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Thermal conductivity of single-walled carbon nanotubes
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We have measured the temperature-dependent thermal conduetfUijyof crystalline ropes of single-
walled carbon nanotubes from 350 K to 8 K(T) decreases smoothly with decreasing temperature, and
displays linear temperature dependence below 30 K. Comparison with electrical conductivity experiments
indicates that the room-temperature thermal conductivity of a single nanotube may be comparable to that of
diamond or in-plane graphite, while the ratio of thermal to electrical conductance for a given sample indicates
that the thermal conductivity is dominated by phonons at all temperatures. Below 30 K, the linear temperature
dependence and estimated magnitude @) imply an energy-independent phonon mean free path@b—
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Carbon-based materialsiamond and in-plane graphjte ously measured. Differential thermocouples were attached
display the highest measured thermal conductivity of anydirectly to the sample and the constantan rod to measure the
known material at moderate temperatutdhe discovery of temperature drops across each. A heater at one end of the
carbon nanotubes in 199Ref. 2 has led to speculatidn constantan rod provided a heat current through the rod and
that this new class of one-dimensional carbon could have aample to the cold temperature stage; the thermal conductiv-
thermal conductivity equal to or greater than that of diamondty could then be calculated by comparing the temperature
and graphite. Past measurement of the thermal conductivitgirops across the sample and the constantan rod. In calibra-
of nanotubes has been limited by the low quality of availabletion runs, the apparatus accurately reproduced the known
samples. Recent advanéésin nanotube synthesis have temperature-dependent thermal conductivity of a number of
made possible the growth of high-purity crystalline bundlesdifferent standards. Nanotube samples of varying geometry
of nearly monodisperse single-walled carbon nanotubeand thermal conductance were measured, and produced iden-
(SWNT's). Such materials are well suited to transport stud-tical results for the temperature-dependent thermal conduc-
ies, including measurements of electrical and thermal contivity, further confirming that heat leaks or other spurious
ductivity. effects did not significantly influence the measurements. Af-

In this work we report measurements of the thermal conter the thermal conductivity of each mat was measured, its
ductivity of single-walled carbon nanotubes from 350 K to 8four-probe resistance was measured using the same contact
K. We are motivated to measure the thermal conductivity ofpoints as were used for the thermal conductivity measure-
SWNT's to test the speculation that nanotubes have an exwent, in order to compare the measured thermal and electri-
ceptionally high thermal conductivity, as well as to probe thecal conductances without regard for the geometry of the
phonon structure in these unique materials. sample. Consistent with earlier repotige resistivity of the

SWNT samples were synthesized by an arc-dischargWNT mats studied showed metallic temperature depen-
method® using graphite rods filled with a combination of dence at room temperature, and nonmetallic temperature de-
nickel and yttrium. This method yields high-purity “mats” pendence below-150 K.
of tangled nanotube bundles. These bundles are composed of Figure 1 represents the measured thermal conductivity
tens to hundreds of tubes, and can be microns in length; thef a representative SWNT sample as a function of tempera-
individual tubes have a diameter distribution strongly peakedure from 350 K to 8 K. From 350 K to 40 Kk decreases
near 1.4 nm. Samples prepared by the laser vaporizatiosmoothly with decreasing temperature with very little curva-
method were also used, and produced identical resultsture. The inset to Fig. 1 shows the low-temperature behavior.
Samples were initially characterized by transmission electrolNear 30 K, x(T) changes slope; below this temperature,
microscopy and scanning electron microscopy to confirmk(T) is strictly linear in temperature and extrapolates to zero
their purity and composition. A portion of the tubes was alsoat T=0. « displayed identical temperature dependence in all
“sintered” by heating under moderate pressure, in order tanat samples, as well as the sintered sample. Thus we con-
increase the density of the sample and possibly improve thelude that the measured thermal conductivity reflects the in-
contacts between nanotube bundles. The density of a typic#iinsic thermal conductivity of nanotube bundles rather than
as-grown mat was approximately 2% of the theoretical densample-dependent effects such as the junctions between
sity of a close-packed bundle of 1.4 nm tubes; the sinterindgpundles.
process raised the filling fraction to 70%. The observed thermal conductivity displays a temperature

Thermal conductivity was measured using a comparativelependence that is markedly different from that of
method. Small(approximately 5 mmx 2 mm X 2 mm) graphite’'” even though both materials are composed of gra-
samples were mounted in series with a constantan rod whoghitic sheets. In high-quality graphite, tlad-plane thermal
temperature-dependent thermal conductance had been pregbnductivity, which is dominated by acoustic phonons, var-
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14 T . We now examine the temperature dependence of the mea-
ol o sured thermal conductivity of SWNT bundles, and attempt to
e L. understand how it could be so different from that of graphite.
o 1fs,, .* ] In particular, we are interested in the Iowiinear «(T),
38 e . ° which, in a normal metal, is usually due to electrons. There-
5 08 T 3 * ] fore, as a first step, we attempt to discern whether the mea-
4 06 Temp &0 o ] suredk(T) is due to electrons or phonons, by comparing the
& i o’ measured electrical and thermal conductivities of a given
M o04 W Single-walled sample. An electron system with elastic scattering generally
0. , ot Carbon Nanotubes 1 obeys the Wiedemann-Franz faw
0 - J{ NI R SN N ) P I | n ol K
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N ~ whereL,=2.45<10 8(V/K)2. If the geometrical factors in-
FIG. 1. Temperature-dependent thermal conductivity of singlev,glved in measuringc and o are identical, the measured
walled nanotubes. The thermal conductivity decreases smoothly 5ranz numbend/oT of a sample, compared 10,, gives a
from 350 K to 8 K, and displays a change of slope near 30 K. Theyq 44 ingication of what fraction of the heat is carried by
inset shows the low-temperature behavior in greater detail. Thg|acrons. The experimentally derived Lorenz number of the
;glrlgl gPiéfoatgrr;eirrgsut%the data below 25 K, and extrapolates tOSWNT samples is large, ranging from 2x710~8(V/K)2
P ' over the measured temperature range, at least two orders of
magnitude higher thah,. Therefore we conclude that, de-

. 2_3 . .
ies asT“"* up to ~150 K, at which point phonon-phonon gpite the linear temperature dependence of the thermal con-
umklapp scattering causedo decrease rapidly with increas- qctivity below 30 K, « is dominated at all temperatures by

ing T. Highly pure graphite samples can have a thermal conphonons rather than electrons. This holds true for all of the
ductivity near 6000 W/m-K at the peak and 2000 W/m-K atmeasured samples, including the sintered sample. The sinter-

room temperature. ing process appears to be introducing defects or disorder that

Because of the irregular geometry of the nanotubgeqyce the electrical conductivity and the thermal conductiv-
samples, it is nontrivial to derive a value for the absolutejty equally.

magnitude of the thermal conductivity from the measured ~ \ye next seek to understand how phonons could produce
thermal conductance of a sample. As a first step, we calculatge ohserved thermal conductivity behavior. In a simple

the thermal conductivity«(m) of a dense-packed mat of mogel? the diagonal term of the phonon thermal conductiv-
nanotube ropes using the sample’s dimensions and then cqfy tensor is given by

recting for the volume filling fraction of the sample. Doing
this, we obtain a value of 35 W/m-K for the corrected room-
temperature thermal conductivitg(m) of an as-grown mat
sample, and, surprisingly, only 2.3 W/m-K for the sintered
sample. whereC, v, and r are the specific heat, group velocity, and
The value of the thermal conductivity of a SWNT mat relaxation time of a given phonon state, and the sum is over
derived above is already large, but not comparable to that ctll phonon states; the dominant contribution is usually from
pure metals or high-quality graphite at room temperatureacoustic phonons. Based on Hg), there are a number of
However, the derived value does not take into account théeasons why the observedT) of tubes could be different
highly tangled nature of the ropes in a mat. It has beerfrom that of graphite, in spite of the similartybetween the
shown previousl§ that the longitudinal electrical conductiv- acoustic phonons in a graphene sheet and a nanotube. First,
ity of a single SWNT rop¢a(r)] is 50 to 150 times greater graphite has additional phonon modes, corresponding to in-
than the corrected conductivify-(m)] of a mat sample. Itis terplanar vibrations, which are lacking in an isolated nano-
likely, then, that the intrinsic longitudinal thermal conductiv- tube. Second, the scattering processes may be different in
ity x(r) of a rope is also a good deal higher than the mag_raphlte a_nd_ tubes, whlc_:h could yu_eld different scattering
value. A naive approach is to assume that the intrinsic anéimes for similar ones. Third, the “rolling up” of a graphene
bulk thermal conductivities are related in the same way asheet to make a nanotube has significant effects on the pho-
the intrinsic and bulk electrical conductivities, i.e., that non spectrunt! the transverse component of the phonon
wave vector k, ) is quantized due to the periodic boundary
conditions imposed by the cylindrical geometry. All of these
differences should have significant effects on the temperature
dependence of the thermal conductivity, both at low tem-
perature(where scattering is presumably off fixed sample
If Eq. (1) is valid, we obtain a room-temperature value for boundaries or defectsand at higher temperatur@vhere
x|(r) of 1750-5800 W/m-K, near to or larger than that of phonon-phonon scattering should dominate
type-lla diamond or in-plane graphite, and exceeding both at We now focus on the low-temperature behaviom¢T),
higher temperatures. More sophisticated models might behere the small diameter of the nanotubes should most affect
employed to accurately determing(r)/«(m), but clearly  their phonon propertie%.In a 1.4-nm diameter tube, all pho-
even a modest value yields a larggr). non states wittk, #0 should be “frozen out” below 30 K,

Ky~ E Cv,%r, 3)

w(r) _ oy(r)
k(m)  o(m)’

D)



RAPID COMMUNICATIONS

R2516 J. HONE, M. WHITNEY, C. PISKOTI, AND A. ZETTL PRB 59

so that all of the remaining phonons are confined to a singléranches in a nanotuliene longitudinal, two transverse, and
one-dimensional band witk, =0. This is precisely the tem- one “twist” mode),'° so that the phonon mean free path
perature below which we observe a linegT). At these below 30 K is given by

temperatures, the specific heat per unit volume of a single

acoustic phonon polarization with velocityis!! | ThA k(T) ©
kg2T  4(3.292kg2 T
C,= 3.292, (4) .
mhuA A room-temperature thermal conductivity of 1750-5800

whereA is the cross-sectional area of a tube in a bundleW/m-K (the range derived above for the longitudinal thermal
about 2.5 nrh for the nanotubes studied. If the phonon re-conductivity of a single ropemplies that«(30 K)~60-180
laxation time (and therefore the mean free paik energy W/M-K, and thatl~0.5-1.5um. The ropes in the sample
independent, the three-dimensional thermal conductivity of &€ generally a few microns long, although individual nano-

single phonon polarization below 30 K will then be tubes are generally observed to-b& um; both values are of
the same order of magnitude as the range of mean free paths
3.29%g2T derived above. Thus boundary scattering is not inconsistent
K=" A () with the estimated magnitude of the mean free path, although

_ other scattering processes might also produce an energy-
wherel is the phonon mean free path. Thus we can reproducgdependent phonon mean free path. A more direct measure-
the observed linear temperature dependence below 30 K Byient of the magnitude ok(r), as well as modeling of

using previously derived expressions for the nanotube spgyossible phonon scattering processes, could help clarify this
cific heat and assuming an energy-independent mean fregsye.

path1?-14
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