PHYSICAL REVIEW B VOLUME 57, NUMBER 3 15 JANUARY 1998-I

Heterogeneous model for conduction in carbon nanotubes

A. B. Kaiser
Physics Department, Victoria University of Wellington, P.O. Box 600, Wellington, New Zealand
and Max-Planck-Institut iuFestkaperforschung, Postfach 80 06 65, D-70506 Stuttgart, Germany

G. Disberg and S. Roth
Max-Planck-Institti fur Festkaperforschung, Postfach 80 06 65, D-70506 Stuttgart, Germany
(Received 22 August 1997

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.
[S0163-18298)05803-2

A landmark in research on carbon nanotubes was reachestdered segments interspersed with 18 tangled regions
very recently with the observation by Fischeral! of a  hasT*~250 K and a strong increase of resistivity at lower
metallic sign for the temperature dependence of the resistivtemperature$.As clearly seen in Fig. 1, this behavior re-
ity p (i.e.,dp/dT>0) for crystalline “ropes” or bundles of sembles closely that for a polymer bléfavith 40% polya-
diameter 10-20 nm consisting of single-wall nanotubes, niline dispersed in the nonconducting polymer PMMA.
consistent with the predicted metallic state for achiral single- The resistivities of unoriented bulk samples, or “mats,”
wall nanotubes having the “armchair’ configuratidfi.
However, a fully metallic temperature dependence has not so
far been observed: There is always a reversion to a honme-
tallic temperature dependende/dT<0 at lower tempera-
tures. The crossover temperatufé between the metallic
and nonmetallic temperature dependence varied from 35 K
for a single well-ordered rope to approximately 250 K for a
rope with tangled regionsin the case of multiwall nanotube

PANi/PMMA blend

., rope with
tangled regions|

bundles® or films, the temperature dependence of resistiv- Pac tinear

ity remains nonmetallic up to the limit of measurements at 7 Mmat

300 K. W pressed mat .
The resistance of individual carbon nanotubes has also e oo

been investigated recently. It was found for individual mul-
tiwall tube$-1° (apart from one sample showing a sharp re-
sistance changgthat dp/dT<O0, as for multiwall nanotube 05
bundles. Measurements at ambient temper&temaphasized i.e. 50% change relative to p(300K)
that structural defectée.g., associated with tube curvature
cause sub;tantlal increases in resistivity. Very recent data for 0 | 100 | 200 | 300 400 500
individual single-wall nanotubésat extremely low tempera- T K

tures(in the millikelvin range indicate conduction through
discrete electron states that are coherent over at least 140 nm.

In this paper, we focus on the observatibn§the cross- . . :

over from a metallic to nonmetallic sign for resistivity at m_allzed resistivity. of .Smgle'wa” nanowk.)es.q repor_ted by
. Fischeret al. (Ref. 1) with that of three typical conducting poly-

temperatures.bcletw.een 35 K and 2.50 K. We pOI_nt out themers (X,+): FeCk-doped polyacetylen¢PAc) (Ref. 19, CSA-
remarkable similarity to the behavior of. cqnductmg poly- doped polyanilingPAni) (Ref. 16, and a 40% PAni/60% PMMA
mers, and show that the nanotube' behavior is \'Ne'II accountgfleng (Ref. 14. The lines are fits to Eq(3) for heterogeneous
for b%/ a heterogeneous conduction model similar to thatongyction with a linear metallic term for the nanotuliiebeled
used" for the polymers. “linear” for the rope with tangled regions and to Eq.(2) with a

The resistivities of the carbon nanotubes showing metallig\ighly anisotropic metallic terniRef. 14 for the polymers and the
sign in their temperature dependence are compared in Fig.rbpe with tangled regions, as discussed in the text. For clarity, the
to typical behavior for highly conducting polymers. The tem- different data sets are displaced by steps of 0.1 in the vertical di-
perature dependence for the rope consisting of straight welkection, and not all data points are shown.

[p(T) — p(300K)]/ p(300K)

FIG. 1. Comparison of the temperature dependence of the nor-
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of long tangled ropes havE* ~200 K and a smaller increase [scanning electron microscog8EM) and transmission elec-

at low temperatures, for both as-grown and lightly pressedron microscop&TEM) images of these materials are shown
mats. This resembles the behavior seen in highly conducting Fig. 1 of Ref. 4. The qualitative similarity of the resistiv-
polyacetylen®*2 and polyaniline'®** The most metal-like ities for all their samples emphasized by Fischetral!
nanotube sample, the single low-defect rope, shows only Bxéans that the model may also be appropriate for the high-
very small increase in resistivity at low temperatures withconductivity low-defect rope with the least disorder. Fischer
T* ~35 K, and so the temperature dependence appears cofit al” speculate that Iocallzatlop of carriers occurs in the
siderably more metallic than in any of the conducting p0|y_nanotubes. In our model, localization could occur first at
mers. specific locationgat various sorts of defegtthe localized-

The magnitude of the single-wall nanotube resistivitiesCarrier segment then acting as a barrier separating conducting
near room temperature ranges from around 0( em for me_talllc regions. Thus we envisage tha_t as well as inter-rope
the single rope to approximately 6(ncm for the as-grown  OF intertube contacts, the barriers implied by our interpreta-
mat (the extremely low densities of the mats increase theifion could be pentagon/heptagon defects or other defects in
resistivitied). Approximate values for the room temperatureWh'an tube sections with different electronic structures
resistivities of the conducting polymers are 0.0Qrom for ~ Meet. _ o
the polyacetylene samptd,4.4 mQ cm for polyaniline® _For conduction along nanotube ropes consisting of
and 100 6 cm for the PANi/PMMA blend? For these @ligned tubules of similar type, with metallic regions sepa-
nanotubes and even more for the polymers, the same genefﬁted by disordered ba}rrier regions, we write Fhe resistivity,
pattern of resistivity temperature dependence is seen over'3 gnalogy to our previous model for conducting polymers,
wide range of resistivity magnitudes and types of material®
Fischeret al! point out that for the nanotubes, the crossover LA
phenomenon appears to be a general feature of electron P(T)ZE '_pi
transport in the ropes, as it is for a wide range of conducting T LA

polymers(yve note that polypyrrole does not show such Qyhere L and A are the total effective length and cross-
crossover in sign of the temperature dependence below roon)

temperaturé? although a reduction idp/d T occurs in some sectional area of the sample; is the length of the path

samples as the temperature increases towards 300 K, whi gnsisting of material with intrinsic resistivity p;(T), and
coulg be a precursgr to a sign change at higher ter'npera—i is the effective cross-sectional area for conduction in each

ture9 region. For example,=1 would correspond to the metallic

We suggest that the striking generic similarity between €9i0NS and =2 to barrier regions in the simplest model. For

the temperature dependence of the nanotube and polymg}ats of nanotube ropes, the resistivity would need to be av-

resistivities arises from a similar feature in the conductioneraged over the ropes in varying directions, with additional

mechanism, namely, the presence of good conducting re fER L D [PMCARE NS AT B TR e e
gions separated by barriers to conduction. The importance (gq 9 y P

(T), (€

heterogeneity was recognized for the earliest conductin ocalizeq on individual tubqles, a similar expressior_l might
polymerst’ and still holds true for the latest and most highly pply W'thhAi :trf)a‘ ' V\;Pertt_ap s the numtt_)e:(of t_ub_:,lle?_l;n_lthe
conducting samples: Their resistivity has been found to b ope, %a(i . Wclj' an € de(': Ive crossi_—sec%ha Simiar fibril-
described very well by a heterogeneous model involving re-af MOdEL IS dISCussed In our earfier paper

gions of highly anisotropic metallic conduction separated byd Itt.'s founld that a W|de”r3nge pt:‘e(c(é)nduc;tl;/ltyldat? fo:_ con-
“barrier” regions, as indicated by the fits to the polymer ucting polymers 1S well descri xcept Tor Jocaiization

data illustrated in Fig. 1314 The general characteristic of a €Tects near liquid helium temperatujeby the general

; 14
heterogeneous model of this kind is a crossover from a non(?XpreSSIOiLF

metallic to metallic resistivity temperature dependence. The _ .
metallic resistance increases withﬁemperaturg, while the bar- P =P = Tm/T)+ p@HT/(THTS], (2
rier resistance decreases as temperaamd so thermal en- wherepy,, T, pt» Te, andTg are constantfthe geometric
ergy) increases. This leads naturally to a crossover at somfactors in Eq.(1) are incorporated irp,, and p;]. This is
temperaturd ™, depending on the relative significance of theillustrated by the fits for polyacetylene and polyaniline in
barriers, without a temperature-induced phase transition, ariéig. 1 (see earlier papers for detdld9. The first term rep-
with no qualitative change in the nature of conductiomat  resents a highly anisotropic metallic term corresponding to
In the case of polyacetylene, the observation of a remarkablgonduction along the polymer chain direction where phonons
linear thermopower from low temperatures to well ab@Ve of energykgT,, that have wave vectorsk spanning the
virtually rules out® the alternative explanation of the cross- Fermi surface are required to backscatter carfiéfhe sec-
over as due to delocalization of carriers n&dr, or some ond term corresponds to fluctuation-induced tunneling be-
other change in the nature of the electronic states, becauseeen metallic regions separated by thin barrierSor the
thermopower is highly sensitive to electronic structure neaPAni/PMMA blend in Fig. 1, for which the conductivity
the Fermi level and would show an effectTt in that case. o—0 asT—0, the fit is to the metallic term plus the expres-
An analogous heterogeneous picture of this type seemsion expt To/T)Y? for tunneling between mesoscopic metal-
particularly appropriate for the individual rope with low- lic islands* but the difference in shape between these two
defect rope segments separated by tangled regions that wasneling terms is small except at low temperatures.
measured by Fischet al,! and also for the mats of tangled  The data for the carbon nanotube rope with tangled re-
ropes in which inter-rope contacts are likely to act as barriergions also follow Eq(2) well, as shown by the unlabeled fit
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in Fig. 1. The tunneling parameter values ae=65 K and 1.2
Ts=42 K (with T,,~2000 K), which are of the same order of
magnitude as for the polymet3The metallic term contrib-
utes only about 5% of the resistivity at room temperature
(but leads todp/dT>0 because of its strong increase at
higher temperatures

The data for the other three nanotube samples are better
described(see Fig. 1 using the standard linear metallic re-
sistivity in place of the highly anisotropic metallic resistivity
term:

o
[s2]
1

Ebbesen *

o(T) / o(B00K)
o
?

NT4
p(T)=AT+pexd T/(T+TJ], &) *4 Kesumor Iy
whereA is a constant. It is clear from Fig. 1 that the linear 0.2 /'
metallic term is also only a small fraction of the total room /f
temperature resistivity. The limited regimes widp/dT<0
and the fact that metallic resistivity would not be expected to 00 , . P . 00

be linear at lower temperatufemean that unique values of
the tunneling parameter pair§{,T;) cannot be determined,
but clearly the same generic expression as for the polymers FIG. 2. Normalized conductivity of multiwall carbon nanotube
can account for the resistivity upturns at lower temperaturegundles from Ref. 5Song and Ref. 6(Langer94, and of indi-

This greater tendency to linearity of the high-temperaturevidual multiwall tubes from Ref. 9Langer96, Ref. 8 (Ebbesen
resistivity in the nanotubes does represent a difference frorind Ref. 10(Kasumoy. For comparison, data for the single-wall
the polymers; it could be related to a stronger carrier backfanotube ropes from Ref. (Fischey are also shown. Data not
scattering effect by phonons along the one-dimensional polygXténding up to 300 K is normalized to 0.75 at 100 K or at 80 K
mer chains compared to the wrapped two-dimensional grapH-2nger98. The lines simply join data points.

ite sheets of the nanotubes, even though the nanotube

diameter is only 1.38 nrh. total conductivity would be larger than in uniformly disor-

In Fig. 2, we show the measured conductivities of multi-dered systems, since they would be enhanced as the conduc-
wall nanotubes as well as single-wall nanotubesnductiv-  tivity is enhanced by the presence of the conducting metallic
|ty is plotted rather than TESiStiVity to show the behavior atregions according to qu)lg Unusua”y |arge localization
low temperatures more cleaylyThe data of Langeetal®  effects of this sort have been seen at very low temperatures
for multiwall bundlels are similar to that for the single-wall j, highly conducting polymer& This heterogeneous local-
rope of Fischeret al from 200 K down to 10 K, and also j,4tion near imperfections can explain why localization ef-
similar to the temperature dependence of some conductingts are seen in materials such as highly conducting poly-

polymers. From the data in Fig. 2, it is difficult to establish aacetylene with a lower resistivity than would normally be

consistent pattern for the multiwall nanotube data for either N :
X for localization. It al iV more r n

bundles or individual tubes. Below 20 K, both sharp de—e pected for localization. It also gives a more robust and

; - eneral explanation for a combination of metallic and non-
creases in conductivity and plateafsl® are seen for 9 b

bundles and individual tubes. However, two features Stan&netallic conduction features than a uniform localization
out. First, the conductivityexcept for the very low conduc- model. . . .

tivity NT4 samplé) does not appear to extrapolate to zero as A propert_y that could _be of particular interest is the the_r A
T—0, suggesting that metallic conduction could play a roleMOPOWer. Since the barr_lers we have postulated are electrl_cal
even at low temperatures in the multiwall nanotubes despitéther than thermal barriers, and the thermopower for series
the lack of metallic sign for the conductivity temperature CONnections is weighted in favor of regions where most of
dependence. Second, as for the single-wall tubes, there afile temperature gradient occurs, we would expect the ther-
pears to be more of a tendency to linear variations with temmopower to be more metallic than the conductivity in our
perature than for conducting polymers, although the tempicture, as observed for conducting polymets?

perature dependence is nonmetallic in the multiwall case. We thank Dr. Seamus Curran for helpful discussions. This
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