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Shear strain in carbon nanotubes under hydrostatic pressure
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We investigated the hydrostatic and shear strain components introduced in the graphite hexagons by apply-
ing hydrostatic pressure to single-walled carbon nanotubes. The vibrational modes are expected to show
different pressure derivatives depending on the polarization of the eigenvector with respect to the nanotube
axis, but independent of chirality. A comparison with tight-binding calculations allows us to estimate the
Gruneisen parametd(l.24) and the shear phonon deformation potenti@lg1); they compare favorably with
experimental results on nanotubes.

The study of vibrational modes under pressure has beethe graphite hexagons. By making reference to the rolled up
of recent interest when studying the elastic properties ofjraphene sheet we obtain the Geisen parameter and the
single and multiwalled carbon nanotubes and comparinghear strain phonon deformation potentials with the help of
them to theoretical predictions. It was found that the influ-recent tight-binding calculations. We compare our values
ence of bundleing on single-walled tubes is ldrgand that ~ With graphite and high-pressure experiments on nanotubes.
multiwalled tubes may be described within the same elastic- In a recent paper, Damnjanovét al'® derived the line
ity model as single-walled tub&sCalculations of the elastic groups, which, similar to space groups in three dimensions,
constants were provided by several grdupsind appear to describe the full symmetry of a one-dimensional system, and
agree with experiment in the magnitude of the observed frethe corresponding point groups for carbon nanotubes. Ac-
quency shifts. However, since nanotubes are highly anisgeording to them, the point group for chiral nanotube®is
tropic, uniaxial structures, the strain resulting from hydro-and D, for the achiral zigzag and armchair tubesbeing
static pressure is, in general, different for the length and théhe number of graphene cells in the elementary cell of the
circumference of the tube; the strain tensor has two indeperiube. The strain tensor in these point groups reduces to
dent component¥. Consequently, under hydrostatic pressurel’(e) =2Aqq)®E1(q)®Ey(g), the indexg holding for the
one would expect different pressure slopes for modes vibra@chiral tubes. Only the two fully symmetric strain compo-
ing parallel and perpendicular to the axis, which has not yeents can be induced by hydrostatic presstirghey de-
been reported. scribe a straire,, along the axis and ,, along the circum-

Single-walled nanotubes are formed by rolling up aference. Although these components are fully symmetric in
graphene sheet to a long, narrow cylinder. The vibrationathe point groups of the tubes, they are not for the underlying
and electric properties of the tubes are determined by the@raphene hexagon. Consider unwrapping the tube to a long
diameter and chirality, i.e., the ang® between the carbon and narrow rectangle, the longer side being parallel to the
bonds and the tube axis. There is an ongoing controversigbe axisz and the shorter one to the circumference of the
about the distribution of chiralities in real nanotubes samplegube 6. The strain in this graphene sheet duestg ande,,
ranging from® being always within~10° around the arm- now reads
chair direction to a random distribution of chiralit€sTypi-

cally the vibrations of carbon nanotubes are investigated by i . 1 i@ _

Raman spectroscopy. Single-walled tubes show scattering by _ _ £0900S O+ eSO i(20)(e;,~209) :
the radial breathing mode with a van der Waals contribution 2sin(20)(e,,—05) €00 Sif ® +¢,,c08 © '
in the low-energy regiori150—200 cm?) and by the high- (1)

energy modes £1600 cm '), where the carbon atoms

To a good approximation the frequencies of these highpeing the chiral angle. For clarity the out-of-plane compo-
energy vibrations can be related to those of graphite via zongent was omitted; it factorizes out in the sheet. Obviously,
folding, although the curvature of the graphene sheet introthe deformation of the graphene elementary cell given in Eq.
duces a softening of the mode¥: For excitation between (1) is not hydrostatic for any chirality and will cause a split-
1.7 and 2.2 eV, the modes of metallic nanotubes are resqmng of the doubly degenerate,, graphene mode. For the
nantly enhanced, the resonances for semiconducting tub@gnotubes this yields different pressure derivatives for modes
are above and below that' So far, only the pressure de- yiprating in axial and circumferential direction.
pendence of semiconducting single-walled nanotubes has The dynamical equation for the phonon modes in the
been reported®*® Surprisingly, all groups found the pres- presence of strain is given by
sure derivatives of the different high-energy modes to be
similar, i.e., the expected splitting appears to be absent.

In this paper we show that hydrostatic pressure appll_ed to mu=— mwSui + 2 Ki(lggqlslmuk ; )
carbon nanotubes results in a nonhydrostatic deformation of kTm
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whereu is the displacement of the atoms,is their mass, 3 _'. A I72TP o
and wg the strain-free frequency. The second summand de- TR

scribes the change in phonon frequency due to the strain. The 0 E, 67 TPa
symmetric tensoK) has only three nonzero components

.2l ® E_ 54TPa’ ]
because of the hexagonal symmetry of the graphene sheet, 3
10 3
namely;, 2
2 1D J

K111 Kaooo= MKy

K112= MKy,

0.0 0.1 012 013 0.4 0.5
1. o
Kio1=m3 (Riy—Kyo). ) . Pressure (GPa)

. FIG. 1. Calculated shift of the high-energy modes of armchair
From Eqs.7(%g and (3), the secylar .equatlon can _be nanotubes versus applied pressure. The data were taken from Ref. 4
.ConStrUCte_&' “the solutions of which give the frequencies zn4 normalized to the frequency at ambient pressure. The calculated
in the strained sheet. With the strain tensor given in@%.  point at 0 GPa was omitted from the linear regressions.
the relative shift in the phonon frequencids/w, is

(see Table )l This is in good agreement with the values
——(e09— 22 measured in graphite under hydrostatic presSunermal-
2wj ized to a two-dimensional shegt= —d In w/2d In a, a being

(4)  the in-plane lattice constant of graphite.
. . o~ ~ B To derive the shear strain phonon deformation potential a
The first phonon deformation potentialK{;+K;2)/4wg  closer look at the strain introduced in a single nanotube by a
=~ is the Gruneisen parameter, which describes the fre4 55| stress is necessary. A stress in #g)(plane results in

quency shift under hydrostatic strain. The splitting of the, gecrease in diameter but in an increase in length given by
modes under the shear strain components comes from “1:9——(2C13/C33)8X=—0.293X.1°*7 With the volume

. . z
second term. For the nanotube high-energy mogts,ex-  change given above and E¢4), the full splitting of the
pected to be similar to the one in graphite, since the effect °§IopesA wepl g i

curvature on frequencies is on the order of 187 Likewise,

both phonon-deformation potentials have the same value for

the three high-energy vibrations, because these modes differ Awg, (K11~ Kyp) (142C43/Cqp)

only in the confinement wave vector along the circumference @0 = 502  (2—2C13/Cq) P/Biupe

of the tube. The shifA w/wq is independent of chirality; 0

instead, it depends only on the polarization direction of a

given phonon eigenvector. and (K,,—K15)/203=0.41. In Table | we listed for compari-
The pressure dependence of the nanotube modes was cgbn the values of the shear deformation potential measured in

culated for armchair tubes and ropes of armchair tubes by graphitic fiber under uniaxial stress along the fiber axis,

Kahn and Ld and by Venkateswaraet al* Since the dis-  which is about 3 times high&P.There is, however, a similar

placement of the high-energy modes in armchair tubes ifactor between the Gneisen parameter obtained in these

either circumferential A,4,E,4) or axial (Eig) by symme-  measurements and the more precise value measured later un-

try, different slopes are expected when a shear strain iger hydrostatic pressuféIf we scale the shear deformation

present in the graphite hexagon. In the tight-binding Calcma'potential by the ratio of the twg we find (Rll_Rlz)/Z‘Ug

tion of Ref 4 a hydrostatic pressure was approximated by_ 0.64 close to the value calculated for armchair

stressing an entire nanorope in the basal plane. The Vo'“”}‘?anotljbe§.1

change of the relaxed structure was then related to the pres- In contrast to the basal stress assumed by Kahn and Lu

sure byAV/V=e,+2ex=p/Brope. IN Fig. 1 we show the o molecular dynamics simulations by Venkateswagan
calculated frequency shift of the three high-energy modes

normalized to the strain-free frequency, which we obtained
from Fig. 5 in the reference. The slopes of the two circum-
ferential modes are slightly different (0.5 TPQ, while the
axial E;4 mode is split off by 1.3 and 1.8 TP& from the
E,g andA;4 modes, respectively. The mean hydrostatic shift

Aw  (Ky+Kp) 1 (Ky—Kyp)
—=————(ggpt &) ii — Y

®)

TABLE |. The phonon deformation potentials of nanotubes,
graphite, and a graphitic fiber, all normalized to a two-dimensional
plane.

(6.18 TPal) is shown as a dashed line in the figure; the 4 w
average shear-strain splittingAsog,/ wy=1.55 TPal. The 2wp
bulk modulus of a nanorope has two contributions account- nanotubes 1.24 0.41
ing for the van der Waals interaction between the tubes and graphite® 1.59

the stiffness of a single tube. To a good approximation only graphitic fiber® 287 1.13

the latter has to be considered for the high-energy modes,
yielding Awn/we=6.18 TPal=yp/Bype (Bwbe 2Reference 19.
=0.2 TPa)(Ref. 7 and the Gruoeisen parametey=1.24  PReference 20.
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TABLE Il. Strain induced by hydrostatic pressure in the circumferentig)X and axial €, direction in
single-walled nanotubes according to the three models described in the text. The expected hydrostatic fre-
quency shift and the full shear strain splitting were calculated with (Bgand the phonon deformation
potentials of nanotubes given in Table I.

gp0lp (TPa'?) e,,lp (TPal) €90l €22 Awplwy Awgpl wg

Elastic constantd —-1.74 —0.49 35 2.8 0.3
Elasticity modeP —2.04 —1.07 1.9 3.9 0.4
Molecular dynamic$ —-3.41 —-0.91 3.7 5.4 1.0
graphite? -0.8 -0.8

%Reference 7.
bReference 6.
‘Reference 1.
dreference 19.

al. were performed for applied hydrostatic pressure. Unfortheless, when fitting the high-energy peak with three simi-
tunately, only the pressure derivative of tBgy armchair larly sized Lorentzians or with a focus on the low and high-
mode is given in the reference, but, as the authors state, th@nergy flanks for pressures up to 10 GPa, we find a splitting
found a small difference in slopes as well. Another interestof 0.56 TPa® between the peaks at 1544 and 1565 ¢m

ing piece of information can be determined by the data preand a hydrostatic shift of 3.8 TP& The third peak, at 1592
sented, namely, the strain in circumferential and axial direcem %, which has been assigned to semiconducting t(bes

tion in a nanotube under pressure. We extracted the valud®ef. 4 of Ref. 13 and Ref. }4again has a pressure deriva-
from Fig. 4 in Ref. 1, where the axial lattice constant and thetive of 3.8 TPa*.

radius as a function of pressure are presented; the values arelt thus seems that only the hydrostatic part of the fre-
given in Table Il together with the results of two other ap-quency shift is observed in semiconducting carbon nano-
proaches we chose. For the second approach we used thges. In contrast to the higher symmetry achiral armchair or
elastic continuum model worked out by us previodslihe  zigzag tubes, the phonon displacement in chiral tubes can
parameters necessary within this model are the diameter oft@ave arbitrary directions with respect to the tube axis, be-
tube d=1.4 nm, Poisson’s ratior=0.16, and Young's cause mirror planes are absent in their point groups. A dis-
moduluse=1 TPa, the latter two we took frorab initio  tribution of phonon polarization directions averages out the
calculations’ Finally, we determined the two independent splitting of the slopes introduced by a shear strain and results
strain components with the elastic constants found by Lu.in an average mode shift. Most likely, this is the reason
The values for theC;; given in Table 4 of Ref. 7 were cal- why only the hydrostatic shift is observed, since chiral tubes
culated for multilayered nanotubes, but, as Lu states, thare always present in real samples. Armchair tubes can only
change compared to single-walled tubes is small for the firstontribute to the metallic Raman spectra, thus the peaks at
few layers. We chose the two-lay€t0,10 tube, since its

radius is typical for nanotube samples. All three models L B |
agree in that both length and radius are reduced under pres- 034 GPa
sure, the axial strain being smaller than the radial or circum- 4
ferential one. When comparing the volume change of nano-
tubese 4+ £,, Under pressure, i.e., neglecting shear strain, to

the one of graphite within the layer plan@ge Table ), it is 030 -
apparent that the higher pressure derivatives found in nano- 3
tubes are mostly due to the 2—3 times higher linear com- 220 |
pressibility in the radial tube direction, resulting in a larger "
volume change for the same pressure. —

With the help of the phonon deformation potentials, the 10
hydrostatic shiftAw,/wg and the full shear strain splitting
Awgyl 0, predicted by the three models are now readily ob-

tained with Eq.(4). The published pressure derivatives of 0 99 GPa ¥

semiconducting tubes vary between 3.3-3.8 TRabut ' *

0 2 4 6 8 10 12
where more than one slope was repoffethey agree to Pr (GPa)
within 0.1 TPa *.22 We performed Raman scattering on me- essure (Lha
tallic tubes under pressure, i.e., using an excitation energy of Fig. 2. shift of the Raman active modes of metallic single-
1.91 eV in the region of the metallic resonance. The frequenwalled nanotubes versus applied pressure normalized to the fre-
cies are presented in Fig. 2 as a function of pressure; detailfuency at zero pressure. The up triangles refer to the mode at 1565
of the experimental setup are given in Ref. 6. The analysis ofm™! at ambient pressure, the down triangles to the one at 1544
the data is difficult due to the close proximity of the modes.cm™?, and the open squares to the 1592 ¢mnmode. The insets
Additionally, under pressure, the broadening of the peakshow Raman spectf®aman shiftin cm?) atp=0.34 and 9.9 GPa
leads to a merging of the lindsee insets in Fig.)2Never-  and the fit to the data.
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1544 and 1565 cm® are probably dominated by the higher graphiteE,; mode under shear strain, different pressure de-
symmetry armchair tubes, making the shear strain splittingivatives are expected for axial and circumferential vibra-
observable in pressure experiments. The magnitudes of tH®ns in carbon nanotubes. From a recent tight-binding cal-
measured frequency shifts compare well with the predictedulation we derived the Gneisen parameter and the shear
slopes given in Table II, showing that the axial linear com-strain phonon deformation potential and found good agree-
pressibility of carbon nanotubes is on the order of graphitement with the values of graphite. Semiconducting tubes have
but higher in the radial direction. Since the elasticity model,pressure derivatives given by the hydrostatic strain compo-
where curvature effects are neglected, gives similar results afents. We showed Raman results obtained on metallic tubes,
the two other approaches, the different compressibilities reyhich confirm the predicted shear strain splitting.

flect the cylindrical geometry of carbon nanotubes. )

We studied theoretically and experimentally the strain in- We acknowledge experimental support by I. Loa and K.
troduced in single-walled nanotubes by hydrostatic pressur&yassen at the Max-Planck-Institut Stuttgart, where the high-
The two independent strain components in circumferentiapressure experiments were performed. We thank P. Bernier
and axial direction were found to be different, their ratioand C. Journet for providing us with the nanotube sample
lying between~2 and 3.5. Because of the splitting of the used in this work.
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