposition of hydrocar-
range of different carbon nanostructures, graphite crystal ' 9 y P y

2 . .

and a macroscopic carbon fibre as a function of hydrostatijon gases: consist, almost excluswe!y, of balls of loosely
pressure up to 5 GPa. The aim was to distinguish the e|asti%ggregated nanotubes that are noncoiled but generally curved
properties of these nanostructures as a function of their dénd kinked as a result of structural defettdn order to
gree of structural disorder by the variations in the pressurgMinimize these structural defects without changing the ge-
induced peak shifts. We have observed a transition in th@metry of the tubes, a sample of C-MWCNT was graphitized
pressure dependence for all hollow nanostructures and tt& 2800°C in an inert atmosphere; this sample is labeled
macroscopic carbon fiber and explain their relative behavior&-MWCNT. This type of treatment is well known to im-
in the identified different regimes. A theoretical model is prove the crystalline quality of defective nanotubes.
applied to predict the pressure-induced high-frequency Ra- The SWCNTs were prepared by a pulsed-laser vaporiza-
man peak shifts for all nanostructured materials in the lowtion proces$. The typical narrow diameter distribution of
pressure regime and the calculated results are compared irdividual tubes in the bundles has been determined from
the experimentally observed pressure coefficients. transmission electron microscopy, x-ray diffraction, and Ra-
man spectroscopy to be around 1.2 fithhas been pointed
out that more accurate processing of experimental data can
be achieved by accounting for the discrete nature of the cross

The materials used in this study were vapor-grown carborsection of a single-wall nanotube by increasing the outer ra-
nanofibers(VGCNF) (Applied Sciences Inc., USA arc-  dius of such a tube by half the interatomic graphite sheet
grown multi-wall carbon nanotubé&-MWCNT) (Technical spacingS.4 Furthermore, all-electroab initio calculations of
University Hamburg-Harburg, Germany catalytically- a SWCNT and a graphene layer have shown that their effec-
grown multi-wall carbon nanotubé€-MWCNT) (Hyperion  tive wall thickness should relate to the van der Waals radius
Catalysis International, USA and laser-grown single-wall for carbon, and hence have a value of 0.34%i18caling the
carbon nanotube§SWCNT) (Tubes@Rice, USA Graphite  wall thickness of a single-wall nanotube to the graphite in-
crystals (Graphite, Fluka Chemie AG, Switzerlandnd a terlayer spacing of 0.34 nm leads to an effective outer diam-
high-modulus mesophase pitch carbon fibg100, BP eter of 1.54 nm, as given in Table I.
Amoco, USA were investigated as reference materials. Both All Raman spectra were recorded at room temperature
transmission and scanning electron microscopy were used tesing a Renishaw 1000 Raman microprobe system. Scattered
determine the average diameter and wall thickness of all theght from the sample was collected in the backscattering
hollow carbon nanostructures, to assess their structural ageometry, passed through a holographic notch filter and a
rangements, and to confirm that the ends were closed. Thdiffraction grating and was detected with a Peltier cooled
materials used in this study are listed in Table | as well axharge coupled devidg€cCD) camera. Initial high-frequency

Il. MATERIALS AND EXPERIMENTAL DETAILS
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FIG. 1. Comparative high-frequency Raman spectra of graphitec

crystals, arc-grown multi-wall carbon nanotub&s-MWCNTS),
vapor-grown  carbon  nanofibers (VGCNF9, as-received
catalytically-grown carbon nanotubé8-MWCNTS), and annealed
catalytically-grown nanotubg$&-MWCNTS) taken in air for a ran-
dom orientation within the samples. In addition, the Raman spectrz
of a high-modulus carbon fibeP{00) is shown, the laser polarized
parallel to the fiber axis in this case. All spectra are normalized with
regard to theG-band intensity, the scaling factor is indicated.

Inte

Raman spectra in air of the as-supplied materials were ob
tained using 514.5 nm excitation of a 50 mW argon laser
with the incident and backscattered laser light polarized par-
allel. The ratio of the relative intensities of ti2 and G — T T 1T T T T T T T T T
bands was taken as a quantitative measure of the degree 1 1520 1540 1560 1580 1600 1620 ; 1640 1680
structural order and was compared to high-resolution TEM Raman wavenumber (cm’)

images. For these measurements only the macroscopic car-
bon fiber was positioned parallel to the laser polarization
whereas all other samples had a random orientation with r
gard to the incident light.

The high-pressure Raman measurements were perform
in a gasketed diamond anvil celDAC) (Mao-Bell type
with a 4:1 mixture by volume of methanol-ethanol as the
pressure transmitting medium. A small chip of ruby was also
placed in the 4Qum diameter sample chamber. The ruby strong diamond peak. Depending on the crystalline quality of
fluorescence method allows the calibration of the pressure tthe sample the integration time had to be varied between 1
within 3% following theR-line emissiort® All pressure cell and 5 min.
measurements were also carried out at room temperature in a Prior to closure of the pressure cell high-frequency Ra-
backscattering geometry with the incident and backscattereghan spectra of all samples immersed in the pressure trans-
laser light polarized parallel. AX20 microscopic lens was mitting medium were recorded. The ruby calibration for
used to focus the laser beam on the sample inside the pregrese measurements still showed zero pressure. All high-
sure cell. The pressure cell was positioned in such a way thiﬁequency peak values were determined by fitting the raw
the macroscopic carbon fiber axis was parallel to the lasefiata from the spectrometer with a mixture of Lorentzian and
polarization. All other samples had a random orientationGaussian routines. For all graphitic samples the presence of
within the pressure gasket and in these cases the lasgfe feature at-1620 cm* (D’-band was also taken into
sampled a number of randomly oriented nanostructures. gccount and fitted with the same routine.

The increasing pressure within the cell was calibrated
with the 633 nm line of a 25 mW He-Ne laser. In order to
obtain a clear signal from the graphitic materials without IIl. RESULTS
exciting the ruby, a 50 mW 780 nm near-IR excitation was
then used to follow the characteristic high-frequency tangen- High-frequency Raman spectra taken in air revealed dif-
tial Raman modes of the carbon samples at different locaferences in the degree of structural perfection of the investi-
tions within the cell as a function of the applied hydrostaticgated materials, as shown in Fig. 1. All materials exhibited
pressure. Static scans were centered around 1580 ém  two main features at about 1350 ardl580 cmi!, respec-
order to prevent saturation of the CCD camera from thdively, the former corresponding to the defect-induced Ra-

FIG. 2. Line-shape analysis of the high-frequency Raman spec-
ra of (a) laser-grown SWCNT inside the pressure cell at zero and
4.1 GPa applied pressufthe two observed modes are labeled
aadTg,) and(b) arc-grown multi-wall nanotubes in air, immersed in
?he pressure transmitting medium, upon closure of the pressure cell,
and as a function of increasing pressure.

035417-3



J. SANDLERet al. PHYSICAL REVIEW B 67, 035417 (2003

TABLE Il. Summary of the experimentally observed shifts due to immersion in the pressure liquid and
resulting peak position at zero GPa hydrostatic pressure. The experimental pressure coefficients for both
regimes before and after the transition pressure are given as well as the theoretical pressure coefficients
calculated up to the experimental transitions.

Material d(J‘)quuid o dwexperimen{d p dwexperimen{d p dwtheory/d p
[em Y] [em 1] [cm Y/GP4 [cm Y/GP4 [cm Y/GP4
(Closed cell  (Before transition  (After transition (Up to transition
Graphite ~4 1581 4.6 45
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
SWCNTT; not meas. 1594 9.7 5.3 9.6
SWCNTT, not meas. 1552 8.0 4.3 9.9
A-MWCNT ~10 1582 11.9 4.4 54
P100 (G band 1582 7.0 3.7 4.5
P100 (D' band 1613 7.1 3.7 4.5

manD band and the latter to the graphite in-plane vibrationsamples. A comparative plot of the observed Raman high-
mode called G band® In addition, the feature at frequency peak positions of all investigated carbon structures
~1620 cm * which is due to the maximum in the phonon as a function of hydrostatic pressure is shown in Fig. 3. The
density of state® was observable and was most prominentlines represent linear fits to the obtained data points and the
for the macroscopic carbon fiber with the axis parallel to thearrows indicate transitions in the pressure coefficients. For
laser light polarization. the SWCNT sample both tangential modes are shown.

The high-frequency modes of the laser-grown SWCNTs It can be seen in Fig.(8) that the graphité&s band shows
inside the closed pressure cell at 0 and 4.1 GPa hydrostat& linear pressure dependence over the investigated pressure
pressure are shown in Fig@. The solid lines represent the range up to 5 GPa. In contrast, the macroscopic carbon fiber
curve fits obtained from the mixed Lorentzian and Gaussiamwlearly reveals two distinct regimes with a transition around
line-shape analysis. We could only clearly identify two peaks0.75 GPa. Both th& band and théd’ band feature of this
in the tangential mode region which we label€g for the  sample show identical pressure-induced peak shifts and the
peak at 1552 anii; for the one at 1594 ciit, according to  transition occurring at the same pressure. During the experi-
Venkateswaraet al?° Taking into account the distribution of ment the carbon fiber was clearly visible in the pressure cell
helicities and diameters present in these nanotube bundle to the transition pressure where it was observed to break
both high-frequency modes should have contributions fromup into smaller fragments.

Ezg. E1g, andA,q vibrations. Figure &) shows the mea- All of the hollow nanostructures also display two distinct
sured high-frequency spectrum and the corresponding linecegimes with a transition pressure that varies for the different
shape analysis of the A-MWCNT sample at different stagesnaterials as shown in Figs(l8 and 3c) (the graphite data is

of the experiment as an example. It can clearly be seen thatcluded for comparisonAn initial steeper slope gives way
the immersion of nanotubes in the liquid shifted the positionto a shallower slope that lies approximately parallel to the
of both theG band and th®’ band to higher wave numbers graphite line at higher pressures. The experimentally ob-
and slightly reduced the intensity. The obtained peak shiftserved pressure dependenc®cyperimenfdp, in both re-
dwjquig due to the liquid for theG band of all investigated gimes, are listed for all materials in Table I1.

materials are displayed in Table Il, as well as the resulting It is interesting to note that the initial slopes and the tran-
peak positionsv, at zero pressurdThis effect could not be sition pressures vary for the different types of multi-wall
established for the SWCNT material since it was delivered ircarbon nanotubes such as the arc-grown and the catalytic
a surfactant solution and no spectrum in air without possiblenaterial, as well as the vapor-grown carbon nanofibers. On
effects of the surfactant could be takemhe next spectrum the other hand, the defective and graphitized catalytic nano-
taken upon closure of the cell and the ruby calibration showtubes with identical geometries show identical pressure de-
ing zero hydrostatic pressure reveals that @Geband re- pendencies both below and above the transition and the same
mained at that position. Due to the presence of the diamonttansition pressure. Above the transition point, the pressure
window the noise level increased but ti&band and its coefficients of all hollow nanostructure modes, exceptlthe
position could clearly be detected. SWCNT mode, are slightly lower than the one obtained for

With increasing hydrostatic pressure the high-frequencygraphite. In addition, the two tangential SWCNT modes di-
peaks of all carbon nanostructures were found to shift toverge, theT; mode showing a higher pressure coefficient in
higher wave numbers, which corresponds to a reduction ioth regimes. The shifts in peak position were observed to be
bond length and associated stiffening of the bonds. We obfully reversible for all hollow nanostructures and graphite,
served a broadening of the tangential modes for all graphitiover the pressure range that was investigated.
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1630 ) materials were immersed in the medium but did not find this
a

1 |p100 shift to increase further upon closing the pressure cell, with
1620 the ruby calibration initially showing zero hydrostatic pres-
1 * sure. It is interesting to note that the macroscopic carbon

16104, 1 fiber did not reveal any peak shift upon immersion in the
T P100 g pressure medium. Following the approach published by
1590 | Wood et al*! the CED of the pressure medium used in this
1 Graphite study can be expressed as a hydrostatic pressure of about
1580 ——7— 0.84 GPa. The experimentally obtained peak shifts due to the
= 0.0 0.5 1.0 15 2.0 25 liquid are in good agreement with the pressure dependencies
% 1630 7 b) measured up to the transition points.
g 1620 There is a linear increase in trﬁzgz peak position of
-g graphite up to pressures of 5 GPa. The sldpgdp in our
2 study is 4.6 cm'/GPa and compares well to the slope of 4.7
o found by Hanflandet al*® Our results for the hollow nano-
g structures also closely match the literature. Both the initial
c higher pressure dependencies as well as the transition pres-
& sures of the SWCNTs agree with both experirirind
= theory®° In the previous cases where transitions of the high-
] frequency modes at low pressures were not observed, possi-
1620 1€) SWCNTT, ‘ . bly due to widely spaced data points, the slopes reported for
1610 AMWCNT both single-wall nanotub&$®>#22423as well as multi-wall
1600 - Pl nanotubes-?% match those found in our higher pressure re-
1590 Graphite gime. From these slopes it appears that the pressure depen-
1580 o 9 dence of the tangential Raman modes is generally smaller for
1570 r MWCNTSs than for SWCNTs, as previously sho@ht>
15601, o SWCNTT, In addition, we have observed a fully reversible pressure
1550 — T T T T dependence for all our nanostructures over the pressure range
0 ! 2 8 4 5 investigated. In the case of all hollow materials the pressure-
Hydrostatic pressure (GPa) induced peak shift was found to follow the two slopes with

. -~ no apparent time dependence. Within experimental error, the
FIG. 3. Comparative plot O.f the Raman high fre.quency Ioeaktransitions occurred at the same pressure for both loading

positions for(a) graphite and high-modulus carbon fibeé?1(00), . A
8nd unloading cycles. Raman spectra taken in air after the

(b) vapor-grown carbon nanofibers, as-received and graphitize h d identical high-f d
catalytic multi-wall carbon nanotubes, af) graphite, arc-grown pressureé run showed identical high-irequency modes com-

multi-wall carbon nanotubes, and laser-grown single-wall nanoparecl to spectra taken before the pressure cell experiment.

tubes as a function of hydrostatic pressure. The lines represent bégprthermore, SEM analysis of the carbon n.anofibers after the
fits and the arrows indicate the transition pressures. Note that for the'eéssure experiment showed no change in structure. These

carbon fiber the shift for th®’ band is included ina). results are consistent with studies that found that the Raman
high-frequency mode shifts could be reversed upon release
IV. DISCUSSION of the pressure, including those which observed a clear tran-

sition in the pressure dependence. Pettral?? reported a

The observed variations in the high-frequency peak posi: ) : .
tions at ambient pressure for a given laser excitation for th ;E\a/lg|§me dependence but did not explore the effect quanti-

different carbon nanostructures verify our electron micros- . . .
fy In the case of the solid macroscopic carbon fiber the

copy observations with regard to the differences in structural . S )
perfection. The Raman features of graphitic materials in thi igher |n_|t|al pressure dependenpe compared to the_ graphite
crystals is related to the lower stiffness of the material. Tak-

frequency range are sensitive to structural sample qaality ing the elastic in-plane stiffness of ideal graphite to be 1.06

with the G band depending on the two-dimensional graphit . o .
ordering, whereas nonplanar microstructural distortions coﬁTPa’ the ratio of the initial slope of the P100 fiber compared

o the one for graphite results in an elastic modulus of about
00 GPa for the carbon fiber. This result is in excellent
greement with values obtained for this fiber from uniaxial
ensile and bending tests and the manufacturer’s data. The
Raman peak shift was found to be irreversible in this case
1which can be explained by a shattering of the fiber observed
ﬁfter the pressure run.

tribute to theD band. The change in Raman spectra with hea
treatment of the catalytic multi-wall carbon nanotubes
clearly reveals improved structural perfection, as has bee
shown for vapor-grown carbon nanofibéfs.

In addition to the variation in initial peak position we
noticed a shift to higher wave numbers upon immersion o
the nanoscale materials in the pressure medium. This shi
has previously been ascribed to the cohesive energy den-
sity (CED) of the liquid, where the molecular forces induce
a hydrostatic pressure on the suspended nanoscale par-From the higher initial pressure dependence of the high-
ticles*°*We also observed such a shift when the nanoscalenodulus carbon fiber in our experiment one would assume

V. THEORETICAL APPROACH
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whereR; andR, are the inner and outer radii of the cylinder,
respectively, ang is the hydrostatic pressure.

These principal stresses can be transformed into in-plane
strain deformations of the ideal graphitic cylinder in the axial
€xx and circumferential,, directions by using the elastic
compliances of ideal graphite

FIG. 4. Model of thick-walled cylinder under hydrostatic pres- €xx= S11027 S120°99 S1307 (2
sure and the coordinates used. The volume element displays the
normal stresses which, in the absence of shear, are a function of the €Eyy= S1207,+ S110 99 Sy307 -

radial coordinate only.
The elastic complianceS are taken asS;;=0.98, S;,

that a higher Raman peak shift per unit stress indicates- —0.16, andS;;=—0.33 GPa® (Ref. 44 and the dimen-
higher in-plane strains and, therefore, a more compliant masjons of all materials are as listed in Table |.
terial. Nevertheless, the identical pressure dependencies of gakataet al. have measured the strain dependent Raman

bl e el and h 3Bz bl GO, o o iy Deoae vaor Touncaron ot
strong evidence that the deviations in initial pressure coeffi-c_iurlng uniaxial tensile testm‘@r’:From the observe_d polariza-
cients of all hollow nanostructures are related more strongljio" dependent frequency shifts they have derived phenom-

to the geometry of the nanoscale samples and not variatiorf0logical coefficients which describe the changes in the
in elastic properties. Furthermore, the very high pressure cclastic constants of thie~0 optical phonons with strain.
efficient (high compliancg of the arc-grown multi-wall car- Following their approach we can estimate the polarization
bon nanotubes compared to the other materials would otheflependent Raman peak position as a function of the hydro-
wise be surprising since such nanotubes show very littlétatic pressure-induced in-plane strains as follows:
structural disorder.

To test the hypothesis that the observed initial pressure _
coefficients of the hollow nanostructures are related to the @parallel= @0
geometry rather than variations in stiffness, we have calcu-
lated the expected Raman shifts for ideal graphite as a solid
and arranged in a cylindrical geometry equivalent to each of  @perpendicula™ @o T
the hollow nanomaterials tested. We approximate all hollow 3)
nanostructures by a thick-walled cylinder with a wall of fi-
nite thickness and closed ends. The pressure inside the closed
nanostructures is assumed to be zero. Even atmospheric pres; :
sure within the nanotubes is orders of magnitude smalle%gde the pressure cell at zero hydrostatic pressure /et

than the imposed hydrostatic pressure and can therefore %irf {hf4§ef6¥e§nﬂr,‘3eﬂﬂe§gfgéCca,lq(—:gigﬁfgfugg;iﬂues
neglected. ' o ’

The equations for a thick-walled cylinder under hydro- denote the orientation of the cylinder axis with regard to the

. , . olarization of the incident laser light. Taking a mean of the
static pressure are applicable to locations far from the tub o i
o . Wo polarization dependent peak shifts to account for the
ends that make up the majority of the samples. Since onl

. . . . Yandom arrangement of the nanoscale samples in the pressure
axially symmetrical loads and constraints are admitted, the . .
2 : . S . cell allows us to calculate the Raman peak shift as a function
solution is axially symmetrical. We use cylindrical coordi- . : .
. . . . of hydrostatic pressure. A comparative plot of the experimen-
natesr, #, andz for the radial, circumferential, and axial

o . tal data points in the pressure regime below the transition
directions, respectively. The nonzero stress components are

principal stressew,, , 099, and o,,. Figure 4 shows the points and the theoretical predictiofsolid lines is shown in
gleefmgftno(f)ftﬁgocrdllirr:zt:rsv\i;? the stresses acting on a volume=yyin ot the introduction of any arbitrary fitting param-
y ' e}ers there is a close match between our theoretical predic-

In the absence of a temperature change and an internE

ressure the following expressions for the stress componen ons and the experimental slopes for all nanoscale materials,
P g express a3 P §<cept the arc-grown multi-wall carbon nanotubes. The theo-
on the surface of a closed cylinder can be derifed:

retically calculated Raman peak shifigoy,eo,/dp and the

2(1)0

[(A+B)ext (A—B)eyy],

1
2—w0> [(A— B)Exx+ (A+ B)Eyy].

Here wg is the experimentally observed peak position in-

R2— R2 starting position of the tangential modes inside the pressure
== P, (1)  cell wg used for the calculations are included in Table II. For
Ro—R; the solid graphite crystals there is a perfect match of the

035417-6



VARIATIONS IN THE RAMAN PEAK SHIFT ASA. .. PHYSICAL REVIEW B 67, 035417 (2003

1620 In the high pressure regime after this transition large por-
] C-MWCNT tions of the nanotube walls are approximately parallel so that
the pressure dependence of this structure is expected to re-

semble bulk graphite, in agreement with our experimental
] At Graphite results. The slight variations in final pressure coefficients are
1590 2 / related to the covalent bonds between the graphene layers
1 that are not present in the graphite crystals. To estimate the
exact collapse pressure, the anisotropy of graphite needs to

o be considered. A simple continuum elasticity estimation of
© owenTT the collapse pressure based on the in-plane stiffness of an
? ideal graphene layer does not seem applicable.

16104 SWCNTT,

1600+

1570

Raman wavenumber (cm™)

1560

1550 42 . T .
0.0 0.5 1.0 15 2.0 25

Hydrostatic pressure (GPa) VI. CONCLUSIONS

FIG. 5. Comparison of experimental daymbol$ and theo- We have followed the high-frequency tangential Raman
retical predictiongsolid lineg for the Raman peak shifts in the low Modes of various carbon nanostructures as a function of hy-
pressure regime for graphite, arc-grown multi-wall nanotubesdrostatic pressure to investigate the elastic properties of bulk
vapor-grown nanofibers, defective and annealed catalytically-growsamples with distinct variations in the degree of structural
multi-wall nanotubes, and laser-grown single-wall nanotubes as arder. The Raman modes were found to shift reversibly to
function of hydrostatic pressure. higher wave numbers with increasing pressure and to fall

. . . . into two distinct linear regimes for all hollow nanostructures.
hydrostatic pressure inducéth,, peak shift. The underesti- ;4 into account the polarization dependence of a strain-

mation of the pressure dependence of the arc-grown nangnguced Raman peak shift we are able to predict the initial
tubes in our model relates to a reduction in the effective wallyressure dependence of all the nanostructures tested. The
thickness. TEM analysis has revealed that for these nanquariations in initial pressure coefficients are based purely on
tubes some of the inner shells are essentially isolated frorgeometric differences, with the in-plane strains at a nanotube
the hydrostatic pressure due to premature closure within thgrface dependent on the diameter and the effective load car-
outer shell. The estimated wall thickness in our model isying wall thickness. These differences in in-plane strains as
based on the wall thickness in the middle of the tube WhiCha function of hydrostatic pressure can be calculated by a
therefore, does not represent the true load bearing geometgimple continuum model. Nevertheless, the initial pressure-
An effective wall thickness of 2.8 nm which is about 1/2 of jnduced Raman peak shift could be used to identify the elas-
the one obtained from the TEM observations yields a theotic properties of a macroscopic carbon fiber. We attribute the
retical prediction matching the experimental data. ~ change in slope for the hollow nanostructures to a reversible
We have followed our approach to calculate both high-cojiapse transition. We are currently evaluating whether the

frequency SWCNT modes as a function of pressure. A googifferences in collapse points or the initial Raman peak shifts
fit to the experimental data can be observed forthenode.  ypon immersion in a liquid can be linked to variations in

The slight overestimation of th€, mode might be due to intrinsic elastic properties.

more pronounced contributions of other atomic vibrations. This study also highlights the need to take overall nano-
SWCNT axial and circumferential vibrations have been pretype geometry into account when assessing their mechanical
dicted theoretically to show different pressure induced deperformance rather than simply referring to the intrinsic stiff-
rivatives depending on chiraliff. _ ness of the walls, and provides evidence that continuum me-
It must be noted that our theoretical calculations are Onl){:hanics can be app“ed at very small size scales under certain

relevant at pressures up to the experimentally observed tragircumstances, in agreement with earlier theoretical predic-
sition points. We believe that at this pressure a reversiblgons for carbon nanotub&g.

flattening occurs. Molecular dynamics studies of SWCNTs as
a function of hydrostatic pressure have demonstrated that a
nanotube at the critical pressure will abruptly release energy
by locally switching into a different morpholody.Although

it cannot be resolved in our experiment such a collapse can- Thanks to S. Friend of Hyperion Catalysis for making
not occur simultaneously throughout a nanotube of substarpossible this work on their catalytically-grown material. The
tial length?® In the hydrostatic case a reversible collapse isauthors would also like to acknowledge Applied Sciences
initiated locally and then propagates with a speed proporinc. for providing the vapor-grown carbon nanofibers used in
tional to the square root of overpressure-(p/po—1)Y?  this study. Thanks for support goes to the Cambridge Euro-
along the tub&® Similar abrupt transitions have also been pean Trust and the EPSRC. We also gratefully acknowledge
observed in simulations of SWCNTs subjected to varioudinancial support from the European Thematic Network
mechanical deformatiorf€5* CNT-NET (Grant No. G5RT-CT-2001-05026
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