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Electronic Properties of Graphite Nanotubules from Galvanomagnetic Eff'ects
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We have measured the magnetoresistance (MR) and Hall coe5cient of state-of-the-art graphite
nanotubule bundles. The apparent Hall coefficient is positive in the temperature and field ranges stud-

ied. At low temperatures, the conductivity o shows two dimensional weak localization behavior and the
MR is negative; above 6G K the MR is positive and o increases approximately linearly with temperature,
which is mainly due to an increase in the carrier concentration. The results show that a bundle of graph-
ite nanotubules may best be described as a semimetal.

PACS numbers: 71.20.Hk, 72.15.6d, 72.15,Rn

Recently the electronic properties of the newly dis-
covered fullerene nanotubules (buckytubes) have been
the subject of much attention [1]. A nanotubule may be
visualized as a graphitic sheet rolled up in a helical
fashion about the tube axis with a diameter ranging from
a few to tens of A. The electronic properties of this fas-
cinating new structure are extremely interesting. Band
structure calculations predict that graphite nanotubules
can exhibit a striking variation in their electronic struc-
ture, ranging from metallic to semiconducting depending
on the diameter of the tubule and the degree of helical ar-
rangement [2]. Transport measurements are therefore
required to distinguish which behavior occurs in practice.
Since a transport measurement on a single nanotubule is

not presently possible, we report results of magnetoresis-
tance (MR) and Hall effect measurements on a state-of-
the-art single graphite nanotubule bundle with a diameter
of few tens of pm. The observed MR is positive above 60
K and can be described by a two band model with the

majority carrier being p type. At low temperatures, the
electronic conduction shows two dimensional (2D) weak
localization (WL) behavior. The results imply that the
buckytube bundles behave as a semimetal.

Fullerene nanotubules were prepared by an arc-dis-
charge evaporation method as described elsewhere [3].
Structural characterization with transmission electron
microscopy (TEM) [3] reveals that a single bundle con-
sists of buckytubes, running parallel to one another with

no graphite between them. The buckytubes have a wide

range of diameters (20-300 A with a mean diameter of
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about 100 A) and tend to pack in an aligned, close-
packed structure (see Fig. 1). Since the valence require-
ments of all atoms in a buckytube (with two sealed ends)
are satisfied, the interaction among buckytubes should be
van der Waals in nature. Therefore, it is energetically
favorable for buckytubes packed closely together to form
a "buckybundle. "

The transport properties were measured using standard
dc (for the Hall effect) and ac (for MR) four-terminal
techniques. The I-V characteristic was measured to en-
sure Ohmic behavior so that no hot electron effects were

present. The contact configuration is shown schematical-
ly by the inset in Fig. 2(a) [4]. The magnetic field was

applied perpendicular to the tube axis. The measured
MR and apparent Hall coeflicient show essentially the
same temperature and field dependence regardless of the
samples used and the distance between the potential con-
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F1G. 1. TEM images of a buckytube (a) and a portion of a
single buckybundle showing parallel buckytubes with an aver-
age diameter of about 100 A (b).

FIG. 2. (a), (b) The magnetic field dependence of the high

and low temperature MR, respectively. The solid lines are cal-
culated using Eq. (1) for (a) and Eq. (3) for (b). The inset

shows a schematic of the contact configuration for the transport
measurements.
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FIG. 4. The Hall coefficient (left scale) and conductance
(right scale) vs temperature. RH was determined using the
measured sample dimensions without any correction.

FIG. 3. Hall voltage vs magnetic field measured at diA'erent

temperatures. The solid lines are drawn to guide the eye.

tacts, implying that the samples are homogeneous, For
example, the residual resistivity ratios, R(300 K)/R(5
K), measured on different single buckybundles agree with

each other within 1%. In what follows we present the

data taken on a single buckybundle having a diameter of
60 pm, the distance between the two potential contacts
being 350 pm.

The transverse magnetoresistance data, p/po [hp
p(B) —po], measured at different temperatures are

sho~n in Fig. 2. It is seen that above 60 K, the MR is

positive; it increases with temperature and tends to satu-

rate at a characteristic magnetic field which is smaller at
lower temperatures. Based on a simple two band model,

this means that unequal numbers of electrons and holes

are present and that the difference in electron and hole

concentrations decreases with increasing temperature [5].
At low temperatures, the MR is negative at low fields fol-

lowed by an upturn at another characteristic field which

depends on temperature. The observed Hall voltages are

always positive. In Fig. 3 we show the measured Hall

voltage VH as a function of the applied field. The tem-

perature dependence of the apparent Hall coefficient RH,
as determined by the slopes of the initial VH vs B curves,

is shown in Fig. 4 (left scale). The temperature depen-

dence of the conductance (shown by the right scale in

Fig. 4) cannot be described by thermal excitation (over

an energy gap) or variable range hopping. Instead, above

60 K a(T) increases approximately linearly with temper-
ature. At lower temperatures (below 20 K), as shown in

Fig. 5, .the zero-field resistance varies logarithmically
with temperature signaling 2D %L behavior. Interest-

ingly, the logarithmic temperature dependence extends to
higher temperatures on applying a magnetic field. A

least squares fit using the 1D WL expression for conduc-
tion (which assumes a power law temperature depen-

dence of type T ") yields a very small exponent v=0.06.
Clearly the data cannot be described by 1D WL theory.

It is common to measure the magnetoresistance of car-
bon materials to gain information on their band structure
and microtexture [6]. The MR is positive in well graphi-
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FIG. 5. The temperature dependence of the resistance in the
low temperature region measured at two different applied mag-

netic fields. The inset shows the temperature dependence of the
inelastic scattering field 8; (right scale) and the MR measured

at O. l T (left scale). The solid line is a linear fit. The dashed
line is calculated using Ap/pa=1. 54+0.811n(T).

tized samples. Negative MR has been observed in vari-

ous kinds of poorly graphitized carbon materials [6,7].
Several models have been proposed to explain this unusu-

al behavior. Among them, the model suggested by Ya-
zawa [8] and extended by Bright [9] has received consid-
erable attention. They argued that with increased mag-
netic field, the density of states and carrier density in-

crease, resulting in a negative MR. However, our numer-
ical calculations show that this model cannot describe our
data. Our low temperature MR data has two striking
features. First, as shown by the inset in Fig. 5, at low

temperatures and low fields dp/po depends logarithmical-

ly on temperature while Bright's model predicts a 1/T
dependence at low fields, Second, from Fig. 2(b) we see
that the characteristic magnetic field at which the MR
exhibits an upturn is smaller for lower temperatures. On
the contrary, the transverse MR at different temperatures
for the pyrocarbon exhibits quite a different behavior
[10]: the upturn field decreases with temperature; with

increasing temperature, the hp/po vs B curves shift up-

ward regularly and there is no crossover between the
curves measured at different temperatures. All these
facts indicate that the negative MR has a different origin
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for our buckytube samples as compared with the turbo-
stratic graphite.

It is well known that in a 2D electronic system the ob-
served increase in the resistance as the temperature de-
creases is due to the combined effects of weak localization
and Coulomb interaction [11]. The destruction of the
weak localization by a weak magnetic field leads to a neg-
ative MR which is apparent in very weak fields. Within
the framework of WL and interaction theories, the
effective dimensionality of the electronic system depends
on several important length scales, i.e., the diffusion
length l; = (Dr; ) ', the magnetic length IH = (po/
4z8)'/, and the thermal length ly=(h, D/2zk8T)'
where &0 is the flux quantum, D the diffusion constant,
and r; is the inelastic relaxation time due to electron-
electron and electron-phonon scattering. The criterion
for 2D weak localization to occur is l; & d and !H & d and
that for the 2D interaction effect is l~ & d with d being
the effective thickness of the system. Both I; and lr de-
crease with temperature. One then expects a 2D-3D
crossover to occur at some elevated temperature. The
WL theory has been used to interpret the observed nega-
tive MR in pregraphitic carbon fibers [12] and in

fluorine-intercalated graphite fibers [131.
To deduce the transport coefficients, a knowledge of

the efl'ective dimensions of the tubes is required. The
problem is complicated due to the fact that within one
buckytube the graphite sheet rolls up with different diam-
eters and within a single bundle the buckytubes have
different diameters. In the following analysis, we will

view the buckybundle as an effective medium character-
ized by an effective diameter, sheet resistance, etc. We
examine the high temperature MR data first. In this
temperature regime, the observed MR is a classical
phenomenon. For a simple two band model, the MR is

given by [14]

Qp o'po'p(pp+ pp ) 8 cos 8

po (op + 0'p ) + (o'happ oppp ) 8 cos 8

where o is the conductivity, p is the mobility, and the
subscripts e and p refer to electrons and holes, respective-
ly; 8 is the angle between the magnetic field and the
graphite sheet normal. From Eq. (1), the measured MR
is simply (hp/po) and ( ) denotes an angular average.

Based on Eq. (1) the measured high temperature MR
data were fitted using a least squares optimization pro-
cedure. The theoretical curves are presented in Fig. 2(a)
as the solid lines. The fitting parameters are listed in
Table I. It is found that to generate a better fit a hole
mobility slightly smaller than the electron mobility is re-
quired. The Hall coefficient measurements reveal that

TABLE I. The parameters determined by fitting the high

temperature MR data by Eq. (1).

T
(K)

300
150
100
77

Pp
(m'/V s)

0.36
0.60
0.69
0.72

0'p/0'e

5.67
1 1.4
23.9
70.5

Pp/Pe

0.70
0.70
0.70
0.70

the majority carrier is p type. From Table I we see that
the ratio oz/o, decreases with increasing temperature,
implying that as the temperature increases the Fermi lev-

el shifts closer to the conduction band. The increase in

conductivity with temperature mainly arises from the in-

crease in carrier concentration (see Fig. 4). The absence
of an exponential or a variable range hopping type tem-
perature dependence in the conductivity indicates that the
system is semimetallic and that the hopping between the
tubes within the bundle is not the dominant transport
mechanism. Figures 3 and 4 show that initially VH in-

creases linearly with 8 and the corresponding slope (and
hence the Hall coefficient) decreases with temperature.
VH tends to saturate at higher fields with the saturation
field being higher at high temperatures. These behaviors
are also consistent, qualitatively, with the two band model
[14,15].

Since the ratio cr~/o, increases with decreasing temper-
ature, then according to Eq. (1), when oz/o,
Ap/po 0. Therefore, at low temperature, the MR is

mainly a quantum phenomenon, i.e., it arises from the
WL and interaction effects [16]. In the 2D WL regime,
the sheet resistance, Ro, at zero field is given by [11]

BRo/Ra = —Ro(e /2z h)Cln(T/To), (2)

where To is a characteristic temperature and the coef-
ficient C characterizes the strength of weak localization
and interaction. The logarithmic fit in Fig. 5 yields that
CRo=5.5 kQ/&. For the 2D WL case, the complete ex-
pression for the transverse MR is given in Refs. [17,18].
The theory of the interaction effect predicts a positive,
isotropic MR.

At low fields, the MR arising from the interaction
effect is very small compared to the MR due to localiza-
tion. Note spin-orbit scattering results in an antilocaliza-
tion effect leading to a positive MR, which was not ob-
served at low temperatures. Furthermore, we expect that
the spin scattering effect is negligible because of the ul-
trahigh purity of the material used in sample preparation.
Therefore, to a good approximation the contribution of
spin-orbit and spin scatterings may be ignored. The neg-
ative MR due to weak localization is then given by

ARo(Bcos8, T)
Ro(0, T) (3)
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e2 1 B;= —Ro(0, T)
2 y —+ —ln

2x 6 2 Bcoso Bcoso

where 8; =6/4eDr; and r; ~ T ~ is assumed. The low field MR data can be fitted [using Eq. (3) averaged over angle
8] to deduce the quantities 8; (T) and R&. The solid lines in Fig. 2(b) are the theoretical curves based on Eq. (3).
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The fitting yields R&=5.95 kQ/0, which depends on

temperature only weakly. The deduced inelastic scatter-
ing field 8; is shown in the inset of Fig. 5 as a function of
temperature. The solid line is calculated using B;(T)
=(0.035+0.0014T) T. Since B; depends on T linearly,

p = 1. Therefore the dominant scattering mechanism at
low temperatures is carrier-carrier scattering. If spin

scattering is taken into account, we obtain from the
fitting the spin scattering field 8~ —40 G.

The upturn in the MR at high fields may be due to the
interaction eAect which is significant when the splitting
between the spin-up and spin-down bands is much greater
than the thermal energy ktt T, i.e., when h =gpttB/
kttT»1 (g is the g factor and ptt the Bohr magneton).
Since the available field range does not warrant a clear
differentiation between the two effects, we will not fit the
high-field MR data; instead, we simply mark the field at
which h = I for T=2 K [shown as an arrow in Fig. 2(b)].

To estimate the dimensionality we need to know the
diffusion constant D and resistivity p which are not well

defined quantities. However, we may estimate their order
of magnitude. The measured resistivity is 0.0065 0cm at
300 K and 0.016 Ocm at 5 K. We believe the true resis-

tivity along the tube axis should be much smaller due to
the following factors: (i) the filling factor of the nanotu-

bules in the bundle is less than I, (ii) the inside of the
tubes is hollow, and (iii) the system is anisotropic. If we

take d = 100 A (as determined by our TEM observa-

tions), and Rci-p/1=5. 95 kA/0, then p-5.9& IO

Acm at 5 K. Since p =era/m*, using the p values in

Table I and assuming m*-0.012mo (mti is the electron
mass) [12], we estimate the elastic relaxation time

ro-10 ' sec. Ignoring the Hall scattering factor and

using RH = I/ne, the carrier density n = 10' /cm at low

temperatures, yielding a typical Fermi velocity vF-10
cm/s (see Fig. 4). Therefore, D =iFto/2= 50 cm /s and

kFI-5. The fitting yield B; =0.043 T at 5 K and 0.28 T
at 50 K, corresponding to I;-600 and 200 iii. , respective-

ly. We estimate that IT-350 A at 5 K and 110 A at 50
K. Therefore, at low temperatures the system is in the

2D WL-interaction regime. Above 50 K, the relevant

length scales (I; and IT) are comparable to the average
diameter of the buckytubes. Hence a 2D-3D crossover

should occur in the vicinity of this temperature.
The above analysis indicates that the buckytubes show

2D WL behavior at low temperatures. In disordered tur-

bostratic graphite, the graphite microcrystallites orient

randomly. However, in fullerene tubules the disorder is

weak and possibly stems from the helical structure (with

a varying helical pitch) or from the topological defects

proposed by Saito, Dresselhaus, and Dresselhaus [19].
The absence of the spin-orbit scattering eA'ect and weak

spin scattering imply the impurity levels in the samples

are very low. Our transport measurements indicate that
the buckytube is neither a large-gap nor a medium-gap

semiconductor. At low temperatures, the electronic

structure is essentially two dimensional in character.
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