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Hall effect and magnetoresistance of carbon nanotube films
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We report Hall coefficientR,) and magnetoresistan¢&p/p) measurements on thin films of aligned carbon
nanotubesRy is positive in the whole temperature ran@le7—300 K showing the predominance of hole
transport in the electronic conduction. The upper limit of the carrier concentration j1@'6 cm™3. The
resistance of the thin-film samples is governed mainly by the loose tube-tube contacts and this shows up in the
Aplp<0 at low fields, suggesting a noncoherent transport between the nand®0£63-18207)03311-0

Years after the discovery of carbon nanotubesany ba-  axis of the nanotubes are perpendicular to the surface of the
sic questions remain. For example, in what respect do thessubstratgusually Teflon. Starting from this geometry the
one-dimensional-like conducting objects differ from graph-orientation can be obtained by laying down the nanotubes
ite? What is the dimensionality of the electronic states? Whaechanically onto the substrate and aligning them unidirec-
is the conduction mechanism? What is the carrier densityionally. The thickness of theg films is ~1-3 um (the
etc.? Theoretical studies of these features are advancing, bléngth of the nanotubgswhile that of thea films can be
support from experiments is deficient, mainly because of thearied from 0.5um (still uniform) up to 10 um. For thick
difficulties manipulating these nanoscopic objects. films some misalignment of the deep layers is observed. The

A year or so ago a simple method was elaborated fothickness of the samples is measured with scanning electron
partially purifying and aligning carbon nanotutfeslhis ~ microscopy(SEM) and/or profilometer. A typical SEM pic-
technique has resulted in partially horizontally or vertically ture of the thin films is shown in Fig. 1.
aligned carbon nanotube films on various substrates, en- The resistivity was measured in a standard four probe
abling bulk measurements on reasonably well-defined, repraonfiguration with silver paste contacts. The resistance was
ducible samples. Recently, it was shown that these films ofinear in the range of the applied currefits-1000uA). The
nanotubes are excellent candidates for electron-emittinglall effect was performed in a five-probe configuration in
devices® so their characterization is essential for steps tofields up to 12 T,
ward applications. Static susceptibility and electron-spin Figure 2 shows the temperature dependence of the resis-
resonancédESR measurements have shown substantial antance for thea and B configurations. For ther case the
isotropy in magnetic propertiésEurthermore, the spin sus- resistance was measured along and perpendicular to the
ceptibility of the conduction electrons of the nanotubes rehanotubes. Some fluctuation in the absolute values is ob-
corded by ESR shows a Pauli temperature-independerderved; howeverg, is always lower thary, and 8. How-
behavior in the 50—300 K range. The Elliott relation enablesver, the close values of the resistances suggests that the
one to deduce the resistive scattering ,(a.ggl) and its tem-  intrinsic resistance and temperature dependence of the nano-
perature dependence from the ESR linewidth grfdctor. It ~ tubes do not show up, but the intertube hops because the
was shown that the intrinsic resistivity of the nanotubes has al0ose” contacts between the tubes rule the resistivity
temperature dependence characteristic for métalsd its curves. The barrier b.etw-een the t-ubeS is S-ma.”, since at h|gh
upper limit at room temperatureaking the free-electron temperatures the I’ESISIIVIty curve is not activated—these bar-
mass$ is 1 mQ) cm. On the other hand, two- or three-point
resistivity measurements on a single nanotube give stronger
or weaker but always nonmetallic temperature
dependence’’

In this paper we report Hall-effect and transverse magne-
toresistance measurements on thin films of aligned carbon
nanotubes. The Hall coefficienR(;) gives an upper limit of
1.6x10'° cm™2 for the carrier density. The negative magne-
toresistance shows that the transport between the metallic
nanotubes is hoppinglike. At very low temperatures a posi-
tive contribution to the magnetoresistance suggests either a
localization of the carriers on the tubes when the cyclotron
radius matches the tube radius, or a spin-dependent hopping
mechanism.

The nanotubes were synthesized by the usual arc- FIG. 1. Scanning electron microscopic images offhghe long
discharge method, and thin films of oriented nanotubes wergxis of the tubes is perpendicular to the subsjrated « (the long
prepared as described in Ref. 2. Following the nomenclaturaxis of the tubes is parallel to the substiatenfigurations, upper
of Ref. 2, there are films witl8 orientation, where the long and lower panels, respectively.
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FIG. 2. Bulk resistivity vs temperature of the thin films of nano- -0.02 - ) " -
tubes. They; and a; labels denote current flow along and perpen- oo
dicularly to the long axis of the nanotubes, respectively, indhe o 004, b
configuration.8 shows the perpendicular current flow to the tube &
axis in the configuration. < -0.06 ]
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R, =(R,)o+n, y exp—kgT/A) (1b) FIG. 3. Magnetic-field dependence of the magnetoresistance of

the a (preciselye, upper panglandg (lower panel configurations
where (R))g and (R, ), are the intrinsic resistances parallel at fixed temperaturesa) 1.7 K, (b) 4.2 K, (c) 10K, (d) 30K, (e) 70
and perpendicular to the nanotubes, respectivelyjagndn, K, (f) 100 K, and(g) 180 K.
are the number of longitudinal and transverse hops through
the intertube barrierd, respectively; andy has the dimen- which the transport occurs via variable-range hopping. In
sion of resistance. In the high-temperature lifitA, R/R,  these cases the negative magnetoresistance is due to the
should measurér,)/(R, ), while at low temperatures<A modification of the quantum interference between many pos-
should given,/n, , which is proportional to the aspect ratio sible hopping paths in the magnetic fieftf Careful experi-
of the tubes(~1000. From the curves in Fig. 1, it is clear mental work performed by Faran and Ovadykhwn
that the anisotropy does not exceed 10—15 even at the lowebt,O3_,, varying in a wide range the magnetic and electrical
temperatures, so transverse hops must occur before the cdields, temperature, and disorder, have confirmed the theo-
rier gets to the end of the tubes. retical calculations. The negative magnetoresistance scales
A detailed study of the temperature dependence of thavith the magnetic fluxSB threading through the area of the
resistivity on an extended temperature s¢8@ mK-300 K,  coherent 100[5= (L nop (1 00"/ whereL o, andl . are the
not shown heregenabled us to describe the transport mechahopping and localization lengths, respectively. Since in most
nism independently from the particular orientation of theof the hopping models ,, decreases with temperature, the
tubes in respect to the current flié\ithe description which magnetoresistance decreases, as well. Furthermore, when the
we found the more compatible with the data is the thermamagnetic field is such th&B is comparable tab, (wheredg,
fluctuation induced tunneling model of Shehgyhich de- s the flux quantum) Ap/p saturates. All these findings are in
scribes the conducting properties of mesoscopic conductingualitative agreement with the magnetoresistance data of the
objects which are separated by small energy barriers. A fit othin flms of nanotubes. In the thermal-fluctuation-induced
the data within this model yields that the barrier height be-tunneling model of Shenythe variable-range hopping is not
tween the tubes is 10 meV, i.e., less thaf for T>100 K.  present, nevertheless one can find phase coherent loops of
Evidence of incoherent charge transport at low temperaequivalent paths. The surface of these loops might decrease
tures is seen in magnetoresistance, as well. Figui@saBd as more and more backflow is induced with temperature.
3(b) show the transverse magnetoresistafigéB)—p(0))/  This in turn decreases the negative magnetoresistance, as ob-
p(0)=Apl/p as a function of the magnetic field8) at fixed served.
temperatures for; and 8 configurations. Except at very low The formation of Landau levels in disordered graphite
temperaturesdpl/p is always negative. The negative magne-was also invoked to explain the negative magnetoresistance
toresistance is usually encountered in systems where phasbserved at low temperatursBriefly, this is due to the
coherence between different conducting paths is destroyed Enhancement of the density of states when the Fermi level
the magnetic field. One such case is a localized system ifalls into a partially filled Landau level. It is unlikely that in
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FIG. 4. Magnetic-field dependence of Hall voltage at selected | 5 Temperature dependence of the Hall coefficient for the
temperatures of @-aligned film. « and B-aligned films.

our thin films of nanotubes the negative magnetoresistance Is all these cases the Hall effect arises from the interference
caused by the same effect, since it is present at temperaturbstween direct and indirect hopping paths of the charge car-
as high as 230 K. We believe that the suppression of th&ers. Depending on the sign and magnitude of the transfer
phase interference in forward scattefihi at the origin of  integral, both the sign and magnitude of the Hall coefficient
the Ap/p<<0 in our case. can be anomalous. In that respect, it is not possible to deduce
The high-field positive contribution to the magnetoresis-a carrier density froni, . _ .
tance is usually attributed to spin effects or shrinkage of the However, our assembly of nanotubes is not a classical
orbits in strongly localized systems. This latter mechanisnOPRING system, at least not at high temperatures. The carri-
would give an exponentially increasing magnetoresistance®'s are easily activated across the barrier&dl, and actu-

which is not the case here. A positive contribution could alsd"lIIy the tube-tube contacts act more like strong elastic scat-

result when the cyclotron orbit matches the radius of the€ers: Within this picture it is justified to speak about
regular” Hall effect in thin films of carbon nanotubes.

nanotube and a localization of the carrier on the tube is ex- As it is shown in Fig. 4, the Hall voltage is nonlinear in

F_)ected_. Th? fact that thg polsmve tr:]ontrltl:))utlrc])n n ]zhﬁ:on— magnetic field, it shows a tendency toward saturation with
igurations is stronge(B Is along the tu Ethan n t e“J) increasingB. The shape of th¥\; versusB curves does not
case tends to support this idea. However, taking=10"  .hange with temperatuf8.At low fields (B<2 T), we de-
cm/s and an average radius of 10*””‘ of the nanotubes, ORgce a Hall coefficient as plotted in Fig. 5 as a function of
would need a light carrier massn™<my/40) in order to  temperature. The difference betweRp(T) for the @ and 3
match the orbital frequency on the nanotube with the cyclofiims is not significant, it might come from the difference in
tron frequency at-2 T. the effective thickness of the films. The variation of factor of
The saturating tendency of the positive component in~4 from room temperature to 1.7 K, is probably not due to
Aplp at 1.7 K resembles very much the magnetoresistancghe change im, but, like in graphite, rather shows the sig-
data of Frydman and Ovadyatfwbtained in Ig0;_,, and  nificance of two types of carriers with mobilities having dif-
the spin-dependent hopping mechanism of Kurobe anderent temperature dependencies. We can attribute an effec-
Kamimurd® was applied to explain the data. The ingredientstive carrier densityngg=(Ngite+ Npin) >/ (Nette— Npity) tO
of this model are strong on-site Coulomb correlations, andhe Hall coefficient. In this case we do not have enough
unoccupied singly and double occupied localized states ne#tdependent measurements to extract the electron and hole
the Fermi level. The magnetic field aligns the spins whichconcentrations and their respective mobilities. We can sup-
renders more difficult the hopping between these states duRoSe that, at low temperature, whily saturates, the hole
to spin exchange, and the magnetoresistance increases urfTiers become predominant, and their density is<1@

73 . . . .
all the spins are aligned. This explanation implies that on th&€™M " This number corroborates with the carrier density de-
nanotubes, which are metallic at high temperatures, all thduced from the plasma frequency of carbon nanotubes mea-

states become localized at low temperatures. This is not urpured by optical reflectivity” The low spin susceptibilfy

likely due to the low carrier density and probably strongg'Vﬁ]sc?)lﬁ(c)lszieoiam;?ggg;}ug: df%ratnh(ftuckiargearrgergtsrl]tgf 0od
Coulomb interactions, and the presence of structural defectg.O ' 9 9

. o nductors with some anisotropy in transport properties for
ESR data suggested such a metal-lns_ulator transition in thc‘j:‘ifferent alignment configurations. Magnetoresistance shows
20-50 K range, however, more work is needed to conf|rm[h

. . at the major contribution to the bulk resistivity of the films
this scenario. _ comes from intertube contacts or intertube hopping. The

_In the systems, where the transport is governed by hopsyeral| field and temperature dependence of the Hall coeffi-
ping conduction, the Hall effect is usually anomalous. Forgient and magnetoresistance relates the thin films of nano-
example, in the assembly of small metallic particles wheraubes with turbostatic graphite. In order to extract the char-
the transport is charging energy limited, in disordered conacteristics of the individual nanotubes, local probes like
ducting polymers with polaron formation, or in amorphoushigh-frequency conductivities, optical and NMR measure-
semiconductors where the conduction is in the mobility edgements are needed.
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