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We have measured the temperature-dependent thermoelectric power (TEP) of crystalline rope
single-walled carbon nanotubes. The TEP is large and holelike at high temperatures and approa
zero asT ! 0. The results argue against the opening of a gap at low temperature in these mater
When derived from a simple band structure picture, the TEP of a single metallic nanotube is significa
lower than the measured TEP, strongly suggesting that the predicted electron-hole symmetry of me
nanotubes is broken when the tubes self-assemble into ropes. Different models for the symm
breaking are considered. [S0031-9007(97)05214-9]

PACS numbers: 72.15.Jf, 71.20.Tx, 72.20.Pa
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Since their discovery in 1991 [1], carbon nanotub
have been the subject of intensive research, motiva
both by intrinsic scientific richness and diverse applic
tions potential. Because of geometrical complications
has been difficult to characterize the electronic propert
of nanotubes. Until recently, most measurements w
performed on multiwalled carbon nanotube (MWNT
samples [2–9] whose geometrical and electronic stru
tures are especially complex. Such specimens consis
a collection of concentric tubes of different radii and ch
rality, parameters to which the electronic structure is e
pecially sensitive [10–12].

Crystalline “ropes” of single-walled carbon nanotube
(SWNT’s) [13] represent a significant step toward th
ultimate goal of nanotube samples with a specified sin
diameter and chirality. The distribution of tube diamete
in SWNT samples is narrowly peaked [13,14], and a lar
proportion of the tubes in the rope is predicted to ha
“armchair” chirality, with thes10, 10d tube predominant.

Previous measurements [15,16] of the temperatu
dependent dc and ac electrical resistivityr of macro-
scopic mats and single SWNT ropes show qualitative
similar behavior: at high temperature, they are metal
(positive drydT ) and exhibit a crossover to nonmeta
lic behavior (negativedrydT ) at low temperature. The
crossover temperature varies from sample to sample
is sensitive to mechanical handling. It has been sugges
that the origin of the low-temperature nonmetallic beha
ior is 1D localization, but it is still unknown whether the
transport behavior of these bulk samples is dominated
interrope contacts or on-rope or on-tube effects.

In this Letter, we report dc electrical resistivity an
thermoelectric power (TEP) measurements of SWN
bundles from 300 to 4.2 K. We are motivated to e
amine the TEP of single-walled nanotubes in order
understand further their electrical transport properties,
0031-9007y98y80(5)y1042(4)$15.00
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answer some of the questions raised by the dc resist
ity measurements, and to attempt to provide experimen
confirmation of band structure calculations for single
walled nanotubes. Because it is sensitive to the curv
ture of the bands at the Fermi level, the sign of the TE
indicates the sign of the dominant current carrier. Th
temperature dependence of the TEP can give inform
tion about the type of conduction: the TEP of a simpl
metal is linear inT , while that of a true-gap semicon-
ductor displayss1yT d dependence. Thus we can examin
whether the low-temperature upturn in the resistivity o
the SWNT’s is linked to the opening of a gap at th
Fermi level. In addition, we examine the role of inter
tube and interrope contacts by sintering a SWNT m
under pressure to improve the contacts between ropes i
given sample.

SWNT samples used in this study were synthesize
at Rice University using the laser vaporization metho
[13]. The samples were subsequently heated to 1000±C
in vacuum to remove impurities. Electrical leads were a
tached to small nanotube bundles (approximately5 mm 3

0.5 mm 3 0.5 mm) so that successive measurements
TEP and resistivity could be performed on the sam
samples. Voltage and current leads were attached w
conducting silver paint, and thermocouple leads were a
tached with high thermal conductivity epoxy. A portion
of the batch of SWNT’s was sintered in vacuum under m
chanical pressure by passing a high currents$200 Aycm2d
through it as it was pressed between two electrodes.
small piece of the sintered mat was then sliced off an
mounted in the same way as the unsintered bundles.
electrical resistivity was measured by the usual four-prob
technique. The TEP was measured at a number of fix
target temperatures by alternately heating each end of
sample to create a temperature difference of maximu
60.2 K, measuring the voltage induced in the sample b
© 1998 The American Physical Society
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the temperature gradient, and then correcting the data
the thermopower of the gold leads.

Figure 1 shows the dc electrical resistivity of two
SWNT samples, one pristine and one sintered, as a fu
tion of temperature from 300 to 4.2 K. The unsintere
sample is metallic above 180 K, and shows an upturn
resistivity below that temperature similar to previous me
surements. The sintered sample, on the other hand, d
plays negativedrydT over the entire temperature range
This gives evidence that the low-temperature resistivi
upturn is caused not by poor contact between differe
ropes, but rather by on-rope effects such as tube-tube
teractions or on-tube defect structure.

Figure 2 shows the experimentally determined TE
of three different SWNT samples, two pristine and on
sintered, as a function of temperature from 300 to 4.2
All samples show similar behavior: at high temperature
the TEP is positive and of moderate magnitude (ord
50 mVyK), while at low temperatures the TEP is linea
in temperature and approaches zero asT ! 0. There is
a notable change in the temperature dependence of
TEP near 100 K. The insensitivity of the magnitude an
functional form of the TEP to sample preparation (i.e
sintering) indicates that the measured TEP, unlike t
measured resistivity, is an intrinsic quantity.

The TEP can be used to elucidate the electron
structure of the sample. A simple interpretation o
the rather large positive high-temperature TEP indicat
holelike carriers. This result is surprising in that metalli
tubes [such ass10, 10d tubes] are predicted to have
electron-hole symmetry [17] and thus a TEP close
zero. It is also noteworthy that the magnitude of th
measured TEP is considerably larger than that of graph
[18], simple metals, or MWNT’s [19]. The vanishing of
the TEP at low temperatures argues against the open
of a semiconducting or localization-induced mobility ga
at the Fermi level, which might be invoked to accoun
for the observed increase in electrical resistivity at lo
temperature. The temperature dependence of the TEP
also unusual; it does not correspond to that of a simp
metal or semiconductor, nor does it display a powe

FIG. 1. Temperature-dependent resistivity of sintered a
unsintered SWNT samples.
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law dependence as might be expected for hopping-ty
conductivity [20].

We now examine various models which might accou
for the observed TEP behavior. Because our samp
consist of ropes, with each rope comprising a paral
(crystalline) array of individual SWNT’s largely of the
s10, 10d variety, we first compare the measured TEP
that of an individual metallics10, 10d tube. An sn, nd
tube is predicted to have a 1D band structure form
by slicing the band structure of a single graphene sh
along theG-K line [17]. Two pairs of one-dimensional
bands cross at the Fermi level, forming a conduction ba
and a valence band, with a Fermi surface consisting
two points. The bands are highly linear near the Fer
level (h̄yF ­ 5.3 eV Å [16]), and thus display electron-
hole symmetry.

The TEP of a nanotube will, in general, include contribu
tions from electronic effects (the “drift” TEP) and electron
phonon effects (“phonon drag”). We first calculate th
drift thermopower using the standard Mott form for th
thermopower of a metal. It reduces in one dimension t

Sd ­ 2
p2k2

BT
3e

µ
y0

y
1

t0

t

∂
, (1)

wherey is the band velocity andt is the electron relaxation
(scattering) time. The derivatives are with respect
energy, and the expression is evaluated at the Fermi poi
The first term in the brackets is strictly zero for linea
bands. Because of the near-linear band structure a
high band velocity of metallic nanotubes near the Ferm
level, we estimate an upper limit of,0.5 mVyK on the
room-temperature contribution from the first term. Th
energy-dependent relaxation timetsEd is determined by
electron-phonon scattering. Assuming that the phon
energies can be neglected, Fermi’s golden rule gives

1
tsEd

­
2p

h̄
jV sEdj2NsEd , (2)

FIG. 2. Thermoelectric power of three SWNT samples. Th
sintered sample has been pressed and heated to improve
contacts between tubes.
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where V sEd is an electron-phonon scattering matrix
element andNsEd is the electron density of states. In
1D, with linear bands,NsEd is constant. V sEd should
vary slowly near the Fermi level, and thustsEd will be
nearly constant over this energy range as well, yieldin
a negligible contribution from thet0yt term in Eq. (1).
Hence, the total drift contribution to the TEP of individua
s10, 10d tubes [Eq. (1)] is insufficient to account for the
observed TEP.

In addition to the drift term, the TEP may contain
a phonon-drag component. In a semiclassical mod
phonon-drag thermopower can be expressed as [21]

Se2p ­
2CR
3ne

, (3)

whereC is the phonon specific heat,n is the carrier den-
sity, andR ­ tpytep is the ratio of total phonon relaxa-
tion time to the electron-phonon relaxation time. The sig
of the phonon-drag thermopower is determined by th
charge carriers, and in a single metallic nanotube the el
tron and hole contributions should cancel exactly. A mo
rigorous treatment [22] of the phonon-drag thermopow
again yields a zero result if energy-independent band v
locity and scattering times are assumed as in the abo
drift TEP calculation.

Therefore, a single metallic nanotube with perfec
electron-hole symmetry should have an identically ze
thermopower. While the small deviations from linearit
in the band structure of a nanotube might result in fini
drift or phonon-drag thermopower contributions, it i
unlikely that these can account for the relatively larg
magnitude of the observed TEP.

We thus speculate on some possible processes by wh
the electron-hole symmetry of metallic nanotubes cou
be broken, thereby yielding substantial TEP contribution
One possibility is that the assembly of individuals10, 10d
tubes into a rope is sufficient to break the single-tub
electron-hole symmetry. An interaction which change
the dimensionality of the electronic structure might brea
the electron-hole symmetry by causing an energy depe
dence of the density of states and the area of the Fer
surface. Recent theoretical work [23] has predicted th
tube-tube interactions in a rope ofs10, 10d tubes cause
the opening of a “pseudogap” in the density of states
the rope at the Fermi level. Symmetry breaking such
interaction mechanism could cause a contribution to t
thermopower from both drift and phonon-drag effects, a
though the magnitude of the effect has not been calc
lated.

Alternatively, the contribution of a minority of semi-
conducting tubes in a rope of predominantly metalli
tubes could account for the observed TEP. To explo
this possibility, we model SWNT ropes as comprisin
semiconducting and metallic tubes in parallel. In a simp
two-band model, the total TEP is given by

Stot ­
GmetSmet

Gtot
1

GsemiSsemi

Gtot
, (4)
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whereG is the electrical conductance of each channel.
develop a functional form for the total TEP, we first inse
generic forms for the metallic and semiconducting TE
and conductivity. A simple metal will have a linear TEP
while a semiconductor will have a constant term and
term proportional tolyT , wherel is the gap temperature
We assume an activated form for the semiconducting c
ductance,Gsemi ~ 2lyT , and that the total conductanc
is dominated by the metallic channel. The conductivi
of an ideal metallic nanotube is difficult to model in
a compact way. A1yT dependence is probably bes
near room temperature, but fails to take into account t
low-temperature residual resistivity. Likewise,
temperature-independent conductivity is probably bet
at low temperature and less accurate at high temperat
We consider both extreme cases below. If a1yT depen-
dence for the metallic conductivity is assumed, we obta

Stot ­ AT 1 sBl 1 CT d exp

µ
2l

T

∂
, (5)

while a constant metallic conductivity yields

Stot ­ AT 1

µ
Bl

T
1 C

∂
exp

µ
2l

T

∂
. (6)

In both cases the first term in the sum is the thermopow
of the metallic channel and the second is the conductan
weighted thermopower of the semiconducting channel.

In attempting to fit the observed TEP using the abo
model, we will first use the predicted (near-zero) TE
of an isolateds10, 10d tube [Eq. (1)] to provide theA
parameter, and then attempt to fit the data by adjust
the values ofB, C, and l. Next, we will consider the
TEP of a broken-symmetry metallic tube in parallel with
semiconducting tube by allowing theA parameter to vary.

The lines in Fig. 3 represent fits of Eqs. (5) and (
to one of the data sets (SWNT#2) shown in Fig. 2.
The solid line represents the first attempt to fit the da
using the TEP of an isolated metallic tube in parall
with a semiconducting tube with a gap temperature
200 K. This model fails to fit the data for any reason
able choice ofl. This failure can be understood by ex
amining Eq. (4). The low-temperature thermopower
a metal and a semiconductor in parallel will always b
dominated by the metal, because the conductance of
semiconductor decreases exponentially, overwhelming
increasing thermopower. Therefore we conclude that
introduction of semiconducting tubes into a rope, with
out any interaction between tubes to break the symme
of the metallic tubes, cannot explain the measured th
mopower. This leads us to expand the model to conside
metallic tube with broken electron-hole symmetry in pa
allel with a semiconducting tube.

The dashed lines in Fig. 3 represent fits of Eqs. (5) a
(6) to the same data set, where now the metallic th
mopower and the gap temperature are left as fitting p
rameters. Both forms fit the measured data quite we
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FIG. 3. Fits to measured TEP data using a two-band mod
to simulate semiconducting and metallic tubes in parallel. Th
solid curve represents a fit to the data using Eq. (5), withA ­ 0
to represent the TEP of an isolated metallic nanotube. The t
dashed lines represent fits to the data using Eqs. (5) and
in these cases,A is allowed to vary in order to simulate a
metallic nanotube with broken electron-hole symmetry. Th
fitting parameters extracted from the fit to Eq. (5) areA ­
0.70 mVyK2; B ­ 20.46 mVyK2; C ­ 20.65 mVyK2; l ­
179 K. The fitting parameters extracted from the fit to Eq. (6
are A ­ 0.59 mVyK2; B ­ 20.1 mVyK; C ­ 2343 mVyK;
l ­ 302 K.

the exact form of the metallic conductivity is not criti-
cally important, and in both cases the total conductivity
dominated by that of the metallic tube, in agreement wi
the observed metallic conductivity in this system. Th
fitting parameters obtained in both cases are given
the caption of Fig. 3. The temperature coefficient of th
metallic thermopower is given by theA parameter; its
value implies a positive TEP, with a room-temperatur
magnitude of,200 mVyK in both cases.l is of order
200–300 K, indicating that small-gap semiconductors a
necessary to produce the observed TEP. Significantly,
B and C parameters are negative in both cases, indic
ing that the semiconducting contribution is electronlike
The success of this model in fitting the measured da
suggests a physical mechanism for symmetry breaki
in nanotube ropes, in which a “self-doping” process, b
which electrons are transferred from metallic to semico
ducting tubes, results in holelike metallic tubes and ele
tronlike semiconducting tubes. The contributions from
both species acting in parallel could reproduce the me
sured thermopower.

In conclusion, the thermopower of ropes of single
walled nanotubes is positive and moderately larg
approaches zero asT ! 0, and exhibits an unusual
temperature dependence. The similar TEP of sinter
and un-sintered samples confirms that the TEP is intri
sic, and the metallic low-T behavior of the TEP gives
evidence that the low-temperature upturn in resistivity o
SWNT ropes is not the result of the opening of a ga
The magnitude and temperature behavior of the TE
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cannot be explained using a naive single metallic tub
band structure approach, giving strong evidence that t
electron-hole symmetry in metallic nanotubes is broke
when the tubes are assembled into ropes. A parall
conduction model is successful in fitting the measure
data, leading to the speculation that charge transfer occ
between different species of SWNT’s in a rope.
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