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We measured thermoelectric power S of bulk single-wall carbon nanotube materials p doped with
acids. In contrast to oxygen-exposed or degassed samples, S is very small at the lowest temperatures,
increases superlinearly above a characteristic and sample-dependent T, and then levels off. We attribute
this unusual behavior to 1D phonon drag, in which the depression of the Fermi energy cuts off electronphonon scattering at temperatures below a characteristic T0 . This idea is supported by a model
calculation in which the low temperature behavior of phonon drag is specifically related to the onedimensional character of the electronic spectrum.
DOI: 10.1103/PhysRevLett.90.065503

The unusually large and positive thermopower S of
single-wall carbon nanotubes (SWNT) is a consequence
of exposure to oxygen [1–3], although the extent to which
this represents p doping of semiconducting tubes has
recently been called into question [4]. Electrical resistivity  differs little between oxygen-saturated and hightemperature degassed states [1], and the Fermi energy
is not driven into the valence band of semiconducting
tubes since the lowest energy intervalence band transition remains strong [5–7]. To the best of our knowledge
there is no microscopic or semiempirical model which
explains the unusual effects of oxygen on ST of SWNT
materials [8].
Here we present a combined experimental and theoretical study of a much simpler system, the results of which
are consistent internally as well as with other data on the
same materials. In p-type samples doped with acids, ST
at low temperature exhibits distinctly different behavior
from oxygen-saturated and degassed SWNT. A model is
presented which explains this new behavior as being due
to one-dimensional (1D) phonon drag, or electron-phonon
scattering in a 1D electronic system. At higher temperature S shows metallic behavior, S  T. Resistivity measurements show that p doping with acids decreases
300 K by factors of 10 or more, similar to alkali
metals [9], the consequence of degenerate doping of the
majority of semiconducting tubes.
The basic idea is as follows. The Fermi surface of a
1D metal consists of two points separated in k by wave
vector of amplitude jQj. Phonon drag, arising from electron-phonon scattering, involves only acoustic phonons
with wave vector Q which are absorbed or emitted as
electrons scatter from the left-moving to right-moving
branch and vice versa. Consequently the magnitude of
the phonon-drag contribution Sg to thermopower
depends on the thermal population of these phonons,
more specifically on their heat capacity as shown in
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Eq. (7) below. This results in exponentially small
(  kB T 2 exph!
 Q =kB T1  phonon-drag thermopower
below a characteristic upturn temperature T0 
0:1h!
 Q =kB where !Q is controlled by EF which in turn
is depressed by p-type doping. This behavior differs from
the 2D and 3D cases for which the Fermi surface is
continuous and electrons can be scattered by all longwavelength phonons, leading to Sg  T 2 and T 3 , respectively. Because the Fermi surface of a 1D electron gas
consists of discrete points, we cannot simply extrapolate
from higher dimensions and expect Sg  T. Assuming a
T-independent phonon scattering length at low T, the
temperature dependence of Sg is determined by the temperature dependence of the heat capacity contribution
from phonons with energy h!
 Q , shown schematically in
Fig. 1. Combining this with the linear temperature dependence of the diffusion thermopower, the slope of ST
should increase at T0  0:1h!
 Q =kB and then decrease at
higher temperatures, producing a peak in dS=dT at T 
0:23h!
 Q =kB . This is different from the behavior observed
for air-exposed but otherwise undoped samples where the
slope decreases continuously with increasing T.
We measured two samples prepared from HiPco material [10], one in the form of filter-deposited buckypaper
and the other a fiber extruded through a 125 m syringe
needle from a 6 wt % sulfuric acid suspension of purified
HiPco [11]. The buckypaper was p doped by immersion
in concentrated nitric acid for 4 h and then air dried at
400 K. The fiber became p doped by HSO
4 ions present
in the sulfuric acid-based suspension. After measurement, the fiber was vacuum annealed at 1420 K for 2 h
to recover the acid-free state. Thermopower was measured from 10 to 300 K; no attempt was made to avoid
exposure to air. The results are shown in Figs. 2 and 3 and
for fiber and buckypaper, respectively. In the acid-free
state (pristine buckypaper or annealed fiber), both exhibit
large positive S which increases monotonically with T
 2003 The American Physical Society
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FIG. 1. Calculated temperature dependence of Cph Q=kB .
 Q . The inset
This function has an upturn at kB T0  0:1 h!
shows the process in which an electron in a p doped semiconducting (a) and metallic (b) SWNT scatters from the rightto left-moving branch by absorbing a phonon with wave vector
Q. The Fermi level for acid-doped tubes is in the valence band,
so the originally semiconducting tube now behaves like a 1D
metal.

(empty squares). This is typical of air-exposed but otherwise pristine SWNT materials [1,12]. Acid doping (filled
circles) reduces the magnitude of S at all T for both doped
samples. More importantly, we now observe slopes
dS=dT which increase with T at the lowest temperatures
up to an inflection point, above which ST is qualitatively
similar to the acid-free state. We calculated S=T after
smoothing the data, as shown in the insets. The most
prominent features are peaks at about 50 and 30 K for
the acid-doped fiber and buckypaper, respectively.
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FIG. 2. Thermopower of SWNT fibers extruded from sulfuric
acid before (b), acid-doped and after (a), acid-free vacuum
annealing at 1423 K. For the acid-doped fiber, S starts to
increase more rapidly at about 25 K, corresponding to a
relevant phonon energy 0:02 eV. This effect is absent in the
annealed fiber. The inset shows dS=dT which behaves monotonically for the annealed fiber but shows a peak at 50 K for
the acid-doped one, as expected from Eq. (7).
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Conversely, the derivative curves for the acid-free
samples decrease monotonically with increasing T. We
demonstrate below that the unique low T behavior of the
acid-doped samples is a signature of 1D phonon drag. We
further show that phonon drag is unimportant at very low
T < 0:1h!
 Q =kB in the acid-doped state because the
downshift of EF freezes out electron-phonon scattering
as suggested in Fig. 1. Behavior similar to that reported
here was also observed with iodine doping [13].
For simplicity we calculate the phonon-drag thermopower Sg of an armchair SWNT in the Boltzmann transport approximation. We do not consider the effect of
rope-rope contacts on S since it was shown experimentally [14] that, unlike the resistivity, the thermopower
does not depend on applied pressure. We include only
the long-wavelength twistons, i.e., the acoustic torsional
modes which can be emitted or absorbed by electrons in
interband scattering processes [15]. We do not consider
modification of the phonon dispersion by tube-tube coupling in ropes because we assume that EF is depressed
sufficiently that the energy of the relevant phonons is
high compared to the tube librational frequency of 1:2
meV [16,17].
The band structure of armchair tubes is metallic with
two nondegenerate bands crossing at the points k
k0 ,
k0 being 2=3a, of the 1D Brillouin zone. Since we are
only interested in electrons with k not very far from k0
we use the linearized dispersion relation
 F;
(1)
pjkj  k0 hv
p
where p takes values 1, hv
 F
3 J0 a=2, J0 2:7 eV
is the first-neighbor C-C tight binding overlap energy [18]
and a is the graphene lattice constant.
To calculate Sg of a 1D electron gas interacting with 1D
phonons, we adapt a model developed for a quasi-2D
electron gas coupled to 3D phonons [19]. It is based on
coupled Boltzmann equations for electrons and phonons
and can be readily formulated in our 1D case. Then we
have
X XX
jej
Sg
h!
 q p; k q; p; k
kB T 2 p 1 k q
"p; k

Lph qqp;k vp;k  p;k

q vp;k q ;

(2)

where  is the electrical conductivity, q and Lph q are a
twiston wave vector and scattering length, p;k is an
electron relaxation time, vp;k is an electron group velocity, q determines the sign of q, and p; k q; p; k
is a function given by
p; k q; p; k f0 "p; kf1  f0 "p; k qg
P0 p; k; p; k q;
(3)
P0 p; k; p; k q is the equilibrium transition rate at
which an electron in state p; k is promoted to a state
p; k q by absorbing one twiston with wave vector q,
065503-2

and f0 " is the Fermi-Dirac function. Using the Fermi
golden rule we have
2
N qjAk;qj2
P0 p;k;p;k q
h 0
#"p;k q  "p;k  h!q ;
(4)
where #"p;k q  "p;k  h!q  is the Dirac delta
function expressing energy conservation, N0 q is the
Bose-Einstein phonon distribution, and Ak;q is the
electron-twiston interaction matrix element.
To proceed further, we assume that the electron relaxation time p;k is a function of energy only and that
jAk; qj2 N0 qLph qp; k is slowly varying with
"p; k. These allow us to use the following approximation [20]:
f0 "p; kf1  f0 "p; k h!
 q g
h!
 q
#"p; k  ;
1  exph!
 q =kB T

(5)

where  EF is the chemical potential. The integration
in Eq. (2) is now trivial. Employing the fact that electrons
interact with long-wavelength twistons [k q
k, see inset to Fig. 1], we can write
dN0 Qp;s  jAKp;s ;Qp;s j2
1 X X
h!Qp;s
4jej p 1 s 1
dT
hvF 2
pvF
;
Lph Qp;s jKp;s j  k0 
vF  vph jKp;s j  k0 p

Sg

(6)
where Kp;s sk0 p=hvF  and Qp;s is the wave vector
of a twiston which can be absorbed by an electron specified by Kp;s . If we neglect the phonon velocity vph compared to vF , then Qp;s  2ps=hvF psQ and Eq. (6)

can be written in the form
Sg

Cph Q

0.3

(b)

∆S / ∆ T

dN0 Q 1
:
dT 

(8)
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The temperature dependence of Cph Q is shown in Fig. 1.
Cph Q shows a sharp upturn which extrapolates to zero at
the temperature kB T0  0:1h!Q . It then rolls over and
becomes constant for kB T > h!Q , with the maximum
slope occurring at kB T  0:23h!Q . Thus the characteristic features of the phonon-drag contribution Sg are the
upturn at T0 and a peak in dSg =dT at 2:3T0 . If the phonon
scattering length Lph decreases with increasing T, Sg
itself will show a peak at kB T  h!Q .
We used Eq. (7) to estimate the relevant phonon energy
h!
 Q and the phonon scattering length. We model the data
by a sum of phonon-drag thermopower Sg T shown in
Fig. 4 and a linear term bT which represents diffusion
thermopower. To calculate Sg T numerically we used the
electron-twiston interaction matrix element Ak; q for
(10,10) SWNT [15]. Then for the acid-doped fiber we
get the phonon energy h!
 Q 0:02 eV, diffusion thermopower coefficient b 0:04 V=K2 , and twiston scattering length Lph Q to be 0:6 m and 0:4 m at 10 and
300 K, respectively. Using the same approach for the
acid-doped buckypaper we get h!
 Q 0:01 eV, b
0:08 V=K2 , and Lph Q 1:0–0:2 m. The Lph Q’s
are only approximate because we did not account for
different matrix elements and different Q’s for a given
 in metallic and semiconducting tubes.

0.4

80

50 0

jAK;Qj2 Cph QLph Q
;
jej
hvF 2

9

(a)

70



where K K1;1 . Cph Q is related to the heat capacity of
the twiston mode with energy h!Q and is equal to
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FIG. 3. Thermopower of pristine (a) and nitric acid doped (b)
buckypaper. The effect of phonon drag is less visible than for
the sulfuric acid doped fibre, which we attribute to smaller
charge transfer. The relevant phonon energy is reduced to
0:01 eV; the peak in dS=dT is now at 25 K; see inset.
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FIG. 4. Temperature dependence of the phonon drag thermopower Sg of sulfuric acid doped fiber (a) and nitric acid doped
buckypaper (b). Data were obtained from the measured thermopower by subtracting a linear term bT which represents
diffusion thermopower. The upper curve is offset for clarity.
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The nearly linear dispersion of metallic bands implies
a small diffusion contribution b, inconsistent with observations, so the semiconducting tubes must be accounted
for. Optical absorption in undoped SWNTs shows a sharp
band at 0:68 eV and a broader one at 1:2 eV [5–7], corresponding to 1D van Hove singularities of semiconducting tubes. Values of EF extracted from the low T behavior
of Sg are 0:3 and 0:6 eV, suggesting that EF in
acid-doped samples is near the top of or well into the
semiconductor valence bands. Optical reflectivity measurements on a nitric acid-doped buckypaper show the
disappearance of the first van Hove transition [21].
Applying a simple two-band model [22] and including
dispersion in tube diameters and bandgaps, we find linear
or nearly linear T dependence of Sd from 0 to 300 K in
agreement with our data.
We can explain the thermopower of acid-doped
samples as a combination of phonon drag in metallic
SWNTs and diffusion thermopower in semiconducting
SWNTs, but our model does not explain the high thermopower of air-exposed but otherwise pristine samples. We
believe that in our acid-doped samples the majority of the
tubes are metallic (i.e., most of the originally semiconducting tubes are now degenerately doped, with the Fermi
level in the valence band), while in air-exposed but
otherwise pristine samples the majority are semiconducting with EF above the valence band. The present
model does not apply in this case; for energies lower
than 0.1 eV one has to consider the tube-tube interaction
in ropes and the effects of finite curvature of tubes on
the electronic band structure [23] together with the effect
of adsorbed gases on electronic properties of tubes and
ropes [14].
We showed that the phonon-drag contribution to
SWNT thermopower is important at low temperature if
EF is depressed by acceptor doping even deeper into the
valence band than upon exposure to oxygen. Presumably
the same will occur in n-doped SWNT where the donor
concentration is sufficient to overcompensate the oxygen
acceptors. We emphasize that this contribution and its
low-T behavior are direct results of the 1D character of
the electron gas in SWNT, which cannot be appreciated
simply by extrapolating from higher dimensions.
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M. Radosavljević, J. Hone, and A. T. Johnson, Phys.
Rev. B 61, 4526 (2000).
[10] M. J. Bronikowski, P. A. Willis, D. T. Colbert, K. A.
Smith, and R. E. Smalley, J. Vac. Sci. Technol. A 19,
1800 (2001).
[11] V. A. Davis, L. M. Ericson, R. Saini, R. Sivarajan, R. H.
Hauge, R. E. Smalley, and M. Pasquali, in Proceedings of
the 2001 AIChE Annual Meeting, Reno, NV, 2001.
[12] J. Vavro, M. C. Llaguno, B. C. Satishkumar, D. E. Luzzi,
and J. E. Fischer, Appl. Phys. Lett. 80, 1450 (2002).
[13] L. Grigorian, K. A. Williams, S. Fang, G. U.
Sumanasekera, A. L. Loper, E. C. Dickey, S. J.
Pennycook, and P. C. Eklund, Phys. Rev. Lett. 80, 5560
(1998).
[14] H. E. Romero, G. U. Sumanasekera, G. D. Mahan, and
P. C. Eklund, Phys. Rev. B 65, 205410 (2002).
[15] R. A. Jishi, M. S. Dresselhaus, and G. Dresselhaus, Phys.
Rev. B 48, 11 385 (1993).
[16] E. J. Mele (private communication).
[17] J. Hone, B. Batlogg, Z. Benes, A. T. Johnson, and J. E.
Fischer, Science 289, 1730 (2000).
[18] R. Saito, G. Dresselhaus, and M. S. Dresselhaus, Physical
Properties of Carbon Nanotubes (Imperial College
Press, London, 1998).
[19] D. G. Cantrell and P. N. Butcher, J. Phys. C 20, 1985
(1987).
[20] D. G. Cantrell and P. N. Butcher, J. Phys. C 20, 1993
(1987).
[21] N. M. Nemes (private communication).
[22] J. Hone, I. Ellwood, M. Muno, Ari Mizel, M. L. Cohen,
and A. Zettl, Phys. Rev. Lett. 80, 1042 (1998).
[23] M. Ouyang, Jin-Lin Huang, C. L. Cheung, and C. M.
Lieber, Science 292, 702 (2001).

065503-4

