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Heterogeneous model for conduction in carbon nanotubes
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We point out a remarkable similarity between the resistivity behavior observed recently in single-wall
carbon nanotubes and that of highly conducting polymers, in particular the change in sign of the resistivity
temperature dependence from metallic to nonmetallic as the temperature is lowered. In analogy to the con-
ducting polymers, we show that a good description of this resistivity behavior is given by a simple model of
metallic conduction in aligned nanotubes with hopping or tunneling through small electrical barriers, e.g.,
tangled regions, inter-rope or intertube contacts, or tubule defects. The model predicts that thermoelectric
power in the nanotubes is likely to show metallic behavior down to lower temperatures than resistivity.
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A landmark in research on carbon nanotubes was reac
very recently with the observation by Fischeret al.1 of a
metallic sign for the temperature dependence of the resis
ity r ~i.e., dr/dT.0) for crystalline ‘‘ropes’’ or bundles of
diameter 10–20 nm consisting of single-wall nanotube2

consistent with the predicted metallic state for achiral sing
wall nanotubes having the ‘‘armchair’’ configuration.3,4

However, a fully metallic temperature dependence has no
far been observed: There is always a reversion to a non
tallic temperature dependencedr/dT,0 at lower tempera-
tures. The crossover temperatureT* between the metallic
and nonmetallic temperature dependence varied from 3
for a single well-ordered rope to approximately 250 K for
rope with tangled regions.1 In the case of multiwall nanotub
bundles5,6 or films,7 the temperature dependence of resist
ity remains nonmetallic up to the limit of measurements
300 K.

The resistance of individual carbon nanotubes has
been investigated recently. It was found for individual m
tiwall tubes8–10 ~apart from one sample showing a sharp
sistance change8! that dr/dT,0, as for multiwall nanotube
bundles. Measurements at ambient temperature11 emphasized
that structural defects~e.g., associated with tube curvatur!
cause substantial increases in resistivity. Very recent data
individual single-wall nanotubes12 at extremely low tempera
tures ~in the millikelvin range! indicate conduction through
discrete electron states that are coherent over at least 140

In this paper, we focus on the observations1 of the cross-
over from a metallic to nonmetallic sign for resistivity
temperatures between 35 K and 250 K. We point out
remarkable similarity to the behavior of conducting po
mers, and show that the nanotube behavior is well accou
for by a heterogeneous conduction model similar to t
used13 for the polymers.

The resistivities of the carbon nanotubes showing meta
sign in their temperature dependence are compared in F
to typical behavior for highly conducting polymers. The tem
perature dependence for the rope consisting of straight w
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ordered segments interspersed with 1–2mm tangled regions
hasT* ;250 K and a strong increase of resistivity at low
temperatures.1 As clearly seen in Fig. 1, this behavior re
sembles closely that for a polymer blend14 with 40% polya-
niline dispersed in the nonconducting polymer PMMA.

The resistivities of unoriented bulk samples, or ‘‘mats

FIG. 1. Comparison of the temperature dependence of the
malized resistivity of single-wall nanotubes (d) reported by
Fischeret al. ~Ref. 1! with that of three typical conducting poly
mers (3,1): FeCl3-doped polyacetylene~PAc! ~Ref. 15!, CSA-
doped polyaniline~PAni! ~Ref. 16!, and a 40% PAni/60% PMMA
blend ~Ref. 14!. The lines are fits to Eq.~3! for heterogeneous
conduction with a linear metallic term for the nanotubes~labeled
‘‘linear’’ for the rope with tangled regions!, and to Eq.~2! with a
highly anisotropic metallic term~Ref. 14! for the polymers and the
rope with tangled regions, as discussed in the text. For clarity,
different data sets are displaced by steps of 0.1 in the vertica
rection, and not all data points are shown.
1418 © 1998 The American Physical Society
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of long tangled ropes haveT* ;200 K and a smaller increas
at low temperatures, for both as-grown and lightly pres
mats. This resembles the behavior seen in highly conduc
polyacetylene15,13 and polyaniline.16,14 The most metal-like
nanotube sample, the single low-defect rope, shows on
very small increase in resistivity at low temperatures w
T* ;35 K, and so the temperature dependence appears
siderably more metallic than in any of the conducting po
mers.

The magnitude of the single-wall nanotube resistivit
near room temperature ranges from around 0.1 mV cm for
the single rope to approximately 6 mV cm for the as-grown
mat ~the extremely low densities of the mats increase th
resistivities1!. Approximate values for the room temperatu
resistivities of the conducting polymers are 0.01 mV cm for
the polyacetylene sample,15 4.4 mV cm for polyaniline,16

and 100 mV cm for the PAni/PMMA blend.14 For these
nanotubes and even more for the polymers, the same ge
pattern of resistivity temperature dependence is seen ov
wide range of resistivity magnitudes and types of mater
Fischeret al.1 point out that for the nanotubes, the crossov
phenomenon appears to be a general feature of elec
transport in the ropes, as it is for a wide range of conduct
polymers ~we note that polypyrrole does not show such
crossover in sign of the temperature dependence below r
temperature,14 although a reduction indr/dT occurs in some
samples as the temperature increases towards 300 K, w
could be a precursor to a sign change at higher temp
tures!.

We suggest that the striking generic similarity betwe
the temperature dependence of the nanotube and poly
resistivities arises from a similar feature in the conduct
mechanism, namely, the presence of good conducting
gions separated by barriers to conduction. The importanc
heterogeneity was recognized for the earliest conduc
polymers,17 and still holds true for the latest and most high
conducting samples: Their resistivity has been found to
described very well by a heterogeneous model involving
gions of highly anisotropic metallic conduction separated
‘‘barrier’’ regions, as indicated by the fits to the polym
data illustrated in Fig. 1.13,14 The general characteristic of
heterogeneous model of this kind is a crossover from a n
metallic to metallic resistivity temperature dependence. T
metallic resistance increases with temperature, while the
rier resistance decreases as temperature~and so thermal en
ergy! increases. This leads naturally to a crossover at so
temperatureT* , depending on the relative significance of t
barriers, without a temperature-induced phase transition,
with no qualitative change in the nature of conduction atT* .
In the case of polyacetylene, the observation of a remarka
linear thermopower from low temperatures to well aboveT*
virtually rules out13 the alternative explanation of the cros
over as due to delocalization of carriers nearT* , or some
other change in the nature of the electronic states, bec
thermopower is highly sensitive to electronic structure n
the Fermi level and would show an effect atT* in that case.

An analogous heterogeneous picture of this type se
particularly appropriate for the individual rope with low
defect rope segments separated by tangled regions that
measured by Fischeret al.,1 and also for the mats of tangle
ropes in which inter-rope contacts are likely to act as barr
d
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@scanning electron microscope~SEM! and transmission elec
tron microscope~TEM! images of these materials are show
in Fig. 1 of Ref. 2#. The qualitative similarity of the resistiv
ities for all their samples emphasized by Fischeret al.1

means that the model may also be appropriate for the h
conductivity low-defect rope with the least disorder. Fisch
et al.1 speculate that localization of carriers occurs in t
nanotubes. In our model, localization could occur first
specific locations~at various sorts of defect!, the localized-
carrier segment then acting as a barrier separating condu
metallic regions. Thus we envisage that as well as inter-r
or intertube contacts, the barriers implied by our interpre
tion could be pentagon/heptagon defects or other defect
which tube sections with different electronic structur
meet.18

For conduction along nanotube ropes consisting
aligned tubules of similar type, with metallic regions sep
rated by disordered barrier regions, we write the resistiv
in analogy to our previous model for conducting polyme
as19

r~T!5(
i

L iA

LAi
r i~T!, ~1!

where L and A are the total effective length and cros
sectional area of the sample,Li is the length of the path
consisting of materiali with intrinsic resistivityr i(T), and
Ai is the effective cross-sectional area for conduction in e
region. For example,i 51 would correspond to the metalli
regions andi 52 to barrier regions in the simplest model. F
mats of nanotube ropes, the resistivity would need to be
eraged over the ropes in varying directions, with additio
barriers at the inter-rope contacts. For a single rope
equivalent well-aligned weakly coupled tubules with defe
localized on individual tubules, a similar expression mig
apply withAi5pai , wherep is the number of tubules in the
rope, each with an effective cross-sectionai ~a similar fibril-
lar model is discussed in our earlier paper19!.

It is found that a wide range of conductivity data for co
ducting polymers is well described~except for localization
effects near liquid helium temperatures! by the general
expression13,14

r~T!5rmexp~2Tm /T!1r texp@Tc /~T1Ts!#, ~2!

whererm , Tm , r t , Tc , andTs are constants@the geometric
factors in Eq.~1! are incorporated inrm and r t#. This is
illustrated by the fits for polyacetylene and polyaniline
Fig. 1 ~see earlier papers for details13,14!. The first term rep-
resents a highly anisotropic metallic term corresponding
conduction along the polymer chain direction where phon
of energykBTm that have wave vectors 2kF spanning the
Fermi surface are required to backscatter carriers.20 The sec-
ond term corresponds to fluctuation-induced tunneling
tween metallic regions separated by thin barriers.21 For the
PAni/PMMA blend in Fig. 1, for which the conductivity
s→0 asT→0, the fit is to the metallic term plus the expre
sion exp(2T0 /T)1/2 for tunneling between mesoscopic meta
lic islands,14 but the difference in shape between these t
tunneling terms is small except at low temperatures.

The data1 for the carbon nanotube rope with tangled r
gions also follow Eq.~2! well, as shown by the unlabeled fi
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in Fig. 1. The tunneling parameter values areTc565 K and
Ts542 K ~with Tm;2000 K!, which are of the same order o
magnitude as for the polymers.13 The metallic term contrib-
utes only about 5% of the resistivity at room temperat
~but leads todr/dT.0 because of its strong increase
higher temperatures!.

The data for the other three nanotube samples are b
described~see Fig. 1! using the standard linear metallic re
sistivity in place of the highly anisotropic metallic resistivi
term:

r~T!5AT1r texp@Tc /~T1Ts!#, ~3!

whereA is a constant. It is clear from Fig. 1 that the line
metallic term is also only a small fraction of the total roo
temperature resistivity. The limited regimes withdr/dT,0
and the fact that metallic resistivity would not be expected
be linear at lower temperatures1 mean that unique values o
the tunneling parameter pairs (Tc ,Ts) cannot be determined
but clearly the same generic expression as for the polym
can account for the resistivity upturns at lower temperatu
This greater tendency to linearity of the high-temperat
resistivity in the nanotubes does represent a difference f
the polymers; it could be related to a stronger carrier ba
scattering effect by phonons along the one-dimensional p
mer chains compared to the wrapped two-dimensional gra
ite sheets of the nanotubes, even though the nano
diameter is only 1.38 nm.2

In Fig. 2, we show the measured conductivities of mu
wall nanotubes as well as single-wall nanotubes~conductiv-
ity is plotted rather than resistivity to show the behavior
low temperatures more clearly!. The data of Langeret al.6

for multiwall bundles are similar to that for the single-wa
rope of Fischeret al.1 from 200 K down to 10 K, and also
similar to the temperature dependence of some conduc
polymers. From the data in Fig. 2, it is difficult to establish
consistent pattern for the multiwall nanotube data for eit
bundles or individual tubes. Below 20 K, both sharp d
creases in conductivity5,9 and plateaus6,10 are seen for
bundles and individual tubes. However, two features st
out. First, the conductivity~except for the very low conduc
tivity NT4 sample8! does not appear to extrapolate to zero
T→0, suggesting that metallic conduction could play a r
even at low temperatures in the multiwall nanotubes des
the lack of metallic sign for the conductivity temperatu
dependence. Second, as for the single-wall tubes, there
pears to be more of a tendency to linear variations with te
perature than for conducting polymers, although the te
perature dependence is nonmetallic in the multiwall case

Other properties may assist in clarifying the conduct
process. Because localization near defects is a possible c
of the barriers to conduction in our model, magnetocond
tance may well show localization effects at low tempe
tures. The absolute size of these localization effects in
L.
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total conductivity would be larger than in uniformly diso
dered systems, since they would be enhanced as the con
tivity is enhanced by the presence of the conducting meta
regions according to Eq.~1!.19 Unusually large localization
effects of this sort have been seen at very low temperat
in highly conducting polymers.13 This heterogeneous loca
ization near imperfections can explain why localization
fects are seen in materials such as highly conducting p
acetylene with a lower resistivity than would normally b
expected for localization. It also gives a more robust a
general explanation for a combination of metallic and no
metallic conduction features than a uniform localizati
model.

A property that could be of particular interest is the the
mopower. Since the barriers we have postulated are elect
rather than thermal barriers, and the thermopower for se
connections is weighted in favor of regions where most
the temperature gradient occurs, we would expect the t
mopower to be more metallic than the conductivity in o
picture, as observed for conducting polymers.19,13

We thank Dr. Seamus Curran for helpful discussions. T
work was supported by the Alexander von Humboldt Fou
dation ~A.B.K.! and by the European Community throug
TMR Contract No. NAMITECH, ERBFMRX-CT96-0067
~DG12-MIHT!.

FIG. 2. Normalized conductivity of multiwall carbon nanotub
bundles from Ref. 5~Song! and Ref. 6~Langer94!, and of indi-
vidual multiwall tubes from Ref. 9~Langer96!, Ref. 8 ~Ebbesen!,
and Ref. 10~Kasumov!. For comparison, data for the single-wa
nanotube ropes from Ref. 1~Fischer! are also shown. Data no
extending up to 300 K is normalized to 0.75 at 100 K or at 80
~Langer96!. The lines simply join data points.
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