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Recent high-temperature studies of Raman-active modes in single-walled carbon n&a8ubE bundles
report a softening of the radial and tangential band frequencies with increasing sample temperature. A few
speculations have been proposed in the past to explain the origin of these frequency downshifts. In the present
study, based on experimental data and the results of molecular dynamics simulations, we estimate the contri-
butions from three factors that may be responsible for the observed temperature dependence of the radial
breathing mode frequendywggu(T)]. These factors include thermal expansion of individual SWNTs in the
radial direction, softening of the C-QGntratubulaj bonds, and softening of the van der Waals intertubular
interactions in SWNT bundles. Based on our analysis, we find that the first factor plays a minor role due to the
very small value of the radial thermal expansion coefficient of SWNTs. On the contrary, the temperature-
induced softening of the intra- and intertubular bonds contributes significantly to the temperature-dependent
shift of wrgy(T). For nanotubes with diameters)=1.34 nm, the contribution due to the radial thermal
expansion is<4% over the temperature range used in this study. Interestingly, this contribution increases to
=10% in the case of nanotubes havitig 0.89 nm due to the relatively larger curvature of these nanotubes.
The contributions from the softening of the intra- and intertubular bonds are approximately equal. These two
factors together contribute a total of abou95% and 90%, respectively, for SWNTs havidg 1.34 nm and
=<0.89 nm.
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[. INTRODUCTION tailed theoretical or experimental basis has been provided to
support these speculations.

The temperature dependence of the Raman spectra of dia- In graphite and carbon nanotubes, tBdoand Raman vi-
mond, graphite, and carbon nanotubes has been reportedational modesE,4-derived modesare present due to the
earlier’™’ The shift in the Raman peak in diamond andin-plane vibrational movement of carbon atoms, which in-
graphite is due to a change in the elastic modulus, which camolves a combination of stretching and bending of the
occur from changes in the interatomic distance due to therearbon-carbon (C-C) bonds®™1° The disorder-induced
mal expansion(a volume effedt and a softening of the D-band Raman vibrational modéA{y), which is a highly
modulus due to the increase in temperatiteenperature ef- dispersive spectral featufe'®is also present in these mate-
fect). Single-crystal graphite, or the closely related pristinerials due to the collective in-plane vibrational movement of
highly oriented pyrolytic graphit¢HOPG), has a high ther- atoms towards and away from the center of the hexagons
mal conductivity; there is also no significant in-plane thermalformed by the covalently p?) bonded carbon atonis.
expansion, and a small downshift in the Raman frequencieSherefore, théd-band mode involves stretching and bending
with increasing temperature is obsenfe@ihe temperature of C-C bonds! The radial breathing mode is a unique fea-
dependence of the Raman frequencies of pristine HOPG igire in the Raman spectrum of single-walled carbon nano-
attributed to a pure temperature effee{(dw/dT), by Tan  tubes(SWNT9 and involves a collective vibrational move-
et all In fact, in case of graphite, there is a negative thermament of the carbon atoms towards and away from the central
expansion. For polycrystalline or ion-implanted graphite, theaxis of a SWNT2 The radial breathing mode oscillations are
structural disorder due to the presence of defects and impuassociated with a periodicity imposed on a graphene sheet by
rities causes a reduction in thermal conductivity. The ob-wrapping it into a finite-sizésmall diameter tube. Conse-
served downshift in the C-C bond stretching Raman frequently, the associated radial breathing moe8M) wave-
qguency is large and arises due to both the volume antkength and frequency are directly related to the perimeter of
temperature effects. The same is true for diambAtso, in  the nanotube. Based on this relationship, as the diameter of
the case of carbon nanotubes, there are a few speculatiotiee nanotube increases, the RBM frequeneygy) shifts to
about the cause of the temperature dependence of the Ramlawer wave number¥ For larger and, particularly, multi-
spectra, attributing this to the stretching of carbon-carborwalled tubes, the RBM frequency becomes very sraib-
bonds, defects, and disorder in these materials as well as fmrtional to the inverse of tube diamétdrand, at the same
the van der Waals interactions between nanotubes in théme, the intensity of the radial breathing mode decreases and
bundles*>” However, to the best of our knowledge, no de- ultimately becomes undetectable by Raman spectroscopy
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from each of these three factors in SWNT bundles. In addi-
tion to wrgyv, We measure the temperature dependence of
the high-frequency modes associated with stretching and
bending of C-C bonds, allowing us to evaluate the tempera-
ture dependence of C-C force constants. In Sec. I, the ex-
periments are discussed, in which we measured the tempera-
ture dependence of the Raman spectra of SWNT bundles. In
Sec. lll, we present the results from the molecular dynamics
simulations of the thermal expansion of individual SWNTs in
the radial direction. This study demonstrates that, while the
@ corresponding coefficient of thermal expansion is very small,
consistent with the results of a recent x-ray diffraction
study’* the elastic constants exhibit significant softening
with increasing temperature, due to the stretching and bend-
ing of C-C bonds. In Sec. IV, we present a quantitative analy-
sis of the role of the various factors contributing to the tem-
perature dependence afgzgy . Based on this analysis, we
conclude that the softening of the C-C force constants in a
SWNT and the van der Waals forces acting between SWNTs
in bundles are predominantly responsible for the
temperature-induced downshift inggy,. Our results on the
(b) contribution from the relaxation of the van der Waals inter-
actions between SWNTs in bundles to the temperature de-
pendence ofvggy are consistent with those discussed earlier
by Thomseret al.’

Carbon atom

Il. EXPERIMENTAL AND RESULTS

c ) The SWNT, approximately 94 at. % pure, synthesized by
ross sectional . s 5
view of 2 SWNT the High Pressure Carbon Monoxiti§iPco) process? were
purchased from Carbon Nano-technologies, Inc. The SWNTs
were used for the present analysis without any further puri-
fication. A programmable hot-stage THMS 600, purchased
from Linkam Scientific Instruments Ltd., was used iositu
FIG. 1. Raman vibration modes in carbon nanotubes: An in-heating and cooling of the SWNTs. The SWNT powder was
plane hexagon formed by carbon atoms is showgajirmnd(b). The |Ight|y hand pI’ESSEd into a pellet. The pellet was placed ina
arrows in all three figures show the direction of the vibrationalsmall quartz crucible, which was kept on a silver holder in-
motion of carbon atoms(a) G-band €,;) mode (common to side the hot stage. It was then heated and cooled in the hot
graphitg. (b) D-band mode(common to disordered carbons and stage, in flowing argon gas near atmospheric pressure, from
polycrystalline graphite (c) RBM mode (unique to SWNTs, 299 to 773 K. The samples were heated and cooled at 10
fullerenes. K/min, and Raman spectra were taken during heating and
cooling cycles at the following temperatures: 299, 373,
measurements. In this context, a flat graphene sheet can B&3, 573, 673, and 773 K. The sample was held at each of
considered as an infinite diameter tube for which the radiathese temperatures for 10 min while Raman spectra were
breathing mode rigorously disappears. The schematics itaken. At each temperature the spectra were taken at four
Figs. 1@—1(c) show theG-band,D-band vibrational modes different, randomly chosen locations on the sample.
and the RBM’s in SWNTSs respectively. Raman spectra were collected with a Renishaw S2000
The RBM frequency ¢rgyv) Shows a strong dependence Raman spectroscope using an argon-ion l&s&4 nn at a
on the SWNT diametér Also, wrgy shifts to higher wave laser power of 2.5 mW with three data accumulations and a
numbers when SWNTs are close packed into bundles, adetector data acquisition time ef10 s. A power density of
effect associated with van der Waals forces, acting betweeBx 10° W/cn? was used in our experiments, and the laser
nanotubes in a bundi€.In addition to the above-mentioned heating effects at these power levels were found to be mini-
factors, the RBM frequencyu(zgy) Of SWNTs depends mal. The RBM peaks, the high-frequency graphitic in-plane
upon the strength of carbon-carbon interatomic force constretching mode(G-band peak, and the disorder-induced
stants. The latter effect has typically not been explored mucmode (D-band peak were monitored. The Raman peak po-
in the case of nanotubes. sitions at various temperatures were determined by a peak
In this paper, from a systematic analysis of the temperafitting procedure that used standard software and a mixed
ture dependence obgrgy, We estimate the contributions Gaussian-Lorentzian function for the peak shape.

(©

235424-2



TEMPERATURE DEPENDENCE OF RADIAL BREATHING . .. PHYSICAL REVIEW B6, 235424 (2002

900 1 182.5

200 _ ®=-0.0045T + 182.84
700 é 182 R?=0.9298
2 600 = 1815 -
2 500 1 <
= g e
g 400 % 181 © Heating |
= 300 2 1805 | ® Cooling
200 5
100 Z 180 1
@
0 T r : z
S 179.5
50 100 150 200 250 300 350 400 450 500
179 :
@ Wave Number (cm™) 200 300 400 500 600 700 800 900
25000 (@ Temperature (K)
266
20000 ®=-0.009T + 267.37
1.
£ 15000 - g 265 R= 0.9609
=
£ 10000 E 264 1 o
‘s 263 * Heating
50001 T | Cooling
v
0 - - - ‘ . E 262
500 700 900 1100 1300 1500 1700 E 261
>
i
(®) Wave Number (cm'l) 2 o6 .

200 300 400 500 600 700 800 900
FIG. 2. Standard room-temperature Raman spectrum of as-

received HiPco SWNTs taken &,.,~=2.41 eV.(a) Raman spec-
trum showing RBM peaks(b) Raman spectrum showin@-band 1594

—
A
~

Temperature (K)

andD-band peaks. T ©=-0.0189T + 1599.]
& 1592 R?=0.9591

Figures 2a) and 2b) show a typical Raman spectrum of &

our SWNT sample taken at room temperature. The two % ' o

prominent peaks with a peak positionf82 and 264 cm* T ses ¢ Hea“ﬂg{

in Fig. @) are the two RBM peaks which have been con- £ |® Cooling

sidered in the present analysis. The two peaks from Klg. 2 2 1586

at peak positions~1592 and 1332 cit belong to theG 2

band wg+) (Refs. 10 and 1RandD band, respectively, and & 15841

are considered in the present analysis. Figures—3(d) 1582 : : : ‘

show a reversible linear shift with temperature of the two 200 300 400  $00 600 700 800 900

RBM frequencies, an in-plane graphitic mo@e-band fre- (c) Temperature (K)

quency and the disorder-induced madeband frequency.

The two RBM peaks, with a peak position of182 and 264 1333

cm ™! at room temperature, which we refer to agg, and T 1332

wqe4, COrrespond to the tube diameters of approximately & 1331

1.34 and 0.89 nm, respectively. These diameters are calcu-2 1330 % —

lated using the relationship betweergy and tube diameter g 1329 ¥ ¢ Heating

for SWNT bundles Our values of @w/dT) of the RBM i 1328 B Cooling

and G-band frequencies of SWNTs, based on the slopes of g 1327 | i

the lines in Figs. &) and 3c), are somewhat lower than the 2 1326

corresponding reported valugghis difference maybe be- > 1325

cause our HiPco-SWNT samples were not purified and were 2 1304

used as received,_where_as the samples in Ref. 5 were puri_fie( 200 300 400 500 600 700 800 900
and, hence, possibly might have undergone some chemicagq
treatment, thereby. Thus our samples contained metallic im- Temperature (K)

pur|t|es WhICh maybe one Of the faCtOI’S Contr'but'ng to thIS FIG. 3. Temperature dependence of Raman frequencies of
difference in the temperature dependence between our dagyNT plotted as wave numbdcm™Y) vs temperaturgK). (a)

and that reported in Ref. 5. However, our results were reprofemperature dependence ®fg, RBM frequency.(b) Temperature
ducible, along with a good data fit and a low scatter in thedependence of,5, RBM frequency.(c) Temperature dependence
data, showing high correlation coefficien®?) of more than  of G-band €2g) frequency(d) Temperature dependence®band
~0.93. Therefore, these valugfsom Figs. 3a)—3(c)], along  frequency.
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1.004 - 2643 V8 T a series of mole_cular _dynamic(MD) simulations of indi-
1,002 o [omega(N)-264] = -3 41E-05T + 10117 vidual SWNTs with var_lc_)us diameters. _
14 R = 0.9609 We used an empirical bond order potential due to
0.998 - Tersoff!® capable of describing botep? and sp* carbon-
0.996 o omega(N)-182 carb_on bonding_and reproduci_ng well the elastic properties
0.994 m omega(N)-264 of d|am.ond and in-plane graphlte as well as the phonqn spec-
5 09921 oipmvsT: tra of diamond. As an alternative to the Tersoff potential, we
g 099 could have used the Tersoff-Brenner potential, which pro-
0.988 + [omega(N)-182] = -2.48E-05T + 1.006 N vides a more accurate description of the carbon-based
0.986 R* =0.9298 a systems® However, a real shortcoming of the Tersoff poten-
0.984 ‘ : : : tial is associated with problems involving chemical reac-

200 300 400 500 600 700 80 900 tions, i.e., bond breaking and bond forming or systems with
Tonperatare (<) mixed (sp?,sp®) bonding. In that case, the use of the
Tersoff-Brenner potential is imperative. In our modeling
FIG. 4. w(, VS temperaturew, is the normalized RBM studies we only analyze thermomechanical prope.rties Qf
frequency= w(T)/w(300 K), which is obtained from Fig. 3 by nor- Sp?-bonded carbon nanotubes with no changes in their
malizing the RBM frequencies at different temperatures, with re-chemistry. For these types of problems, both the Tersoff and
spect to the respective room-temperature RBM frequency. In thdersoff-Brenner potentials are equally accurate. As a matter
plot are showrw gy, VS temperature ana,q4y, Vs temperature, of fact, even the empirical force constant models involving
which are the normalized frequencies obtained from the data ijust springs connecting atoms provide a faithful description
Figs. 3a) and 3b), respectively. of the radial breathing mod®@.Throughout the analysis, we
used a MD simulations stefit=1.7x10"®'s, which con-
with the values obtained from the more scattered data of theerves the energy to five significant figures over 1QG00
D-band peakFig. 3(d)], are used in the analysis presented ina microcanonical simulation ensemble.
Sec. IV. In the same way as described above, we also plotted We first studied the thermal expansion of individ@abt
the temperature dependence of the peaks at 1565' cmbundled (5,5 and (10,10 SWNTs having diameters of 0.70
(wg— for semi conducting tubgs(Refs. 10 and 12and  and 1.40 nm, respectively. In order to mimic the high-aspect
1525 cm* (wg— for metallic tubey (Refs. 10 and 1pwave  ratio of SWNTs we used periodic boundary conditions in the
numbers, and their temperature dependence in terms aixial direction. A constant-stress algorithm was applied in
dw/dT was obtained from the slopes of tlinear plots to  the axial direction, allowing the tube to expand or contract in
be about—0.0238 and—0.0226 cm¥/K, respectively. The order to maintain zero internal pressure. Furthermore, we
temperature dependence of tBeband wg+) andD-band  used a velocity-rescaling algorithm to maintain constant tem-
modes[Figs. 3c) and 3d)] are used below to evaluate the perature, and the data at each temperature were obtained as
softening of the C-C force constants with temperature. the averages over 100 000 MD simulations steps, proceeded
In order to obtain a measure of the relative change oby 50000 equilibration steps. The thermal expansion data in
wgrem, We define the temperature coefficient of the RBMthe axial direction were simply obtained by monitoring the
frequency, asy,=[(dw/dT)/w(T=300 K)]. It is obtained time-averaged length of the periodic simulation box. The
from the slope of the plot ol vs T (Fig. 4), wherew(y,  data on the radial thermal expansion were obtained by moni-
is the normalized RBM frequency obtained by dividiaT) toring the averagéover all atoms and timeatomic distance
at any temperaturéFig. 3) by the room-temperature(T  from the tube center axis. As mentioned above, the diameter
=300 K). Such a coefficient fap,g, can be calculated from of (10, 10 tubes used in our MD simulations isdX
the slope of thev g,y vs T plot in Fig. 4 and is found to be ~1.40 nm. The diameter of our HiPco SWNTs, as obtained
ag=2.48x 107 %/K. This value represents the combined ef- experimentally from the 182-cid Raman peak, isd
fect of all the factors responsible for the relative shift in ~1.34 nm. The diameter of the SWNTSs used by the authors,
wgrpv With temperature. Similarly, the temperature coeffi-in Ref. 14, ranges fromd)~1.36 to 1.40 nm. All of these
cient for w,s4 can be calculated from the slope of theg,y,  diameters mentioned above are approximately equal. Hence
vs T plot in Fig. 4 and is found to ber,s=3.41x10 /K. we can compare the thermal expansion results of our simu-
Although in the present analysis we do not take into accouniations to the thermal expansion results of Ref. 14 as dis-
the effect of the tube chirality, we think that the nanotubes incussed below. This comparison is approximate because it is
the present analysis are a mixture of semiconducting angurely based on the similarity of diameters of nanotubes and
metallic tubes based on the line shape of the tangentidhe nanotube helicity is not considered here.
band617 These data on the calculated axial and radial thermal ex-
pansion for(5,5 and (10,10 nanotubes are shown in Fig. 5.
For both tubes, the radial thermal expansion coefficient
@ (theoretical) IS SMaller than the axial thermal expansion coef-
To provide a better understanding and explanation of théicient a,eoreticay SIgnifying the effect of curvature on the
experimental data described in the previous section and tthermal expansion properties. The calculated values of
assess the role of the radial thermal expansion of SWNTS i@ (iheoretica)y are 0.35€ 10 °/K and 0.08<10 °/K for (5,5
the temperature-induced downshift @kgy,, we performed and (10,10 SWNTs, respectively. The corresponding calcu-

IIl. MOLECULAR DYNAMICS SIMULATIONS
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ness(spring constantshould also remain constant. This con-
jecture originates from a simple model in which the bond
energy is described by a harmonic spring and a small anhar-

i i monic term??2 The anharmonic term is responsible for both

1.006 the thermal expansion of the bond length and the lowering of
. o diameter (5, 5) the bond stiffness.
10054 4 fgfg’}égég) In order to elucidate the above-described issue in our MD
. o diameter (10, 10) simulations, we monitored directly the averageer all C-C
1.004 - v length (10, 10) bonds and simulation timgdength of the C-C bond as a
- . function of temperature. The data in Fig. 5 show that the C-C
5 1.003 . bond length expands at a much higher rate than the radial
. and axial tube dimensions; the thermal expansion coefficient
1.002 ¢ A associated with the change in C-C bond lengtlig=7.1
! R a 0 +0.2<10° %K. This result illustrates that the
1.001 — s & 7 anharmonicity-related bond-stretching effect is not the only
] * 5 0 a one that controls the radial and axial thermal expansion be-
1t 9 — E" —— havior. This rather surprising result is associated with the fact
200 300 400 500 600 700 800 900 j[hat while, with mcre.ased temperature, the C-C bon_d Iength
Temperature [K] increases, the amplitude of_ the _out—of—plane atomic vibra-
tions also increases. As depicted in the schematic diagram on
the top of Fig. 5, these out-of-plane vibrations tend to con-
tract the tube. It is the competition between the bond-
stretching-related expansion and the out-of-plane bond-
= (.C Bond Stretching bending-related contraction that determines the overall radial
and axial thermal expansion of SWNTBig. 5). It turns out
— Out of Plane Motion of carbon atoms that for SWNTSs, as is the case for the graphite in-plane ex-
pansion, bond-stretching and bond-bending effects almost
—> (C-C-C Bond Bending related contraction. cancel each other out, leading to very low and, in fact, nega-
tive thermal expansion coefficients.

Now we turn our attention to directly simulate the radial

FIG. 5. Thermal expansion of the C-C bond length andof) breathing mode. To achieve this, we first equilibrated @

and (10,10 SWNTs in the radial and axial directions obtained using ; .
molecular dynamics simulations. The schematic above the figur&o) nanotubgwith a diameter of-1.40 nm at constant tem-

depicts how bond bending leads to the contraction of the end-to-enHeraturel and then SUdden(l)y incre"_is?d the radial _diSplace'
distance. This effect competes with the thermal expansion of thenent of all C atoms by 0.5%. At this instant we switched to

C-C bond length in determining the overall thermal expansion. @ constant-energy simulation algorithm, where atoms evolve
freely according to Newton’s equation of motion, with no

lated values for the axial thermal expansi@feoreticay@’®  perturbations associated with the thermostat. Then we moni-
0.39x 10" °/K and 0.24x 10" °/K. These results are consis- tored the average value of the tube radius as a function of
tent with the results from recent x-ray diffraction studfesf ~ time. Finally, to connect more directly with the experiment
d~1.34 nm diameter SWNTs. In particular, the radial ther-on the temperature dependence of the Raman spectra, we
mal expansion coefficielt (a,=—0.15+0.2x10 5/K) performed a Fourier transfor® wy) of the time-dependent
was observed to be slightly smaller than the axialtube radius.
expansiot* (a;=0+0.1x10 %/K). Another effect of the The results obtained in the above-described procedure for
curvature is the fact that the smaller diameter tubes generallgeveral temperatures are shown in Fig. 6. The data are nor-
are predicted to exhibit a larger, and «, than larger diam- malized such that the peak position &t300 K (corre-
eter tubes. As the diameter of a nanotube becomes larger asgonding to room temperatyrés normalized to unity and
larger, the thermal expansion coefficients become smallewy=w(T)/w(T=300 K). Figure 6 clearly shows that the
and smaller and more negative, approachiag of peak position shifts to lowabpy with increasing temperature,
graphite?* ~—1.3x 10" %/K. as is also observed in the experiment. Further quantitative
The above-mentioned simulation results and the resultanalysis reveals that the temperature coefficierdef /dT
from published x-ray diffraction experiments demonstrateis of the order of—5x 10 °/K and negative in sign. This
that the thermal expansion of SWNTs, particularly in thecalculated value is much larger than the corresponding ex-
radial direction, is extremely small and thus will have a mi- perimental value ofr,5,= —2.47x 10 °/K, but of the cor-
nor effect on the change in radial breathing mode frequencyect sign. The fact that the relative changednis signifi-
with temperature. cantly larger in the simulation than in experiment is not
At first sight these small thermal expansion coefficientssurprising considering that we use an empirical interatomic
might be thought to also imply that the temperature-potential, which was not fitted with respect to anharmonic
dependent change in the C-C bond length and bond angle moperties. Also, in the classical MD simulations, all of the
also very small. In such a case, the effective C-C bond stiffvibrational modegphonong are excited at all temperatures,
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3
i . — — -300K — Center of Mass of SWNT 1
2.54 SN i 1K
- 2] :: :'_ 500 K
z T ! d R Intra-tube sprin
3 15 P ®) pring
v : \
: | Wall of SWNT 1
(@) Inter-tube Spring
On
Wall of SWNT 2
FIG. 6. Fourier transforn$(wy) of the amplitude of the radial
breathing mode of the modglL0,10 carbon nanotube obtained Intra-tube spring
in MD simulations forT=1, 300, and 500 K. The frequency is ®)
normalized such that the peak position isTat 300 K occurs at
on=1. v Center of Mass of SWNT 2

whereas in th_e experiment, quantization of the energy levels FIG. 8. Spring model for adjacent tubes inside a SWNT bundle:
freezes out high-energifrequency modes at low tempera- The intertube spring is a function of the weak van der Waals inter-
tures. actions between two SWNTs. The intratube spring is a function of:

In view of the above-presented results, we conclude thgl) mainly, the interatomi¢carbon-carbonbonds of a SWNT and
only a small part of the temperature dependence of the frey) the diameter of the SWNTKnyraspring™ Kinterspring - (R) iS the
quency change of the radial breathing mode can be attributedgius of the SWNT, measured as the distance between the center of
to the very small change in the tube diameter. In turn, thenass of the tube and the tube wah) is the distance between the
only possible factor capable of explaining the change of theype walls.

RBM frequency is the temperature change of the C-C bond

force constanttube bundling effects are not present in ourillustrates that the calculatggiormalized Young’s modulus
simulations, since we only consider individual tupbed/e  of nanotubes decreases with increasing temperature; the as-
will discuss this issue in detail in the next section. sociated temperature coefficigrd Y(T)/dT]/Y(T=300 K)

In order to illustrate the temperature effect of the forceis equal to~—7x 10" °/K, which is of similar order to the
constant change more directly, we present in Fig. 7 the temsimulated temperature coefficient afzgy. This provides
perature dependence of Young's modulus calculated from thiurther evidence that the temperature-dependent softening of
stress-strain curves obtained in the MD simulationg1df,  the C-C bond stiffness and the related elastic properties play
10) tubes. Also, analogous to the previous analysis, we noran important role in the temperature changeagfgy. In
malize the calculated Young's modulus by its correspondingontrast, the diameter change associated with the thermal
value atT=2300 K. The temperature-dependent relaxation ofexpansion of the lattice plays only a secondary role.
the elastic modulus of various materials has been demon-
strated earlier, where it was shown that the modulus de- |\, THEORETICAL ANALYSIS AND DISCUSSION

creases linearly with increasing temperat¥é® Figure 7
Having discussed the relative temperature-dependent ef-

1.04 fects of the thermal expansion of the nanotube diameter and
L4 of the relaxation of the interatomic force constants on the
< l —e— Young Modulus I temperature-dependent shift of th@gy of SWNTSs, we now
8 102 4 attempt to obtain a theoretical understanding and quantifica-
W ' tion of the relative contributions of these effects.

Slope - 7.5 x 109K

We start with a formulation of a model representing both
the strong covalent C-C bonds within each tube and the weak
van der Waals forces acting between the tubes. The weak van
der Waals forces lead to a bundling of the SWNTSs into close-
0.96 packed structures that form a triangular latdé!® The

’ L L L B B model, as depicted in Fig. 8, involves an effective intratubu-
0 200 400 600 800 1000 lar spring constark;,, representing the net force exerted on

a carbon atom from all the other atoms in the SWNT. The

model also involves an effective intertubular spring constant

FIG. 7. Young's modulus normalized by its value @ Ky representing the interactions between tubes in the
=300 K, for the(10, 10 carbon nanotube. bundle.

Y (TYY(T

Temperature [K]
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As depicted in the schematic in Fig. 8, the forces from The contribution described by the above equation is small
these two springs both contribute to the RBM frequencydue to the small value of ther,|<2x 10~ 5/K. For example,
Thus wggy Ccan be expressed in terms of the frequencies ofn the case ofw,g,, the contribution from the change in the

these two springs as tube diameter(obtained by usingwgrgy=182 cm !, wia
=168cm !, a,~1x10 ¢/K from the x-ray diffraction
OREM= VO oat O er (1) studies®) is at the most~4% of the total observed change

dwrem/dT when the value obtained using E) is com-
gz_ired with the slope of the line in Fig(s.
In order to evaluate the effect of the temperature depen-
dence ofdwggy/dT associated with the intratubular interac-
tions, the second term in E¢b) needs to be evaluated. We
(2)  first rewrite the formula given by Eq4) in terms of the
elastic moduli and the mass density of the graphite reference

Consequently, the temperature dependencegf,, can be
expressed in terms of the temperature dependence of the fr
guencies of these two springs, as follows:

dwgrem _ dorem dOinra  dwram dWiner
dT a(l)imra dT awimer dT

Finding partial derivatives with the use of Ed) yields material, given bjf
dwrem _ Wintra dintra ~ Ointer dOjnter 1 Cil_ Ciz
a7 aT + aT - 3 Wintra= ) ()
WRBM WRBM wcd\/;—) Cu

In order to illustrate the magnitude @, andw;e, We  wherep is the density of graphiteC,; and C,, are the in-
use the experimental dafafor d~1.34 nm tubes, stating plane elastic moduli, ang is the speed of light in cm/s,
that thewggy=182 cm ! involving tubes in a bundle is 14 which converts the Raman wave number expressed in‘cm
wave numbers higher than the RBM frequency of separatednits to the frequency expressed it sinits.C,; andC,, are
tubes, wipya=168 cmi'l. Using Eg. (1) one gets wiy related to the C-C bond-stretching force constét and
~70cm L. bond-bending force constafi) through the following rela-

First, let us discuss the temperature dependencgonships, originally given for graphitéand used by us for
[dwinra/dT]. Sincew;y, represents the frequency of vibra- the SWNT as a reasonable approximation:
tion of a cylinder in the RBM mode, it really depends on the
stiffness of the C-C bonds and on the tube diameteA K+18H K—6H

_ 2 _ 2
simple vibrational analysis yielés Cu= Kr0N°2K+ 12H Cio= Kr0N°2K+ 12H° ©)
VKee In the above equations, is the interatomic C-C distance
Dintra= A5 4 (~1.42 A7 and N, is the atomic number densityN¢

~1.14x 10?® atoms/cm).?” The in-plane force constant$
where kec is the spring constant associated with the C-CandH can be obtained from th&-band(~1592 cm %) and
bond and is a function of the in-plane C-C bond-stretchingdD-band (~1332 cm?) frequencies according to the
force constantK) and the bond-bending force constdh, relationship$t
andA is a proportionality constant. Therefore, the tempera-
ture dependence ab;,,, Will be a function of the tempera- 3K 3K+ 18H
ture dependence of the interatomic force constants and the f(D band=-/— (G band=\—_—
change in tube diameter due to thermal expansion. It can be ¢ c (10)
quantified in a form analogous to E@®) as
In the above relationships)c is the mass of a carbon atom,
doinra dwinga dd  dwinra dKec g [isthe frequency of vibration27cw, wherew is the wave
dT ~ od dT  okec dT - ®  humber measured from the Raman spectrum, ais the
speed of light, which, as discussed above, convertstimo
The first term in the above equation is related to the therem™* units tof into s * units. It is known that th® band is
mal expansion of a SWNT in the radial direction and, byhighly dispersive; its frequency changes when the laser en-

combining Eqgs(4) and(5), gives ergy changes. However, since the laser energy is 2.41 eV
throughout our experiment, thiz-band shift measured in this

IWintra dd work does not take dispersion into account and can be re-

od dT Yira%r ©) lated only to the temperature-dependent relaxation of the

spring constants at constaBt,.=2.41 eV. We expect the

where«,=1/d dd/dT is the radial thermal expansion coef- temperature dependence of the dispersio/JE ,sdT 10
ficient. Inserting Eq(6) into Eq. (5) and then Eq(5) into be a second-order effect.

Egs.(2) and(3), the contribution tawrgy/dT [see Eq(2)] Now we can express the contribution deggy/dT due
from the nanotube diameter change can be expressed as {5 the changes in C-C force constants associated with the
second term in Eq(5), in terms of @K/dT) and dH/dT)
obtained from the measurdd- and G-band Raman peaks
and Eq.(9) (see Fig. 9. Using familiar derivative equalities,

JwRpMm awintraﬂ_ Wintra P 7)
od dT WRBM intra®r -

J Wintra
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419000 bundles and the temperature dependenae,@f,, since both
418500 1 ¢, K=-6.4217T + 420212 effects, in this case, are controlled by the anharmonicity of
418000 ¢ R*=0.86 the intertubular interactions.
E 217500 | For isotropic solids, the above-discussed relationship can
i 417000 | be written in the following forr
S 416500 T
416000 - Winted T) = winter(TR)eXF{ _37JT a(T)dT) , (12
415500 | * . i
wherey is the Gruneisen constant antiz is room tempera-
415000 T T T T T T . . .
200 300 400 500 600 700 800 500 ture. The _G_ruelsgn (Z:é)nstant is related to the thermal expan-
sion coefficient vi&
(a) Temperature (K)
30200 aV
30100 H=-1.2947T + 30548 Y xCy’ (13
30000 1 R*=0.77 whereV is the molar volumey is the bulk compressibility,
— 29900 andC,, is the heat capacity.
é 29800 SWNT bundles exhibit a large thermal expansion, con-
2 29700 trolled by the weak intertube forces, but only in the direc-
= 29600 - tions perpendicular to the tube axis. Therefore, E§j8). and
29500 - . (13) are not strictly applicable, since they were derived for
29400 1 . isotropic solids. However, they still provide a good estimate
29300 ‘ i , , ‘ , for the behavior of SWNT bundles.

Considering that the argument of the exponent in (&8)
®) T - is much smaller than unity, by first expanding the exponent
emperature (K) and then taking the temperature derivativeugf,,;, One ob-

FIG. 9. Temperature dependence of interatomic force constant$ains
Each data point is an average of the data points taken at each tem-
perature, while heating and cooling the sample from 299 to 773 K.
These data points are derived from those in Figs) &nd 3d) and dT
using Eqg.(10). (a) Temperature dependence of bond-stretchin . . . .
forcg coﬂstan(K(). (b) Tepmperature g)ependence of bond-bendingUSIng Eq.(13), with th_e experimental value of the coefficient
force constantH). of thermal expansion of SWNT bundlé‘_k,_ @=0.75

x1075/K, and their bulk compressibilif? x
o ~0.0024 GPa', the Grineisen constant can be calculated to

200 300 400 500 600 700 800 900

domel 1) _ 5, (T ya (14

given by Eq.(3) is evaluated as ~1.34 nm tubesV=(12 g)/(1.33 g/c)=9 cn?, and the
heat capacityC,~ 7.8 J/mol K, at room temperature.
dwrem| 00 K,H) dK  dinga(K,H) dH Finally, using Eq.(14), the temperature dependence of

(1)  wjyer fOr wigy can be evaluated. The value so obtained, along
with wine=70 cmi ! inserted into Eq(3), is approximately
equal to the contribution due to the relaxation of the intratu-

where the values oK and H, as well as K/dT) and bular force constants. These two contributions, that is, the

(dH/dT), can be obtained from Figs(® and 9b), and the relaxation of the intra- and intertubular forces, together result

partial derivatives can be obtained analytically, in turn, fromin ~95% of the total observed chandeggy/dT. It should

Egs. (1), (8), and(9). be noted that these individual contributions are approximate

In contrast to the contribution from the diameter changevalues, obtained using several assumptions. The smaller di-
due to thermal expansion, the contribution arising from theameter tubes, such ak-0.89 nm tubes, have larger curva-
softening of the C-C bonds is significant due to the relativelyture than thed~ 1.34 nm tubes. Hence a direct application of
large changes in thi andH force constants with tempera- equations, such as Eg®) and (10), for solving Eqg.(11),

ture. Equation(11), applied forw,g,, leads to the evaluation may be less accurate in predicting the contribution due to the

of the contribution from the change in the intratubular forcerelaxation of the intratubular force constants for smaller di-

constant, equal to~50% of the total observed change ameter tubes. Also, our analysis, to a first-degree approxima-

dwgey/dT. tion, is mostly diameter dependent, although it will be inter-

Now we discuss the contribution from the temperatureesting to take into account the effect of the helicity of the
dependence of the frequeney,;, due to softening of the nanotubes on the intratubular and intertubular contributions.
intertube spring and corresponding to the second term in E¢/Ve predict that these contributions may be approximately

(2). An estimate of this contribution can be obtained for theindependent of the helicity of the nanotubes, because our

relationship between the thermal expansion of SWNTequations do not involve parameters which describe the he-

IDinra IK dT oH  dT|

235424-8
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licity. Nevertheless, our estimate, as of now, shows that the-1.34 nm(Fig. 4). One origin for this increase is that the
dominant contribution to the shift in the RBM frequency smaller diameter tubes exhibit a larger radial thermal expan-
originates from the softening of the intra- and intertubularsion associated with relatively larger curvature. For example,
forces, and that the contributions from each of these twdased on our molecular dynamics simulation resgig. 5),

factors are approximately equal. we estimate that, while the effects of the softening of intra-
and intertubular interactions still dominate, the contribution
V. CONCLUSIONS from the radial thermal expansion to the temperature depen-

) . dence ofwggy(T) for the (5, 5 SWNT is increased to ap-
Based on our estimates for each of the three Cont_”bUt'”Q;roximately 10%. Importantly, regardless of the tube diam-
factors to the temperature dependencesgw(T), we find gty the contributions from the softening of the intra- and
that the dominant contributions result from temperatureintertubular interactions are still dominant and the calcula-
induced softening of the intratubular C-C bond strength andions suggest that they contribute approximately equally to

from the SWNT intertubulavan der Waalg interactions.  he temperature dependencedafgy(T) for typical SWNT
Furthermore, these factors contribute approximately equallyjjzmeters.

to the total change abrg\y(T) with temperature. In contrast,
the small value for the thermal expansion of SWNTSs leads to
a smaller contribution to the temperature-dependent change
of wrem(T). As demonstrated by the results of the molecular The authors thank Dr. Robert Vajtai for useful discussions
dynamics simulations, this small value of the thermal expanand the National Science Foundation funded Nanoscale Sci-
sion originates from the almost exact cancellation of the efence and Engineering CenttNSEQ for directed assembly
fect of the C-C bond length expansion and bond-bendingef nanostructures at RPI. P.K. was also supported by the NSF
related contraction. Grant No. DMR 134725. A.M.R. acknowledges support for

The temperature coefficient of the normalized RBM fre-this work from a grant through NASA Ames Research Center
quency, woeA T)/ w254 300 K), of tubes withd~0.89 nm is and ERC-NSF Award No. EEC-9731680. M.S.D. acknowl-
about 30% greater than that observed for tubes with edges support from NSF Grant No. DMR 01-16042.
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