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Thermoelectric power behavior in carbon nanotubule bundles from 4.2 to 300 K
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Thermoelectric power~TEP! properties of carbon nanotubule bundles were measured in the range 4.2–300
K. It was found that the TEP is positive over the whole temperature range, and increases with the increase of
temperature. Above 30 K it can be well described by a formulaS(mV)50.181T2(61.810.092T)e2308.3/T,
which is derived based on a two-band model. This result supports the theoretical prediction for both kinds of
nanotube bundles, metallic and semiconducting. Below about 30 K, the fitting curve clearly deviates from the
experimental data, which may indicate some possible changes of electronic structures, an electron weak
localization effect, for example.@S0163-1829~98!00324-5#
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The studies of electronic structures of fullerene nanotu
have attracted much attention due to their extraordin
nature.1 For example, band structure calculations predict t
fullerene nanotubes can exhibit some striking variations
their electronic structures from metallic to semiconduct
depending on the diameter of the tube and the degre
helical arrangement.2–8 Theoretical studies of these featur
are advancing and are predicted to have significant pote
for applications to electronic devices.3,9 However, support
from experiments is still deficient, mainly because of t
difficulties in isolating single tubes with almost molecul
dimensions and attaching electrical contacts to their ends
far as we are aware, experimental studies so far perfor
on nanotubule films or so-called single tubes, including
conductivity,10,11 Hall effect and magnetoresistance,12,13

static magnetic susceptibility,14 and optical reflectivity,15

have not provided information about semiconducting tub
these studies support that nanotubule films or bundles
rather good conductors with some anisotropy or semime
above 50 K. Below about 50 K, a localization of carriers
tubes or a spin-dependent hopping mechanism might be
volved.

In order to investigate the electronic properties of na
tubes, we reported a preliminary thermoelectric power~TEP!
experimental result for nanotubes above 85 K.16 In that re-
port we could not achieve TEP results below 85 K due to
limitations of our experimental equipment. As is we
known, the physical properties of nanotubes at lower te
peratures are more attractive due to a possible chang
dimensionalities from three to two dimensions~2D! near
about 50 K. In this paper, we improved our experimen
system, and extended our measurements to 4.2 K. This
tem can be controlled by a computer automatically usin
LABVIEW program, and the voltage difference between
two terminals of the bundle was measured by a Keithley 1
nanovoltmeter. The system was strictly calibrated usin
high-purity lead Pb standard sample.

Fullerene nanotube bundles used in this work were p
pared using the normal carbon arc plasma method.1 The
deposition which built up on the end of the cathode w
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composed of an inner soft black core and an outer gray h
shell. The structural characterization of the black inner c
of the deposit was carefully characterized by scanning e
tron microscopy~SEM! and by high-resolution electron mi
croscopy~HREM!. It was revealed that the inner black co
contains many aligned carbon bundles with;mm scale in
length as shown in Fig. 1~a!. Figure 1~b! shows one of these
carbon bundles. Inside the carbon bundle, a lot of nanotu
with a diameter of about 20 nm on average are contain
Figure 1~c! shows one of the HREM pictures of these nan
tubes. The nanotubes have a multiwall structure and
dominant in the bundles.

Figure 2~a! shows the result of TEP measured in a carb
nanotubule bundle in the range 4.2–300 K. The TEP is p

FIG. 1. ~a! The SEM picture for the inner core of the depos
~b! the SEM picture for a single carbon bundle;~c! one of the
HREM pictures of nanotubes inside the bundle; the multishell str
ture can be clearly seen.
1166 © 1998 The American Physical Society
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tive over the whole range and increases with temperat
Figure 2~b! shows the temperature dependence of the TE
highly oriented pyrolytic graphite~HOPG!, the commercial
glass carbon rod used in this work, and the outer gray h
shell of the deposit in the range 80–300 K. Obviously,
TEP behavior in the carbon nanotubule bundle is quite
ferent from that in HOPG, the outer shell of the deposit, a
the glass carbon. In the nanotubule bundles, the TEP
strongly enhanced and reaches an order of about122mV/K
at 300 K, far larger than that in the HOPG, glass carbon,
the shell of the deposit. Based on the fact that the sign of
TEP of the nanotubule bundle is always positive, this m
imply that the majority carriers in the nanotubule bund
should beP type, and the hole carriers are dominant. T
result is in good agreement with the Hall coefficient me
surement reported by Songet al.12 and by Baumgartne
et al.,13 where the observed Hall coefficients are also po
tive over the entire temperature range.

From Fig. 2~a!, it is worth noting that the obtained tem
perature dependence of the TEP behavior cannot be sim
explained by a single-band model for a metal or a nondeg
erate semiconductor. In Ref. 16, we analyzed the TEP d
above 85 K using the two-band model, where the TEP w
considered to be mainly dominated by the contributions
metallic band carriers and semiconducting ba
carriers. The total TEP can be expressed as

S5AT1~BD1CT!e2D/T, ~1!

where A, B, and C are constants, andD is the thermally
activated energy for the semiconducting tubes. The first t
AT, whereA52p2k2/2eEF ,17 denotes the contributions o
metallic tubes~where EF , k, and e are, respectively, the
Fermi energy, Boltsmann constant, and the value of elec
charge!, while the other terms are the contributions of sem
conductive tubes. Taking Eq.~1! to fit our experimental data
here, the constant parameters can be, respectively, give
A50.181mV/K2, B520.2mV/K2, C520.092mV/K2,
and D5308.3 K. The final expression for the TEP of th
carbon nanotubule bundle can be described byS(mV)
50.181T2(61.810.092T)e2308.3/T. The fit data is plotted in
Fig. 2~a! as a solid curve. It is seen that above about 30 K

FIG. 2. ~a! The temperature dependence of thermoelectric po
for nanotubule bundle in range 4.2–300 K; the solid curve is
fitting data given by the formula S50.181T2(61.8
10.092T)e2308.3/T derived based on a two-band model; the inse
the temperature dependence of resistivity below 50 K;~b! the ther-
moelectric power versus temperatureT for HOPG, the glass carbon
and outer hard shell of the deposit in range 80–300 K.
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calculated values ofS are in good agreement with the expe
mental data, the TEP property is dominated by the first te
with a positive sign contributed by the hole carriers fro
metallic nanotubes, and the negative terms are contribute
the electron carriers from semiconducting tubes.

From parameterA, we can approximately estimate th
Fermi energy of the valence band of the metallic tubes
get EF520.2 eV. The minus sign means that the condu
tion of the metallic tubes results from the holes of the v
lence bands. If assuming the effective mass of a hole ca
on the Fermi surface ism* 50.06m0 ~m0 is the static
electron mass!,18 yielding a Fermi velocity
VF5(2EF /m* )1/2'108 cm/s, which is in good agreemen
with that estimated by Songet al., who used Hall
measurement12 ~they neglect the Hall scattering factor an
use R51/ne and carrier densityn'1018 cm3, yielding
VF;108 cm/s!. Using the parameterD, the energy gap
Eg52D for the semiconductor tubes is estimated to be ab
53 meV. These values are in good agreement with our p
vious preliminary report,16 although the magnitudes of th
TEP are, to some extent, larger than those reported pr
ously. The estimated values for the energy gap, Fermi
ergy, and Fermi velocity are almost the same as the prev
report based on the two-band model, the differences in
magnitudes of the TEP for both measurements may re
from the differences in the nanotubule samples used.

In this paper, we want to emphasize that below about
K the fitting curve according to the above two-band mod
clearly deviates from the experimental data; such a sli
deviation below about 30 K is in good agreement with t
measurement of resistivity, where, at lower temperatu
T,30 K, the resistivity showed a linear dependence w
ln T, i.e., R537.321.99 lnT, as shown in the inset of Fig
2~a!. Such a temperature-dependent behavior of resisti
with ln T was usually considered to be a possible signature
two-dimensional weak localization of carriers in a metal19

Therefore, the deviation of the fitting curve near 30 K m
be an indication of some changes of the transport mec
nism, possibly related to the localization effect of carriers
the metallic nanotubes since a possible 2D-3D crossove
dimensionalities should occur near that temperature as
ported by Songet al.,12 at lower temperatures the electron
structure is essentially two dimensional in character. As
as we know, the TEP behavior for the 2D localized system
not very clear. A quantitative explanation at present is rat
difficult and further clarification needs to be done in mo
detail in future work.

On the other hand, we also noted that for the nanotube
large negative phonon-drag minimum near about 40
which usually appears in HOPG, was observed.20 As is well
known, a nanotube can be visualized as a graphite s
rolled up in a helical fashion about the tube axis. They ac
a collection of microcrystals of HOPG’s of different sizes.1,21

The disappearance of such a phonon-drag effect in nanot
indicates that the electronic structures in nanotubes are
deed remarkably different from HOPG and closely related
their special structures. The electron-phonon interactions
low 40 K are very weak in nanotubule materials, and t
carrier-carrier interactions may play a dominant role, wh
leads to a possible weak localization effect of carriers.

In summary, we report TEP measurements on car
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nanotubule bundles from 4.2 to 300 K. The results can
well described by a two-band model above 30 K. They p
vide experimental evidence that both kinds of nanotube
the bundles, i.e., metallic tubes with a highly mobile carr
velocity and semiconducting tubes with a narrow energy g
pp
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coexisted, a conclusion which coincides with the theoreti
predictions. Below about 30 K a deviation of the fitting curve
was observed, which may be an indication of some chan
of transport mechanisms, possibly related to the weak lo
ization of carriers in the nanotubes.
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