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We analyze specific-heat measurements in the temperature ran§ec200 K for two types of carbon
nanotube samples: multiwalled tubes and ropes of single-walled tubes. The multiwalled tube sample has a
specific-heat not unlike that of graphite, which we maintain is reasonable given the structural similarities
between the two materials. In contrast, the low-temperature specific-heat data for ropes are surprisingly large
in magnitude and have surprisingly strong temperature dependence. We present model calculations that high-
light the puzzling nature of these results and then suggest expland®ii63-18209)00129-(

[. INTRODUCTION little changed when flat graphene sheets are rolled into cyl-
inders with diameters in the 40—-300 A range. In contrast, the

There is presently a great deal of interest in the physicaneasuredC(T) for the rope sample is larger than that of
properties of carbon nanotubes. Much of this interest derivegraphite and of multiwalled tubes foF<50 K and has
from the development of a means of growing ropes of singlestronger temperature dependence. Above 50 K, the two
walled tubes with nearly uniform diametér§hese ropes are samples are virtually indistinguishable. To analyze the be-
two-dimensional 2D hexagonal lattices of parallel carbonhavior of the ropes, we develop a model calculation with no
nanotubes with diameters13.8 A . They are grown with a fitting parameters. The calculation shows that the rGp€)
laser vaporization technique. In contrast, the earliest produdata are substantially larger than expected, and we indicate
tion of carbon nanotub@swith an arc-discharge method possible explanations.
yielded concentric multiwalled tubes with wide variations in
size (diameters ranging from 40—-300) Ain researching car- Il. EXPERIMENT
bon nanotubes, it is important to explore and to understand
differences in the physical properties of the two sample In this section, we present the measurementS(af) for
types. For instance, the small diameters of tubes in the ropégulti-walled tube and rope samples. Sample preparation and
may lead to electronic and vibrational densities of stategharacterization is outlined, followed by a discussion of the
markedly different from those of the larger multiwalled €xperimental technique. Results are then presented.
tubes. Also, the coupling between adjacent tubes in ropes
should be quite different from the coupling between concen- A. Sample preparation and characterization
tric tubes in a multiwalled sample.

In this work, we investigate these issues by studying the
low-temperature specific heat of both sample types. The Multiwalled carbon nanotubes were synthesized in an arc-
dependence oE(T) provides us with information about the discharge chamber under 600 Torr helium pressure. A
low-energy excited states. There are two major kinds of ex4.25-cm diameter graphite electrode was arced against a
citations in these systems: electronic excitations and phonowater-cooled copper cathode, using 100-A dc current. With a
excitations. Measurements @(T) yield insight into the gap between electrodes of about 1-2 mm, the electrode dif-
densities of states associated with both kinds of excitationsferential voltage was 18 V. Nanotube-rich material from the

Experimentally, we find tha€(T) of multiwalled tubes is  resulting boule was heated in air at 600 °C for 30 min to burn
similar to that of graphite. We argue that indicates the low-off undesirable nontube components. The nanotube samples
energy electronic and phonon densities of states are probablyere characterized by high-resolution transmission electron

1. Multiwalled carbon nanotubes
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microscopy; tubes were typically multiwalled with outer di- 500.0 . ,
ameters of order 10—20 nm and lengths exceedinguhd.

2. Carbon nanotube ropes s
. . . 4000 | R
Single-walled carbon nanotubes were synthesized using fq?o

two different methods. In the arc-synthesis method, the pro- o Ropes of SWNT &/
cedure was similar to that used in multiwall carbon nanotube ® MWNT <
production; the most important difference was that the 3000 - - - - - Graphite o0/
graphite anode was first drilled out and loaded with catalyst ’ ¢
(either Co/Ni or Y/N). A sample of single-walled nanotubes,

obtained from Rice University, was produced using a dual
Nd/YAG laser vaporization techniqueThe tube-rich mate- o
rial was purified by heating in vacuum for 30 min at 2000 R I
1000 °C. High-resolution transmission electron microscopy $

performed on the tubes revealed the well-known bundles or
“ropes” of closely packed nanotubes with each rope con-
taining on the order of 100 parallel tubes, each tube approxi- 1000 r

mately 1.3 nm in diameter.

C (mdigk)
®

B. Experimental technique 0.0 ‘ s . ‘
. . ~0.0 50.0 100.0 150.0 200.0
A thermal relaxation technique was used to measure the Temperature (K)

specific heat from 0.6 to 210 KFor each sample; 1 kbar

of pressure was used to press 10-20 mg of powder into & g, 1. MeasuredC(T) versusT for ropes of single-walled
small cylindrical pellet with a diameter of 3.2 mm. The  nanotubesSWNT) and for multiwalled nanotube®IWNT). Lines
pellet was attached to the sapphire platform of the calorimgonnecting data points are a guide to the eye. Calculated graphite
eter with a small amount of Apiezbrgrease. In order to ¢ (T) from Nicklow, Wakabayashi, and Smith is included for com-
cover the whole temperature range, two calorimeters witlparison.

different Cernox thermometers were used. The final data in-

clude corrections fot, effects® which arise because internal A. Specific heat and density of states

thermal impedances in the sample/platform system influence

the approach to thermal equilibrium. Such effects are exac- For a metallic syst_em, the density 9f e!ectronlc states IS
erbated by the porosity of the sample. nonzero at the Fermi energy, and this gives an electronic

contribution to the specific heat that is linear in temperature.

C. Results 3.0 . : : .

In Fig. 1, C(T) is plotted as a function of for the dif-
ferent nanotube samples. On the same graph, a calculated

specific heat for graphite is includedor comparison pur- 25 o Ropes of SWNT

poses. The three curves are similar, although the rope sample ””‘g‘:’;’;gte

shows a largeC(T) at small temperatures. When the data o o
are p_l(_)tted a€(T)/T versusT in Fig. 2, it is evident that_ the 20 | @393'(30‘3@“’0(;3@‘—’
specific heat at low temperatures for the rope sample is larger 000 e e .- g

than that for the multiwalled nanotubes and graphite. In ad-
dition, the rope sample shows an interesting shoulder near 5
K. In Fig. 3, whereC(T)/T? is plotted againsT, the rope
sample exhibits much stronger temperature dependence than
the other two materials. The rope data show a pronounced
peak around 2 K. Above approximately 50 K, in all three 10
figures, the three samples appear essentially the same.

° o -
&

CIT (mJigk’)
&

I1l. MODEL 05 & F

In this section, we analyze the essential features of the
results presented above. We first review some basic facts ;
about the relationship between the specific heat and the den- 0.0,% 50.0

100.0 150.0 200.0

sity of states. Then, we comment on the similarity between Temperature (K)
graphite and the multiwalled tube sample. A model of the
low-temperature phonon contribution @(T) for ropes is FIG. 2. ExperimentaC(T)/T versusT for ropes of SWNT and

developed. for MWNT. Graphite calculation included.
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0.15

preciable ¢-0.1) for Aw<<6kT. For #w>6KkT, the factor
dampens out the contribution & (w) to the specific-heat
integral. In this paper, we will be mainly concerned with
features inC(T) below 20 K, so we will consider the PDOS
below 6x20 K~10 meV. This is the energy range of
o long-wavelength acoustic phonons. Features in the excitation
spectrum above this energy, like those arising from high-
0.10 o Ropes of SWNT . energy optical modes, will have little or no impact on the
% ‘"A'g:/;/NhTt temperature region of interest. We will neglect them.
phite From the form of Eq(1), it follows that, at low tempera-
% tures,C(T) is proportional toTP*? when D(w) is propor-
% tional to wP. Thus, by plottingC(T) divided by various pow-

C/T° (mJigK’

ers of T, we gain insight into the frequency dependence of
the PDOS.

B. Graphite and multiwalled tubes

The specific heat of graphite has been well characterized.
One of the major contributions to this is the work of Nick-
low, Wakabayashi, and SmithThese authors use inelastic
neutron-scattering data to fit force constants in a Born-von
Karman force-constant model. From this, they calculate the
PDOS and the resulting phonon contribution to the specific
heat, CP"(T), where theph superscript refers to phonons.
FIG. 3. ExperimentaC(T)/T? versusT for ropes of SWNT and  \we have used the force-constant model of Ref. 5 to calculate
for MWNT. Graphite calculation included. Cph(-l-) for graphite in the temperature range<T

) o <200 K. The results are plotted in Figs. 1 —3 along with our
Even for good metals, however, this behavior is only observysnotube data. The main feature@i"(T)/T?2 is the maxi-

able below a few Kelvin because phonon excitations domii,um at~40 K. This results from a transition in the PDOS
nate at higher temperatures. In this paper, we are concernegd)m »2— ° behavior athw=16.3 meV.

with graphitelike samples. Graphite is a semimetal with & £igyre 3 shows that both graphite and multiwalled carbon
small density of electronic states at the Fermi energy and ha$,notubes exhibit a broad peak @(T)/T2 below 50 K
6 e :
C(T)~T belowT~1.5 K.*Thus the phonon contributionto  pthoygh the peak associated with the multiwalled nanotube
the specific heat dominates even at reIauver Iovx_/ temper sample is somewhat sharper and at slightly lower tempera-
tures. For this reason, we will focus on the vibrational speyre the two curves are generally quite similar. The fact that
cific heat in attempting to understand our data. C(T)/T? for multiwalled tubes can be compared favorably to
In the case of phonon€&;(T) typically follows Traised to =ph(1)/72 for graphite implies two things. First, the elec-
some power higher than unity. The precise power dependsgqnic contribution to the multiwalled tube specific heat,
on theT detailed phonon dlspersu_)n relations and the dime e(T), is small at these temperatures. This is to be expected,
S|0naI.|ty of the system. As is evident from 02ur plots of the as remarked in the beginning of Sec. Il A. It is supported
experimentally measure@(T)/T and C(T)/T* versusT, oy nerimentally by the nearly zero intercept@(T)/T versus
complex behavior is seen in both multiwalled tube and roper i, the multiwailed nanotube curve of Fig. 2. Second, the
samples forT<20 K. To explain FhIS behawor, it is neces- similarity between C(T)/T? for multiwalled tubes and
sary to study the low-energy v_|brat|onal modes of thesecph(T)/Tz for graphite indicates that the PDOS of the two
sample:s; once the pho_non dens!ty of 3‘8@03 assOCl" materials are similar. This is also not surprising, since the
ated with these modes is determined, the vibrational Spec'f'ﬁverage radius of a tube in the sample is so large

0.0 50.0 100.0 150.0 200.0
Temperature (K)

heat is evaluated as follows.

Th ific heat is defined h derivati ~100 A). Deviations from the flat graphene sheet PDOS
e specific heat is defined as the temperature derivatiVh, e peen predicted for isolated small radius single-walled
of the energy density:

carbon nanotubes® but such sharp radius-dependent fea-

p p 5 tures should be averaged out in a sample with wide varia-
Cﬂj:_ﬂz__fdeuﬂ____:i___ tions in tube radii. In shortC(T) for the multiwalled tube
aT aT exp(iw/kT)—1 sample looks much lik€P"(T) for graphite, and this is to be
PR b expected.
kT FP kT

=kf dwD(w)

C. Carbon nanotube ropes

T [heol 2| 1)
(exr{H _1) In this section, we model the PDOS of ropes of single-
walled nanotubes. Since the tubes in ropes have roughly the
whereD(w) is the phonon density of states. The factor insame diameter, 13.8 & we first consider a single isolated
brackets is convolved with the density of states to obtain théube of this size. Then, intertube forces are taken into ac-
specific heat. This “heat-capacity convolution factor” is ap- count.
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FIG. 5. Cross-section of 2D hexagonal array of carbon nano-
tubes. Seven tubes are pictured to illustrate lattice structure. An
actual rope includes on the order of 100 tubes.

tube; by neglecting the internal structure of the rings, we
avoid the distraction of the tube’s high-energy optical modes.
The ring parameters are chosen to take the valRes
_ =7 A, M=40m,=8x10"%? g, and c=2.5 A, based
FIG. 4. Coarse-grained model of a carbon nanotube. 500 the properties of a (10,10) nanotube. Each ring has four
degrees of freedom, expressed as coordinatgs4, 6). The
1. Isolated carbon nanotube first three are the Cartesian positions of the center of mass of

An ideal, infinitely long nanotube has the following four trle ring, andg is the angle of rotation about the tube axis

phonon modes witho(q)—0 as g—0: A longitudinal (2). We quine these coordinat_es to be displacements away
acoustic(LA ) mode, in which the tube is stretched and com-from equilibrium. The Hamiltonian takes the form
pressed along its axis; two transverse acoudi&) modes,

in which the tube vibrates like a plucked striftge tube can 1 1 1 2

be “plucked” in any direction perpendicular to its axis, so  H="> s pat——L72+ _Mﬁ(x(lﬁ-l)c_xlc)z
this mode is doubly degenergtand a twist mode, in which T 2M 2MR? 2 ¢?

portions of the tube are rotated by varying amounts about the

tube axis. At exactlyj=0, the LA mode is a rigid translation 1 vi, 1 Vi

along the tube axis, the TA modes are translations perpen- +t5M —Z(Y(|+1)c—y|c)2+§M — (Zg+1)e™ 210)°
dicular to the axis, and the twist mode is a rigid rotation ¢ ¢

about the axis. In order to understand the low-temperature 5

specific heat of a rope sample, we do not need to consider the n EM R? Vtwist(0 — 2. @
numerous optical modes that do not hawéq)—0 asq 2 c2 U+l e

—0 (see Sec. Il A. Indeed, the calculations of Ref. 8 show

peratures. . _  tube.L? refers to the angular momentum of a ring about the
Because the LA and twist modes involve atoms moving; ayis, This Hamiltonian yields four acoustic phonon

along the cylindrical surface of the undistorted tube, thes‘branches, with sound speeds, ,

modes can be approximately derived by folding the graphite

in-plane LA and TA modes, respectivelyThe neutron- 2. Hexagonal array of carbon nanotubes

scattering measurements of Nicklow, Wakabayashi, and

Smitt? provide an estimate of the sound velocities of these A carbon nanotube rope is a collection of roughly 100 to
modes,v_ (graphité ~2.5x10° cm/s, andvy, (graphite 000 parallel tubes arranged in a 2D hexagonal array and

~1.5x10° cm/s. We would expect these velocities to beSeParated by a center-to-center distanca-efl7 A * Here,
similar to v, » (tub® and v,y (tube. The tube LA mode W€ will neglect the rope surface and approximate the rope by

sound velocity has been calculated for tubes in the size rangd! infinite lattice(see Fig. 5 Thgjgneglect of the surface
of interest with a reliable tight-binding molecular-dynamics ntroduces little error into the PDOS.Each tube in the rope

(DD (-

V1A, V1A, andvViyis:-

schemé. The result for 13—14 A diameter tubesvis, (tube is modeled by the linear chain of rings described above. The
~1.7x10° cm/s, which is smaller than, but comparable tO,equilibrium location of each ring in a rope is specified by a

the neutron-scattering result fog o (graphite. In addition, ~ Vector r=ja+ka+Ic, where a,=ax, a=a[(1/2)x
Ref. 7 finds the tube TA mode sound velocity to ve, +(\/3/2)y], andj, k, andl are integers. The integefandk
(tube ~7.5x10° cm/s. The sound velocities computed by identify a tube in the rope, and the intededentifies a ring
Saitoet al® are in reasonable agreement with these valueswithin a given tube.
For our simple force-constant model, we shall take the three There are two additional kinds of potential energy terms
tube sound velocities to hg A (tube = 2X10° cm/s,vy,isr  that must be added to the Hamiltonié®) to account for
(tube = 1x 1P cm/s, andvy, (tube = 8X10° cmis. intertube coupling. The first is a compression term, which
To introduce the simplest picture that will include four enforces the tendency for tubes to be a distamapart. The
acoustic branches, we model a tube as a 1D array of rings slecond is a shearing term, which imposes an energetic cost
radiusR, and mass$M, spaced a lengtb apart(see Fig. 4  when tube surfaces are sheared past each other. The Hamil-
Each ring is intended to represent a full unit cell of the nanotonian becomes
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1 1 1 V3, 1 V3, 1 Vi,
H= —p?+ L2+ M — (X, o= %) 2+ =M — V)2 H =M —= (24— Z,)2
r=ja1+ka2+|c 2M pr 2MR2 r 2 C2 ( r+c I‘) 2 C2 (yT+C yr) 2 C2 ( r+c r)

2

FIMR
2 c2

2 Viwist

2 1 2 1 2 1 2
(6r1c—6r) +§Kcompﬂxr+a1_xr) +§Kcompﬁxr+a,2_xr) +§Kcomp(xr+a,zfal_xr)

+-k - V+3 - V+1 - F+3 (u ﬁ+1 (u )2
2 com[{ywal Yr 2"‘comp(yr+a2 Yr 2Kcom;.'()/r+azfal Yr 2Kshea r+ag,r 2Kshea r+a,,r

2
+ EKshear(urJrazfal,r) .

In the last few terms, we introduce the vecty the

()

The calculated low-frequency phonon band structure is

andr, when the rings shift and rotate. Shear can result fronfl along the tube axis than fay perpendicular to the axis.

a combination of translations and rotationspso, , involves

(x,y,2) coordinated as well a8 coordinates:

R
L'|r1,r2: m( r12,y( 0r1+ ‘9r2) +

_ 21 1940 12y

|rid?

2
Moy

|r 10

(Xrl_xrz)

(w;wg%

2
Mox

R
+m< - r12,><( 0r1+ 0r2)+ _(yrl_yrz)

|rgd?

This is because intratube forces are much stronger than in-
tertube forces. Note also that there are three modes with
w(g—0)=0, rather than the four modes of an isolated tube.
The twist mode is no longer acoustic, because of the pres-
ence of a nonzeraegpe,,- The three lowest modes fay
perpendicular to the tube axis are all modes in which the
tubes are rigidly displaced and are “bumping into” adjacent
tubes. These low-frequency, nondispersive modes give rise
to prominent structure in the low-energy PDOS.

3. CP'(T) for hexagonal array of carbon nanotubes

The calculated PDOS for the hexagonal array can be sub-
stituted into Eq.(1) to obtain CP"(T), the temperature-
dependent phonon contribution to the specific heat. We plot

_ 21 1940 12y

|r12|2 (Xrl_xrz))y+(zrl_zr2)za (4)
where we have abbreviated,=r;—r,. Equation(3) pro-
vides a reasonable phenomenological representation of the
low-energy phonons in a carbon nanotube rope. By including
the important binding forces in a standard fashion as two-
body energy terms and choosing parameters appropriately, a
guantitative modeling of the specific heat should be possible
as in Ref. 5. Two new force constants enter into B,
Kcomp @Nd kshear- They are each chosen by fitting to analo-
gous graphite modes measured by Nicklow, Wakabayashi,
and Smitte The compression mode is analogous todaeis

LA mode in graphite. For the axis LA mode in graphite,

the spring connecting a unit cell in one sheet to an adjacent
sheet has a spring constant of 8.80° dyn/cm. Assuming
that the same type of spring connects rings in two adjacent
tubes, we approximate;qm,=6x 10® dyn/cm. This choice

is physically reasonable, and the resulting valuexgf,
agrees well with the calculations of Charlier, Gonze, and
Michenaud for the energetics of a hexagonal lattice of 4.1 A
radius tubes! The shearing mode force constatiyey; iS
similarly chosen. This mode is analogous to thaxis TA
mode in graphite. Referring to Nicklow, Wakabayashi, and
Smith, we takexgnea=8% 107 dyn/cm. These choices for
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FIG. 6. Calculated low-frequency phonon band structure for in-

Kcomp and Kshear are physically reasonab_l_e, and our theoret-finite hexagonal lattice of carbon nanotubes with ragii7 A .
ical heat capacity does not depend sensitively upon {se®  \Wave vectors alonfA are parallel to the tube axis. All other wave

Fig. 7).

vectors are perpendicular to the tube axis.
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50 ; ' correlation in nanotube’$,one might entertain the possibility

' that electronic effects are responsible for the disagreements
between model and experiment. As remarked in the begin-
ning of Sec. Ill A, one expects the electronic contribution to
the specific heat of a graphitelike sample to be minor. This
expectation appears to be borne out in the case of multi-
walled tubes. It therefore seems unlikely that electronic ef-
fects are making appreciable contributions to our rope
sample measurements, especially at relatively high tempera-
tures like 20 K. However, the magnitude of such effects
could be checked in the future by extending our specific-heat
measurements to lower temperatures. Finally, we note that
some of the sample may include material other than carbon
nanotubes. The admixture of nontubelike material would
change the density of excited states, and complicate the
analysis. For example, molecules like methane possess spe-
cific heats which exceed that of graphite by more than a

4.0

3.0

C (mJ/gK)

— SWNT Ropes Model

10 - Model withK=0 |
© SWNT Ropes Data factor of 4 even at room temperature. If a large fraction of
77 Graphite the rope sample were include such molecules, the sample
would exhibit a markedly enhanced low-temperature heat ca-
. . pacity.
0'00.0 - 5.0 10.0 15.0 20.0
Temperature (K) IV. CONCLUSION

FIG. 7. Calculatedz(T) versusT for model of infinite hexago- We present measurements of the specific heat of two

nal lattice of carbon nanotubes with radii 7 A compared to ex-  kinds of carbon nanotube samples. The data for multiwalled
perimental datak =0 curve gives results of model calculation with nanotubes are found to agree generally with the behavior of
Kcomp @Nd Kspeay reduced to nearly zero. graphite. For ropes of single walled tubes, the specific heat is

h o ) ) found to exceed that of graphite at low temperatures, and
CPY(T) in Fig. 7, along with the experimental result. The ¢ (T)/T2 is found to peak at a lower temperature than for
low-temperature rope specific heat is predicted to be substagzaphite. A model calculation of the long-wavelength vibra-
tially lower than that of graphite, because tubes should lackins of a rope of carbon nanotubes highlights the surprising
the low-energy “carpet-ripple” modes that exist in a graph- ,5ture of the experimental results.
ite sheet. This prediction does not agree with experiment; the
experimental heat capacity for ropes substantially exceeds ACKNOWLEDGMENT
that for graphite.
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