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The temperature dependence of the resistance measured on long single-walled carbon nanotube
sSWNTd strands has been investigated. By applying a simple model to the detailed analysis of our
experimental results, we discovered a super-small energy gap of 1–3 meV, which is an intrinsic
property of the “metallic” SWNT bundles in long SWNT strands. ©2005 American Institute of
Physics. fDOI: 10.1063/1.1927269g

Materials can be classified as metals, semimetals, semi-
conductors, or insulators based on their electron energy
bands. In the bulk electronic structure of a semimetal, there
is only a very small overlap between the valence and the
conduction bands, such as in graphites40 meVd1 or bismuth
s38 meVd.2 This causes a semimetal to be a poor metal, on
the verge of being a semiconductor with a band gap. Only a
small change in the coordination of the lattice atomssfor
instance, dimensional shrinking or element dopingd is needed
to disturb this delicate balance such that a semimetal could
either turn into a better metal or into a semiconductor.1,2 It
has been predicted theoretically and confirmed experimen-
tally that nanoscale graphite—carbon nanotubes—could be
either metallic or semiconducting, depending on their as-
sembled lattice configurations.3–7 However, recent theoretical
and experimental work has revealed that metallic single-
walled carbon nanotubessSWNTsd in a bundle form will
open up a small energy gap or pseudo-gaps,0.1 eVd owing
to intertube interactions in the bundle.8,9 Detailed investiga-
tion indicated that intertube coupling in a bundle of librating
nanotubes causes an additional band dispersion of<0.2 eV
and opens up a pseudo-gap of the same magnitude at Fermi
level.10

Theoretical calculations predicted that metallic nano-
tubes interact with each other in a bundle so as to open up a
pseudo-gap in the Brillouin zone and modify the density of
statessDOSd of the bundle near the Fermi energy.8,10 The
existence of the pseudo-gaps in the bundle makes the con-
ductivity and other transport properties significantly different
from those of isolated tubes. The experimentally observed
small energy gapss30–80 meVd depend inversely on the
square of the tube diameter in zigzag metallic SWNT

bundles, as do the small pseudo-gapss80–100 meVd in
bundles of armchair SWNTs,9 suggesting that most metallic
SWNTs are not true metals. Their electron transport proper-
ties would be different from that of conventional metals and
also different from that of semiconductors. For chiral metal-
lic SWNTs, the predicted gaps decrease rapidly with increas-
ing index angles.11 However, the gap magnitudes were
poorly resolved due to computation limitation. By applying a
simple model to the detailed analysis of our experimental
results in this letter, we discovered a super-small energy gap
s1–3 meVd in long chiral SWNT strands, based on both ex-
perimental and theoretical evidence of the temperature de-
pendence of the resistanceR sTd measured on long SWNT
strands. We believe that this result represents an important
step toward a deeper understanding of the electronic proper-
ties of carbon nanotubes and other one-dimensional nanoma-
terials.

Structurally rigid and highly conducting long SWNT
strands used in this studyfFigs. 1sad and 1sbdg were synthe-
sized by a vertical chemical vapor deposition method.12 The
centimeter long SWNT strands are large collections of well-
aligned SWNT bundles, which consist of well-arranged
SWNTs in a two-dimensional triangular lattice. The diameter
of the SWNTs varies from 1.1 to 1.7 nm but was dominated
by 1.1 nm tubes. In addition to the 1.1 nm diameter metallic
chiral SWNTs11, 5d, a metallic armchair SWNTs9, 9d and a
semiconducting SWNTs21, 1d were also present in the long
ordered SWNT strands based on our Raman investigation
results.12,13The strands consist of thousands of SWNT nano-
tubes held together by van der Waals forces with a thickness
of ,400 mm and were cut into a 1 cm length for electrical
resistance measurements.

The electrical resistance was measured with a Quantum
Design Physical Property Measurement SystemsPPMSd us-
ing the standard four-probe alternating currentsacd technique
at 27 Hz with currentsI of 0.01 mA and 1 mA separately.
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Two types of samples were investigated and the typical
results are shown in Fig. 1scd. Sample 1 was first dipped in
HCl acid for 8 h and then annealed under an argon atmo-
sphere at 1800 °C for 2 h to remove catalyst impurities and
a very small amount of amorphous carbon, in comparison to
Sample 2, which is an as-synthesized strand. The typical ex-
perimental resultsfFig. 1scdg of the temperature dependence
of the resistance of these SWNT strands present a semicon-
ducting behaviorsnegativedR/dTd at low temperaturesup to
about 100 Kd, and a metalliclike behaviorspositive dR/dTd
at higher temperaturesT.100–150 Kd. The measured resis-
tance of the electron transport in SWNT bundles would be
dominated by those tubes that are metallic in nature.1 How-
ever, this is in contrast to the semiconducting behavior ob-
served at low temperature. The existence of crossover phe-
nomenon from a negativedR/dT to a positivedR/dT has
been found before and considered as an intrinsic feature of
electron transport in “metallic” SWNT ropes, although this
behavior is not well understood.14

For the SWNT bundles that have small band gaps or
psuedogaps,8–11we can simply express the conductivity of an
entire SWNT strand ass=nemn+pemp, wheren and p are
the carrier concentrations ofn-type selectronsd and p-type
sholesd carriers, respectively, andmn andmp are the electron
and hole mobilities. The DOS near the energy gap of a one-
dimensionals1Dd metallic SWNT can be simplified as the
one depicted in Fig. 1sdd. The Fermi levelEF is set at zero
energy, and the energy gapEg=Ec−Ev is the energy that
separates the valence-band edgesEvd and the conduction-
band edgesEcd. We can then calculate the temperature de-
pendence of the carrier concentrations of electrons and holes
of the 1D metallic tube with a small energy gap.

As we reported in a previous publication,15 and as dis-
cussed in terms of the tight-binding analysis,1 the valence
band and conduction band near the Fermi level in SWNTs

are nearly symmetric. To simplify the analysis, we first as-
sume that the Fermi level is in the middle of the energy gap,
that is: EC−EF=Eg/2 andEF−EV=Eg/2. We will then ex-
press the temperature dependence of the resistance of the
metallic nanotube with a small energy gap or pseudo-gapEg
as,

R=
A1

lnF1 + expS − Eg

2KBT
DG . s1d

In Eq. s1d, we utilize a simplified model in which we
assume the contribution of the carrier mobility to be constant
with respect to temperature. We present this calculated tem-
perature dependence of the resistance of Samples 1 and 2
using Eq.s1d, as the solid circles in Figs. 2sad and 2sbd, in
comparison with experimental datafopen squares in Fig. 2sad
and solid squares in Fig. 2sbdg. The constantA1 was elimi-
nated by normalizing the resistanceRsTd with R0, whereR0

is the lowest resistance of the sample in the measured tem-
perature region. The calculated energy gapsEg from the
curve fitting are 1.4 meV and 1.03 meV for Samples 1 and 2,
respectively. One can clearly see that the simple model of
Eq. s1d can describe the experimental results quite well in the
low-temperature region forT,200 K, although less agree-
ment is observed as the temperature is increased above
200 K. This simplified model indicates that the carrier con-
centration as a function of temperature is the dominant factor
to the temperature dependence of the experimentally mea-
sured resistance of the long SWNT strands.

We further improved the simplified model of the above
calculation by considering the temperature dependence of the

FIG. 2. sColor onlined The relationship of the resistance of long SWNT
strands as a function of temperature:sad Sample 1, andsbd Sample 2.R0 is
the lowest resistance in the measured temperature region. The squares rep-
resent the experimental results. The solid circles and triangles are the cal-
culated results from two modelsfusing Eqs.s1d ands2d, respectivelyg. fThe
results using Eq.s3d are presented in the insetssopen circlesd.g

FIG. 1. sad sColor onlined scanning electron microscope image of a long
SWNT strand, showing that aligned SWNTs extend continuously from one
end of the strand to the other. Scale bar is 5mm. sbd A cross-sectional view
and a geometric model of a SWNT bundle consisting of a well-arranged
two-dimensional triangular lattice. Scale bar is 5 nm.scd Raw resistance
temperature data of two long SWNT strands with different currentsI. The
crossover temperatureTc sfrom metallic to semiconductingd in Sample 1
streatedd and sample 2sas-synthesizedd occur at 140 K and 112 K, respec-
tively. The inset shows a schematic diagram of resistance measurement.sdd
The DOS of the 1D metallic SWNT near the energy gap is depicted as the
solid line, whereEv and Ec are the edges of the valence and conduction
bands, respectively. The units here are arbitrary.
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carrier mobilities as well, which produces the following
equation:

R=
A2

lnF1 + expS − Eg

2KBT
DG s1 + CT3d. s2d

The calculated temperature dependent resistances of the two
SWNT samples using Eq.s2d are presented as the solid tri-
angles in Figs. 2sad and 2sbd. The calculated result agrees
very well with the experimental data. The calculated energy
gapsEg due to the model improvement adjust to be 1.6 meV
and 1.21 meV for Samples 1 and 2, respectively. In this
analysis, we assume that the DOS should be zero in the
region of the band gap or pseudo-gap. The resistance will,
therefore, approach infinity as the temperature goes to zero.

In the above calculations using Eqs.s1d and s2d, we as-
sume that the Fermi levelEF lies just in the middle of the
small energy gap or pseudo-gap. The Fermi level in the real
samples of the SWNT strands may be pinned at various lo-
cations inside the energy gap. The above assumption in the
simplified model is attributed partly to the deviations of the
calculated results from the experimental data in the low-
temperature regionsT,10 Kd. We could then utilize the
Fermi levelEF as a fitting parameter to further improve the
calculation and rewrite the expression of the resistance as

R=
A3

lnF1 + expS− d1

KBT
DG+D lnF1+expS− d2

KBT
DG s1+CT3d,

s3d

whered1=Ec−EF; d2=EF−Ev; andD=Npmp/Nnmn. The en-
ergy gap or pseudo-gapEg is calculated fromd1 and d2 by
the relationship:d1+d2=Ec−Ev=Eg. The calculated results
of the temperature dependence of the resistance, using Eq.
s3d, are shown in the insets of Figs. 2sad and 2sbd, where the
open circles represent the calculated results and the squares
represent the experimental data. It is worth mentioning that
the agreement of the calculated results with experimental
data is improved dramatically in the low-temperature region.
We find an excellent agreement between the experimental
and calculated dataffrom Eq.s3dg over the entire temperature
range, when the calculated energy gapEg is 1.85 meV and
1.7 meV for Samples 1 and 2, respectively. The Fermi level
is very close to one of the band edgessEc or Evd with very
small energiessabout 0.1 meV to 0.15 meVd, and is far away
from the middle of the energy gap, similar to a pinned Fermi
level in a doped semiconductor. The driving force behind the
shift of the Fermi level needs further investigation.

The values of the super-small gaps of different samples
lie in a very narrow ranges1–3 meVd, indicating that the
super-small gaps are not influenced by catalyst impurities
and amorphous carbon and might be an intrinsic property of
the metallic SWNT bundles. We have used both ac and direct
current power and got the same results, excluding the influ-
ence from a magnetic field. Due to the intrinsic continuity of
the SWNT strands, we expect the super small gaps can pro-
vide evidence for a continuous conducting channel along in-
dividual SWNTs instead of electron hopping from tube to
tube or from bundle to bundle.

From Ref. 14, we have extracted the temperature depen-
dent resistance data of an individual SWNT ropefarmchair
s10, 10dg synthesized using a laser ablation technique and
calculated the band gap of their SWNT ropes using our
model. Even though less data are available at low tempera-
tures, the calculated gap is also very smallsabout 2.7 meV,
with the Fermi energy at 0.26 meV near one band edged,
similar to our samples, implying that a super-small band gap
in the range of 1–3 meV is an intrinsic property of the me-
tallic SWNT bundles, regardless of synthesis methods and
measurement methods.

We are not aware of any evidence in previous studies
that the impurity energy levels from the band edges in carbon
nanotubes are so small. The tight-binding analysis,1 experi-
mental measurements,16 and ab initio density functional
computations15 indicated that the band gaps of semiconduct-
ing nanotubes with diameters larger than 0.75 nm are diam-
eter dependent. Ourab initio calculations15 revealed that the
semiconducting SWNTs13, 0d has a band gap of 0.75 eV
with a diameter of 1.02 nm, and the SWNTs17, 0d has a
band gap of 0.54 eV with a diameter of 1.33 nm. The semi-
conducting nanotubes with diameters around 1.1 nm would
have a band gap of,0.5 to 0.6 eV, and these tubes would
hardly contribute to the resistance measurements. Thus, we
can exclude the band-gap contributions from semiconducting
nanotubes. In addition, it is worth mentioning that our model
only considers the electrical properties of the entire “bulk”
nanotube materials instead of any specific individualsn,md
metallic nanotubes.

Furthermore, we should point out that the band gap is
defined in our model for the calculation of electron transport
properties in the region that the DOS should be zero. It is
different from the V-shaped pseudo-gaps reported earlier.8,9

In conclusion, the experimentally measured temperature de-
pendence of the resistance of the SWNT strands strongly
suggests the existence of a super-small energy gap or
pseudo-gap of about 1–3 meV in metallic SWNT bundles.
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