PHYSICAL REVIEW B VOLUME 58, NUMBER 3 15 JULY 1998-I

Thermoelectric power behavior in carbon nanotubule bundles from 4.2 to 300 K
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Thermoelectric powe(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 forn®(laV)=0.181T — (61.8+ 0.092T) e~ 30831
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 exampld¢ S0163-182608)00324-3

The studies of electronic structures of fullerene nanotubesomposed of an inner soft black core and an outer gray hard
have attracted much attention due to their extraordinarghell. The structural characterization of the black inner core
nature’ For example, band structure calculations predict thaof the deposit was carefully characterized by scanning elec-
fullerene nanotubes can exhibit some striking variations iriron microscopy(SEM) and by high-resolution electron mi-
their electronic structures from metallic to semiconductingcroscopy(HREM). It was revealed that the inner black core
depending on the diameter of the tube and the degree @ontains many aligned carbon bundles withmm scale in
helical arrangemerft: Theoretical studies of these features length as shown in Fig.(&). Figure 1b) shows one of these
are advancing and are predicted to have significant potentiéﬂarbon bundles. Inside the carbon bundle, a lot of nanotubes

for applications to electronic devicd€.However, support With @ diameter of about 20 nm on average are contained.
from experiments is still deficient, mainly because of thef19ure c) shows one of the HREM pictures of these nano-

difficulties in isolating single tubes with almost molecular tubes. The nanotubes have a multiwall structure and are

. : . ; , ominant in the bundles.
dimensions and attaching electrical contacts to their ends. A@ Figure 2a) shows the result of TEP measured in a carbon

far as we are aware, experimental studies so far performeﬁjanotubule bundle in the range 4.2—300 K. The TEP is posi-
on nanotubule films or so-called single tubes, including dc ' '

conductivity!®!! Hall effect and magnetoresistante-?
static magnetic susceptibility, and optical reflectivity;? (ﬁa) iy

have not provided information about semiconducting tubes; lg; f
these studies support that nanotubule films or bundles are §"

|
rather good conductors with some anisotropy or semimetals & 4
above 50 K. Below about 50 K, a localization of carriers on %
tubes or a spin-dependent hopping mechanism might be in- \\ e ¢
volved. NU ;
In order to investigate the electronic properties of nano- 23.
tubes, we reported a preliminary thermoelectric po(&P) 5
experimental result for nanotubes above 8%°Kn that re-
port we could not achieve TEP results below 85 K due to the
limitations of our experimental equipment. As is well-
known, the physical properties of nanotubes at lower tem-
peratures are more attractive due to a possible change ol
dimensionalities from three to two dimensiof@D) near
about 50 K. In this paper, we improved our experimental
system, and extended our measurements to 4.2 K. This sys-
tem can be controlled by a computer automatically using a
LABVIEW program, and the voltage difference between the
two terminals of the bundle was measured by a Keithley 182 20 nm
nanovoltmeter. The system was strictly calibrated using a
high-purity lead Pb standard sample. FIG. 1. (8 The SEM picture for the inner core of the deposit;
Fullerene nanotube bundles used in this work were pre¢) the SEM picture for a single carbon bundig) one of the
pared using the normal carbon arc plasma methdtie = HREM pictures of nanotubes inside the bundle; the multishell struc-
deposition which built up on the end of the cathode wasgure can be clearly seen.
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calculated values db are in good agreement with the experi-

25 (@) nanotube bundies 6| (b) i mental data, the TEP property is dominated by the first term
R 4 el e with a positive sign contributed by the hole carriers from
X 15 <o metallic nanotubes, and the negative terms are contributed by
ETS i, the electron carriers from semiconducting tubes.

2 l @ From parameteA, we can approximately estimate the
5 T 2l aprie Fermi energy of the valence band of the metallic tubes and
0050 700 50200 250300 0 700 160 200 250 3o  YetEr=—0.2eV. The minus sign means that the conduc-

tion of the metallic tubes results from the holes of the va-
temperature T (K)

lence bands. If assuming the effective mass of a hole carrier

FIG. 2. (a) The temperature dependence of thermoelectric powePn the Fermi sugface _|sm_* =0.0ém, (mo IS the Stai_iIC
for nanotubule bundle in range 4.2—300 K; the solid curve is the/€Ctron malsl)gl yieldng ~a  Fermi  velocity
fittihg data given by the formula S=0.180T—(61.8 VF=(2Ee/m*) ~10° cm/s, which is in good agreement
+0.092) e 3983 derived based on a two-band model; the inset isWith that estimated by Songetal, who used Hall
the temperature dependence of resistivity below 5@hKthe ther- measuremefit (they neglect the Hall scattering factor and
moelectric power versus temperatdréor HOPG, the glass carbon, use R=1/ne and carrier densityn~10'® cn?®, yielding
and outer hard shell of the deposit in range 80—300 K. Ve~10® cm/9. Using the parameten, the energy gap

Ey=2A for the semiconductor tubes is estimated to be about

tive over the whole range and increases with temperaturé@3 MeV. These values are in good agreement with our pre-
Figure 2b) shows the temperature dependence of the TEP iious preliminary report? although the magnitudes of the
highly oriented pyrolytic graphit¢HOPG), the commercial TEP are, to some extent, larger than those reported previ-
glass carbon rod used in this work, and the outer gray har@Usly. The estimated values for the energy gap, Fermi en-
shell of the deposit in the range 80—300 K. Obviously, theergy, and Fermi velocity are almost the same as the previous
TEP behavior in the carbon nanotubule bundle is quite dif/€Port based on the two-band model, the differences in the
ferent from that in HOPG, the outer shell of the deposit, andnagnitudes of the TEP for both measurements may result
the glass carbon. In the nanotubule bundles, the TEP wd&m the differences in the nanotubule samples used.
strongly enhanced and reaches an order of abd®2 uV/K In th_IS_ paper, we want to emphasize that below about 30
at 300 K, far larger than that in the HOPG, glass carbon, an¥ the fitting curve according to the above two-band model
the shell of the deposit. Based on the fact that the sign of thgléarly deviates from the experimental data; such a slight
TEP of the nanotubule bundle is always positive, this maydeviation below about 30 K is in good agreement with the
imply that the majority carriers in the nanotubule bundlesmeasurement of resistivity, where, at lower temperatures
should beP type, and the hole carriers are dominant. ThisT <30 K, the resistivity showed a linear dependence with
result is in good agreement with the Hall coefficient mea[n T. i-e., R=37.3-1.99InT, as shown in the inset of Fig.
surement reported by Sonetall? and by Baumgartner 2(_a). Such a temperature_-dependent behav!or of_ resistivity
et al,’® where the observed Hall coefficients are also posiWith In T was usually considered to be a possible signature of
tive over the entire temperature range. two-dimensional weak localization of carriers in a métal.

From Fig. Za), it is worth noting that the obtained tem- Therefore, the deviation of the fitting curve near 30 K may
perature dependence of the TEP behavior cannot be simplge an indication of some changes of the transport mecha-
explained by a single-band model for a metal or a nondegerf?ism, possibly related to the localization effect of carriers in
erate semiconductor. In Ref. 16, we analyzed the TEP datfe metallic nanotubes since a possible 2D-3D crossover of
above 85 K using the two-band model, where the TEP waélimensionalities should occur near that temperature as re-
considered to be mainly dominated by the contributions oforted by Songet al,'? at lower temperatures the electronic
metallic band carriers and semiconducting bandStructure is essentially two dimensional in character. As far
carriers. The total TEP can be expressed as as we know, the TEP behavior for the 2D localized system is
not very clear. A quantitative explanation at present is rather
difficult and further clarification needs to be done in more
detail in future work.

On the other hand, we also noted that for the nanotubes no
where A, B, andC are constants, and is the thermally large negative phonon-drag minimum near about 40 K,
activated energy for the semiconducting tubes. The first ternwvhich usually appears in HOPG, was obser¢eds is well
AT, whereA= — 72k?/2eEx ,1" denotes the contributions of known, a nanotube can be visualized as a graphite sheet
metallic tubes(where Eg, k, and e are, respectively, the rolled up in a helical fashion about the tube axis. They act as
Fermi energy, Boltsmann constant, and the value of electroa collection of microcrystals of HOPG's of different size.
charge, while the other terms are the contributions of semi-The disappearance of such a phonon-drag effect in nanotubes
conductive tubes. Taking E@L) to fit our experimental data indicates that the electronic structures in nanotubes are in-
here, the constant parameters can be, respectively, given deed remarkably different from HOPG and closely related to
A=0.181uVIK? B=-0.2uV/IK? C=-0.092uV/K?  their special structures. The electron-phonon interactions be-
and A=308.3 K. The final expression for the TEP of the low 40 K are very weak in nanotubule materials, and the
carbon nanotubule bundle can be described 3fyV) carrier-carrier interactions may play a dominant role, which
=0.181T — (61.8+0.092T) e 3%83T The fit data is plotted in leads to a possible weak localization effect of carriers.

Fig. 2@ as a solid curve. It is seen that above about 30 K the In summary, we report TEP measurements on carbon

S=AT+(BA+CT)e 2T,
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nanotubule bundles from 4.2 to 300 K. The results can beoexisted, a conclusion which coincides with the theoretical
well described by a two-band model above 30 K. They pro-predictions. Below about®BK a deviation of the fitting curve
vide experimental evidence that both kinds of nanotubes imvas observed, which may be an indication of some changes
the bundles, i.e., metallic tubes with a highly mobile carrierof transport mechanisms, possibly related to the weak local-
velocity and semiconducting tubes with a narrow energy gapization of carriers in the nanotubes.
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