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Far-infrared gaps in single-wall carbon nanotubes
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The infrared properties of single-wall carbon nanotubes have been measured over 15–5000 cm21. The
sample is a freestanding film composed of purified nanotubes. The temperature dependence of the reflectance
is quite small at all temperatures studied~7.8 to 298 K! and no vibrational features are observed. The spectrum
has a clear plasma edge, analyzed by a Drude model combined with a low-frequency localized absorption at
135 cm21. The absorption band is assigned to a pseudogap in armchair nanotubes and/or to very small gaps in
zigzag or chiral nanotubes.@S0163-1829~99!50640-1#
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Since their discovery by Iijima,1 carbon nanotubes hav
been widely studied on account of their unique electronic2–4

and mechanical5,6 properties, properties which vary with th
symmetry and environment of the tubes. Several work
have investigated the electronic structures of isolated sin
wall nanotubes~SWNT’s! as well as bundled nanoropes. F
isolated tubes it is reported that~n,n! ~armchair! SWNT’s are
metallic, whereas (n,0) ~zigzag! and~n,m! ~chiral! tubes are
semiconducting, most with a gap of 0.7 eV or so.2,3,7 In
certain cases (n[m, mod 3! a very small band gap induce
by the tube curvature is predicted.2,7 It has also been theo
rized that nanoropes made from~n,n! nanotubes develop
pseudogap due to a broken symmetry caused by inter
coupling.8 No optical data for low-energy regions has be
reported up to now because of obvious difficulties in us
long-wavelength light to measure microscale samples.
cently, a method to prepare free-standing SWNT films
been reported,9 enabling the measurement of the infrar
properties in the bulk state. In this contribution, we pres
the far-infrared reflectance of SWNT’s, in which we show
evidence for far-infrared gaps in a bulk sample.

Laser-vaporization grown SWNT’s~Ref. 10! were puri-
fied, made into a free-standing film, and characterized
described in Ref. 9. The film had a thickness of 20–40mm,
and showed no transmittance over the entire range of
5000 cm21 ~2–620 meV!. The reflectance was measured
a Bruker IFS 113v using a reflectance unit and a liquid H
lium flow cryostat. The sample was rigidly affixed to a sp
cially designed, demountable sample holder which trav
with the sample throughout all measurement/process s
~e.g., gold-coating! and permits repositioning of the sampl
within the spectrometer cryostat, to an accuracy estimate
be as good as610 mm. The cryostat/sample chamber spa
is small enough to permit rapid evacuation and sample
change, without the need to vent and re-evacuate the e
spectrometer~a process which can lead to larger dimensio
changes and spectral differences!. The shift due to therma
contraction of the cryostat cold finger is compensated for
a remote-operatedz stage, which can re-index the sample
its original height to within62.5 mm accuracy.

Because of the roughness of the sample surface, we
tained the reflectance by normalizing a sample spectrum
the spectrum measured again at the same temperature
evaporating gold on the sample surface. The gold coa
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does not change the sample roughness appreciably, b
less than 100 nm thick whereas the roughness observed
optical microscope is on the order of 10mm. This coating
method to estimate the scattering loss in reflectivity on
rough surface works under the assumption that the scatte
properties of the gold-coated surface are identical to the s
tering properties of the nanotubes surface. This assump
has a defect that is possibly worse than the slight smooth
of the surface due to overcoating by the metal: because
dielectric functions are different, the scattering propert
should also be different. However, the nanotubes are ‘‘m
tallic’’ and therefore« is relatively large in magnitude, like
gold, so the correction is a reasonable first-order proced
We also note that the two defects mentioned above parti
compensate: the rough gold surface is probably a stron
scatterer than the rough nanotube surface, but the gold c
ing slightly softens the roughness, diminishing the scatter

The light source stability was monitored by measuring
gold reference mirror also located in the cryostat: t
showed no significant change during the experiment per
The total experimental error is estimated to be within60.5%
below 1000 cm21. We have checked the effect of shiftin
our reflectance up and down by the possible experime
error of 0.5% on our Kramers-Kronig results: the shifts on
generated small quantitative effects in the optical conduc
ity. For the higher-frequency region, the reflected light b
comes more diffuse due to the roughness of the sample
face, and the error increases to62.5% at 5000 cm21.
However, the errors in this higher-frequency region did n
qualitatively affect the far-infrared conductivity discuss
later. We also investigated the temperature dependenc
the film dc conductivity by a four-probe method to compa
the dc results with the extrapolated optical conductivity.

Figure 1 shows the reflectance of the SWNT film me
sured at 298 K~top! and 7.8 K~bottom!, with spectral reso-
lutions of 4 cm21 ~500–5000 cm21!, 2 cm21 ~80–500 cm21!,
and 1 cm21 ~15–80 cm21!. The temperature dependence
quite small, and no vibrational structures are observed e
at low temperatures, except for a small kink at 510 cm21 @in
contrast, graphite exhibits an in-plane stretching mode
1589 cm21 ~Ref. 11!#. The spectra have a Drude-like appea
ance: the reflectivity monotonically decreases as photon
ergy increases, with a plasma edge around 2500 cm21. Mea-
surements on samples from a second batch are qualitat
R11 305 ©1999 The American Physical Society



i
e

a
a

-

.
in

e
a
y

tri
cy

to
si
n
ne
ta
a

de
tly
33%
us
x-
are
the
.

i-
ed

y
e

gy-
-

ults
n-

by
sin
o

tz

RAPID COMMUNICATIONS

R11 306 PRB 60A. UGAWA, A. G. RINZLER, AND D. B. TANNER
similar, with the plasma edge at the same frequency but w
a somewhat higher far-infrared reflectance. The differenc
attributed to a denser morphology in these samples.12 The
spectrum differs in important ways from graphite, which h
its plasma edge at higher frequencies and a strong interb
transition around 45 cm21.13 The latter dominates in the far
infrared region, causing a reflectance peak around 100 cm21,
which cloaks the contributions from intraband transitions

The spectrum of the SWNT film, however, cannot be
terpreted within the framework of a simple Drude model. W
employ a model dielectric function, a combination of
Drude term and localized Lorentzian absorptions, given b14

«~v!5«c2
vp

2

v~ ig1v!
2(

j

Vp j
2

~v22v j
2!1 iG jv

, ~1!

where «c stands for the frequency-independent dielec
constant,vp and g are, respectively, the plasma frequen
and the relaxation rate of the charge carriers, andv j , G j ,
Vp j are the center frequency, spectral width, and oscilla
strength of the Lorentz oscillators for the localized tran
tions. The reflectance calculated with the parameters give
Table I is shown in both panels of Fig. 1 as a dotted li
Only a single localized absorption was needed to ob
complete agreement with the measurement. The upper p

FIG. 1. Reflectance of SWNT’s film measured at 298 K~top!
and 7.8 K~bottom!. The dotted line shows the simulated curves
the Drude-Lorentz model, and the dashed line is the best fit u
only a Drude term~see text!. The reflectance of graphite is als
given in the dot-dashed line for comparison.
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of Fig. 1 also shows the best fit obtained using only a Dru
term of Eq.~1! in a dashed line: in this case the fit apparen
describes the data poorly. The localized band has about
of the total low-energy spectral weight, and should th
come from intrinsic properties of the sample, not from e
trinsic features such as impurities. The fitting parameters
almost the same between 298 and 7.8 K, except that
relaxation rateg is significantly larger at low temperature
The zero-frequency conductivity, given bys(0)5«0vp

2/g,
is calculated to be 220 S cm21 at 298 K and 160 S cm21 at
7.8 K. This nonmetallic behavior is consistent with the sem
conducting transport properties of this film, as discuss
later.

In Fig. 2 ~top! we show the real part of the conductivit
(s1) obtained by a Kramers-Kronig transformation of th
reflectance. The dielectric functions from an electron ener
loss ~EELS! experiment15 were used to extrapolate our re
flectance to high frequencies and the curve fitting res
given in Table I were applied at low frequencies. The co

g

FIG. 2. Real parts of the conductivity@s1(v)# ~top! and dielec-
tric function @«1(v)# ~bottom! of SWNT’s film obtained by a
Kramers-Kronig analysis of the reflectance.

TABLE I. Analysis of the reflectance by the Drude-Loren
model.

«c

vp

~eV!
g

~eV!
Vp j

~eV!
v j

~eV!
G j

~eV!

298 K 8.5 0.64 0.25 0.45 0.020 0.042
7.8 K 7.6 0.65 0.36 0.47 0.021 0.041
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ductivity shows a strong peak at 135 cm21 ~17 meV!, corre-
sponding to the Lorentzian absorption mentioned in the p
vious paragraph. The temperature dependence is very s
as well as that of the reflectance. The extrapolated dc c
ductivity is estimated to be 200 S cm21 at 298 K and 150
S cm21 at 7.8 K, in good agreement with what is estimat
from the fit to Eq.~1!. The localized absorption dominate
the spectra, despite its smaller weight in the fit above. T
contribution of free carriers is not predominant anywhere
the measured spectral range. This conclusion is evident f
the real part of dielectric function,«1(v), shown in Fig. 2
~bottom!. A free-carrier response is characterized by la
negative values of«1(v) with decreasing photon energy i
the infrared.16 The «1 of the SWNT film becomes negativ
below 1680 cm21, but turns positive again around 145 cm21

to exhibit a dielectric character in the low-frequency regio
This feature no doubt originates from the localized band
135 cm21 in the conductivity.

We also measured the resistivity of the SWNT film, usi
pieces from the samples employed in the reflectance m
surements. The absolute resistivity at 298 K was 10–
mV cm, more than twice the optically estimated value. N
that we made no correction to this observed dc resistivity
the density, as has been done in the other reports.9,17 The
temperature dependence was semiconducting in chara
the ratior~7.8 K!/r~298 K!;5 compared to 1.3 for the opti
cal results. This temperature dependence is close to tha
served for nanoropes with tangled regions,17 consistent with
the film structure, where a huge number of nanoropes
bundled and/or tangled so as to make a bulk film.

We now discuss the interpretation of the far-infrared o
tical conductivity of the SWNT film. The electronic structu
of individual SWNT is specified by a pair of integers~n,m!,
which represent a coordinate of the wrapping vector in
hexagonal lattice of graphite single sheet.3 Hamadaet al.
used tight-binding band calculations to predict that achi
armchair SWNT’s ofn5m are gapless and should be met
lic, while zigzag or chiral SWNT’s ofnÞm have a gap tha
varies depending on the wrapping vector.2 These features
were theoretically explained by Kane and Mele as follow
most of these SWNT’s have a primary gap~scaling as 1/R,
whereR is a tube radius! on the order of 1 eV, but in one
case ofn[m ~mod 3! this gap completely vanishes; there
however, still a very small gap on the order of 10 me
induced by the tube curvature scaling as 1/R2; this secondary
gap vanishes only whenn5m armchair structures.7 In the
case of~n,n! SWNT’s organized into bundles or ropes, mor
over, Delaneyet al.argued, using an empirical pseudopote
tial method, that the intertube couplings cause a broken s
metry of the tube, inducing a pseudogap at the Fermi lev8

Either or both of these effects could be reasonable for
far-infrared gaplike feature in our spectra.

The modest temperature dependence and the persis
of the gap to room temperature seen in the reflectance re
may seem unusual. We note, however, that graphite ha
electronic gaplike feature at 45 cm21 at room temperature
even lower than in the SWNT film, which is similarl
weakly temperature dependent. Moreover, unlike a semic
ductor, the density of mobile carriers in the nanotube film
large even at low temperatures. Furthermore, the gap he
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caused bysymmetryand hence is not as vulnerable to tem
perature as a charge density wave~CDW! or superconduct-
ing gap.

The optically estimated dc conductivity is much smal
than that reported on an isolated rope of SWNT’s, and t
property must originates from the heterogeneous nature
our film sample, complicating the interpretation of the da
shown here. Some experiments have reported that SWN
prepared in this manner have up to 40%~10,10! tubes18

while others have suggested that no one spe
dominates.19,20Even in the former case, our sample is a co
posite consisting of a random mixture of tubes of differe
types, oriented rather randomly at least within the plane
the film, and a considerable density of voids. Here we ta
two approaches to our analysis. First, we evaluate the s
tral weight originated from metallic or small-gap SWNT’s
the low-energy region (v,4000 cm21) and compare tha
with the spectral weight observed in higher-energy tran
tions (4000 cm21,v,8000 cm21) where only semiconduct
ing SWNT’s can contribute.2,7,19This comparison tells us the
fraction of the tubes that have metallic or small band g
character. Second, we perform an effective medium calc
tion for the optical conductivity of an assumed tw
constituent mixture of metallic and semiconducting comp
nents and compare that to the Kramers-Kronig deriv
conductivity.

The effective number of carriersNeff participating in op-
tical transitions at frequencies less thanv is given by

Neff~v!
m

m*
5

2mVcell

pe2 E
0

v

s1~v8!dv8, ~2!

wheree andm are the free-electron charge and mass, resp
tively, m* is the effective mass, andVcell is the volume oc-
cupied by one formula unit. For the latter, we take the v
ume of 40 carbons, i.e., the volume of a single turn o
~10,10! nanotube, being 600 Å3. We performed the numeri
cal integrals and foundNeff(4000 cm21);0.2 andNeff(8000
cm21);0.6. This results in a ratio of 1:2 for the amount

FIG. 3. Calculated optical conductivities@s1(v)# in the mixture
of metallic and semiconducting SWNT’s using an effective medi
approximation~EMA!. The curves are shown for metal SWNT fra
tions of 1.00 ~solid!, 0.30 ~dashed!, 0.10 ~dotted!, 0.03 ~dash-
dotted!, 0.01 ~dash-dot-dotted!, and 0.003~short-dashed!.
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metallic or small-gap SWNT’s to semiconducting SWNT
in our film. This value is reasonable if SWNT’s were gene
ated randomly, because one third of the SWNT’s should
long to a metallic or small-gap class under then[m ~mod 3!
condition.

The effective dielectric function for the mixture of needl
shaped metallic and semiconducting nanotubes can be
pressed by the effective medium approximation~EMA! ~Ref.
21! as the solution~with positive imaginary part! to

f
«m2«

g«m1~12g!«
1~12 f !

«g2«

g«s1~12g!«
50, ~3!

wheref is the volume fraction of metallic tubes with«m , 1
2 f is the volume fraction of semiconducting tubes with«s ,
and g is the depolarization factor. We takeg50.01 for
needle-shaped SWNT’s and use for the metallic tubes
Drude term of the graphite reflectance shown in Fig. 1.22 For
the semiconducting tubes, the parameters are based o
Lorentzian parts of the curve-fitting result on the fil
reflectance.22 The optical conductivity curves calculated fo
several concentrationsf are given in Fig. 3. In concentration
m

-
e-

x-

e

the

between 10 and 30%, the calculations closely resemble
measured conductivity in Fig. 2. One might expect that
far-infrared absorption is due to a small-particle resona
caused by diluting metallic nanotubes with semiconduct
nanotubes. We have also performed the EMA calculati
without the far-infrared absorption band from the parame
set used above. The result is a very weak absorption~less
than 10 S cm21 at the peak in the conductivity! around 200
cm21. We therefore conclude that the far-infrared band
essential to the sample constituent, nanotubes and nanor

The low-energy absorption band observed in the opt
conductivity at 135 cm21 ~17 meV! could arise from two
courses:~i! the pseudogap in bundled~n,n! SWNT’s al-
though its value is less than a half of the predicted value
~10,10! SWNT’s; ~ii ! the secondary gaps~5–20 meV! calcu-
lated for small-gap SWNT’s with 13–15 Å diameters.7 In-
deed, the observed far-infrared band could be due to an
erage of these two kinds of transitions.

This work was supported by the National Science Fo
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