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The far-infrared conductivity of single-wall carbon-nanotube ensembles is dominated by a broad

absorption peak around 4 THz whose origin is still debated. We observe an overall depletion of this peak

when the nanotubes are excited by a short visible laser pulse. This finding excludes optical absorption due

to a particle-plasmon resonance and instead shows that interband transitions in tubes with an energy gap of

�10 meV dominate the far-infrared conductivity. A simple model based on an ensemble of two-level

systems naturally explains the weak temperature dependence of the far-infrared conductivity by the tube-

to-tube variation of the chemical potential.

DOI: 10.1103/PhysRevLett.101.267403 PACS numbers: 78.67.Ch, 72.80.Rj, 73.63.Fg, 78.47.�p

A single-wall carbon nanotube (NT) can be pictured as a

rolled-up hexagonal sheet of carbon atoms where diameter

and chirality determine whether the tube is semiconducting

or truly metallic [1]. The electronic energy gap of semicon-

ducting tubes with a diameter of 1 nm lies in the 10 meVor

1 eV range for small- and large-gap tubes, respectively [2].

In the framework of a tight-binding model, the large gaps

arise from the quantization of the electron wave vector

along the circumference of the NTwhereas the small gaps

are due to the curvature of the NTwall along this direction.

In addition, the interaction between the NT and its local

environment, such as other tubes or adsorbed molecules,

can cause the opening of a small energy gap [3]. Because of

this high sensitivity of the electronic structure to environ-

mental changes along with the large tube surface, NTs have

been suggested as effective chemical sensors [4].

The optical properties of NTs in the visible spectral

range are well understood: As unveiled by complementary

nonlinear-optical techniques, the absorption of visible light

leads to the generation of excitons in the large-gap tubes

[5–7]. In contrast, the microscopic mechanism of the far-

infrared (FIR) absorption is still unclear: The broad ab-

sorption feature at about 4 THz was first assigned to optical

interband transitions across the electronic energy gap of

small-gap NTs as illustrated in Fig. 1(a) [8]. However, for

an electronic transition with such low energy, this peak

shows a surprisingly weak temperature dependence [8]. As

a consequence, phonons [9] and, as sketched in Fig. 1(b),

particle plasmons [10] were suggested as alternative

mechanisms. It is crucial to clarify this point, since the

FIR absorption has already been extensively used as a

sensitive probe of side chains covalently bound to the NT

wall [11] and of the doping level of the tubes [12–14].

In this Letter, we show that optical transitions across the

energy gap of small-gap tubes dominate the FIR conduc-

tivity of NTs. First, photoexcitation of the NTs induces an

overall drop but no shift of the FIR conductivity peak,

which excludes a plasmonic resonance as an absorption

mechanism. Such behavior is rather a clear fingerprint of

optical interband transitions blocked by electron-hole

pairs. Second, a simple model based on an ensemble of

two-level systems naturally explains the weak temperature

dependence of the FIR absorption by the tube-to-tube

variation of the chemical potential, a mechanism that has

not been considered so far.

Our sample is a 700 nm thick film of high-pressure–CO-

grown NTs on a diamond substrate, and its preparation and

characterization are detailed elsewhere [15]. The NTs in

our sample are partially bundled, and their diameter dis-

tribution extends from 0.8 to 1.2 nm [16]. Atomic-force

micrographs suggest a NT space-filling fraction F of

�0:2. Roughly 2=3 of all NTs are large-gap tubes which

become transparent at photon energies below 0.6 eV,

whereas the small-gap and metallic NTs can still absorb

photons [17].

For the FIR conductivity measurements, we employ a

THz spectrometer driven by laser pulses of 10 fs duration,

790 nm center wavelength, 10 nJ energy, and 75 MHz

repetition rate from a Ti:sapphire laser oscillator
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FIG. 1 (color online). Schematic of proposed mechanisms

explaining the far-infrared absorption of NTs. (a) Interband

transitions across the band gap G of a small-gap NT. An

impurity-assisted intraband transition in the band structure �ðkÞ
is also shown. (b) Particle-plasmon resonance. The probing

electric field E induces charges on the NT surface which lead

to an additional repulsive force on the electrons inside.
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(Femtolasers M1). Part of the laser output is focused onto a

ZnTe, GaP, or GaSe crystal to generate ultrashort THz

pulses by difference-frequency mixing [18]. After trans-

mission through the NT sample, the THz electric field is

detected electro-optically by a sampling pulse in a ZnTe or

GaP crystal [19,20]. Our spectrometer covers the fre-

quency window from 1 to 40 THz by using various pairs

of emitter and detection crystals, see Fig. 2(a). The low-

temperature measurements employ a cryostat (Cryovac

Konti) whereas high electronic temperatures are realized

by an additional laser pulse which heats the sample prior to

probing. For this pump-probe configuration, the THz spec-

trometer is driven by 20 fs, 800 nm, 600 �J, 1 kHz pulses

from an amplified Ti:sapphire laser system (Femtolasers

Femtopower Pro).

We detect THz pulses transmitted through the diamond

substrate only, an unexcited sample, and a sample excited

at some delay � before arrival of the THz probe. By

applying Fresnel formulas to these data, we obtain the

conductivity �1 of the unexcited sample and the pump-

induced changes ��� ¼ �� � �1. Whenever convenient,

we also refer to the dielectric function "� ¼ 1�
cZ0��=i! where Z0 � 377� is the vacuum impedance.

Figures 2(a) and 2(b) show Re�1ð!Þ and Re"1ð!Þ of
the unexcited sample. Re�1ð!Þ quantifies how strongly

the sample absorbs light of frequency !=2�. It exhibits a

broad peak centered at a resonance frequency !res=2� of

roughly 4 THz in agreement with previous reports [8–

14,21]. As seen in Fig. 2(c), the FIR absorption peak

decreases only by less than 10% when Tamb is raised

from 4 to 300 K. A further reduction of the conductivity

peak occurs when the sample is heated by a pump pulse,

which is demonstrated by the negative Re��� for several

pump-probe delays � in Fig. 2(d). Figures 2(d) and 2(e)

show also that the pump-induced signal decays uniformly

on a time scale of several picoseconds. Finally, as seen in

Fig. 2(f), jRe���j increases with the incident pump flu-

ence for fluences below 100 �J cm�2 but saturates at

higher fluences. Above a fluence of �1 mJ cm�2, we find

that the NTs are damaged irreversibly.

Two observations suggest that optical transitions across

the energy gap G of the small-gap tubes, as sketched in

Fig. 1(a), dominate the FIR conductivity of NT ensembles:

First, the photon energy @!res � 16 meV at the absorption

maximum in Fig. 2(a) is compatible with the energy gap G
of individual small-gap NTs that were determined by

scanning tunneling spectroscopy [2]. Second, @!res in-

creases when the mean tube diameter of a NT ensemble

decreases and, thus, the mean G increases [2,10,14].

However, Fig. 2(c) implies that the temperature depen-

dence of electronic transitions with such low energy would

be puzzlingly weak. Consequently, alternative mechanisms

such as infrared-active phonons [9] and particle plasmons

[10] were suggested to cause the broad FIR absorption

feature. We exclude the phonon scenario since theory

neither predicts broad phonon bands nor do the vibrating

carbon atoms produce large electric dipole moments re-

quired for an effective absorption of THz radiation [21].

As to the plasmon scenario, it is important to realize that

the measured �1 shown in Figs. 2(a) and 2(b) is the

conductivity of an effective and homogeneous medium

since our NT film is uniform on the �10 �m scale of

the probe wavelength. More explicitly, effective-medium

theory in Maxwell-Garnett approximation yields [22]

" ¼ "h þ
1

3

X

s

F s

�

"s
k
� "h þ 4"h

"s? � "h

"s? þ "h

�

; (1)

where F s is the space-filling fraction of tube sort s with

dielectric function "s
k
parallel and "s? perpendicular to the

tube axis. "h � 1 is the dielectric function of the host

medium. The effective medium will show enhanced ab-

sorption at frequencies with minimum denominator "s? þ

"h in Eq. (1). The mechanism behind such particle-

plasmon resonance is illustrated in Fig. 1(b): The probing

electric field E induces charges on the NT surface which

partially compensate the external field inside the tube. This

so-called depolarization field acts as an additional repul-

sive force on the NTelectrons resulting in a blueshift of the

‘‘bare’’ resonances of "s?. Since a NT is typically 100 times

longer than wide, the depolarization field is much smaller

along the tube axis than perpendicular to it. This is con-
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FIG. 2 (color online). Experimentally determined FIR conduc-

tivity of the (a–c) unexcited and (d–f) excited NT sample.

(a) Real part of the equilibrium conductivity. Different symbols

indicate different combinations of THz-generation and detection

crystals. (b) Corresponding real part of the dielectric function.

(c) Re�1 as a function of ambient temperature Tamb together

with a fit according to Eq. (3). (d, e) Pump-induced changes in

the sample conductivity and dielectric function at several pump-

probe delays �. (f) Re��� as a function of the pump fluence.
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sistent with Eq. (1) where only the "s? but not the "s
k
show

up in the resonance denominator.

Let us now assume that the broad peak in Fig. 2(a) was

due to a plasmon resonance. An elegant way to check the

validity of this assumption is to excite the sample with a

visible pump pulse, such that the "s? undergo transient

changes. Equation (1) then implies a shift of the peak in

Fig. 2(a) and, thus, a derivativelike structure of the pump-

induced changes Re���. As an example, such transient

blueshift was observed for GaAs nanowires in which the

pump pulse increased the plasma frequency [23]. Our

pump-probe data in Fig. 2(d), however, do not show any

change in sign below 15 THz thus clearly excluding a

particle-plasmon based absorption mechanism. Equation

(1) then suggests that the pump-induced conductivity

changes are dominated by the k component, that is " �

ð1�F =3Þ"h þ
P

F s"s
k
=3 whereF ¼

P
F s. We empha-

size that this finding agrees with FIR absorption measure-

ments on aligned NTs [10] where for THz radiation

polarized parallel to the tube axes the usual FIR absorption

peak was observed. It vanished for perpendicular polariza-

tion, totally contrary to the behavior expected from a

particle-plasmon resonance.

The following microscopic model shows that the overall

reduction of the FIR absorption peak of the pump-excited

sample is a clear fingerprint of interband transitions

blocked by transient hot electrons. Given that the model

of independent electrons is valid in the small-gap tubes, the

Fermi function f�Tð�Þ ¼ fexp½ð���Þ=kBT� þ 1g�1 de-

scribes the occupation of a single-electron Bloch state

with energy �. Here, the chemical potential � is deter-

mined by the band structure, the electronic temperature T,
and the number of electrons within an individual NT. Note

that�may vary from tube to tube since we have fixed the �
origin at the gap center for each tube. Figure 1(a) sketches

the band structure of a small-gap NTwith band-gap energy

G along the one-dimensional electron wave vector k to-

gether with optical transitions.

An electron absorbs a probing THz photon by an intra-

band or an interband optical transition. All transitions may

be assisted by electron scattering off lattice defects, pho-

nons, or other electrons [24,25]. Intraband transitions per-

mit arbitrarily low excitation energies and lead to a Drude-

like contribution, which is characterized by large negative

values of Re"1. Since such behavior is not observed in our
data in Fig. 2(b), only interband transitions are considered

further. They mainly connect states near the top of the

valence band and the bottom of the conduction band where

the density of states is the highest. Moreover, tight-binding

calculations predict that the transition matrix elements are

dominant for precisely these transitions [26]. The strength

of a transition in the resulting two-level scheme is propor-

tional to the difference

F�TG ¼ f�Tð�G=2Þ � f�TðG=2Þ (2)

of the final- and initial-state occupation numbers. The real

part of the conductivity of a single NT is then C�ð@!�

GÞF�TG=! [24,25,27]. The prefactor C contains all tran-

sition matrix elements connecting the band-edge states and

is assumed to be independent of the NT type.

As outlined above, the effective conductivity is approxi-

mately obtained by summing up the k conductivities of all

NTs. Equivalently, one can also integrate over all values of

�, T, and G weighted with the combined probability

distribution p�TG. We ignore possible correlations among

these quantities, p�TG ¼ p�pTpG, and assume one and

the same electronic temperature T in all tubes. The inte-

gration then reduces to

Re�ð!Þ /
pG

3!

Z

d�p�F�TG ¼:
pG

3!
hF�TGi (3)

whereG ¼ @!. The real part Re" of the dielectric function

is obtained by a Hilbert transformation of Re�.
Comparing the spectral behavior of Eq. (3) to that of the

measured equilibrium conductivity in Fig. 2(a) requires the

probability distributions pG and p� of the gap energy and

the chemical potential, respectively. Since those are

a priori unknown we prefer to compare the temperature

dependence of Re� at a fixed frequency of 3 THz, which
merely requires knowledge of p�. Assuming a Gaussian

distribution p� / exp½�ð���Þ2=2��2�, we obtain the

Re�-versus-T curves displayed in Fig. 3(a) for � ¼ 0 and
various standard deviations ��.

In case of a sharply defined chemical potential,�� ¼ 0,
our model predicts a strong decrease of the conductivity

with increasing temperature. Such a decrease, however, is

not observed in the experimental data of Fig. 2(c). On the

other hand, increasing�� gradually weakens the tempera-

ture dependence of Re� as seen in Fig. 3(a). Finally, at

�� ¼ 120 meV, the modeled Re�-versus-T curve

matches the measured curve of Fig. 2(c) quite well. The

reason for this behavior is illustrated by Fig. 3(b): When

the Fermi functions in Eq. (3) are convoluted with a �
distribution of width �� � kBT, the slope of the Fermi

edge is reduced so strongly that the averaged occupation-

number difference hF�TGi becomes nearly independent of

temperature. It has to be emphasized that �� � 0 rather

than� � 0 is the crucial condition to weaken the tempera-

ture dependence of the FIR conductivity [28]. We conclude

that the weak temperature dependence of the FIR conduc-

tivity is consistent with a tube-to-tube variation of the

chemical potential of about 0.1 eV in our sample. This

value is in good agreement with the � variations found by

conductivity measurements of individual small-gap NTs

[29] and Raman spectroscopy of large-gap NT bundles

[30]. Possible origins of the � variation are spurious

doping and charge transfer between NTs with differing

work function [31].

The validity of our interpretation can be further tested by

analyzing the transient changes in the FIR conductivity

when the sample is excited by an ultrashort visible pump

pulse. The Re��� and Re�"� are shown in Figs. 2(d) and
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2(e) for various pump-probe delays �. Transient transmis-

sion measurements with various pump-photon energies

indicated that roughly half of the absorbed 1.6 eV photons

excite the small-gap and metallic NTs [17]. Within 0.2 ps,

the excited electrons relax to a Fermi-Dirac distribution
f�T with electronic temperature T [32]. In the schematic of

Fig. 1(a), this leads to an increased number of electrons and

holes around the Fermi level. They partially block inter-

band transitions and so reduce the FIR absorption, in agree-

ment with the observed negative Re��� in Fig. 2(d). In

other words, the signal is induced by the change in electron

temperature T via the change F�TG � F�TambG
in the occu-

pation numbers. Equation (3) and the measured equilib-

rium conductivity can now be used to model the pump-

induced conductivity change as Re��ð!Þ=Re�1ð!Þ¼

hF�TGi=hF�TambG
i�1 whereG¼@!. Comparing the mod-

eled results of Figs. 3(c) and 3(d) to the experimental data

of Figs. 2(d) and 2(e) shows that our simple model repro-

duces the experimental results well for a suitable choice of

the instantaneous electronic temperature Tð�Þ. The decay

of T with the pump-probe delay � reflects the cooling of the
electrons on a picosecond time scale [33].

Increasing the pump fluence leads to higher electronic

temperatures following sample excitation. Accordingly,

the sample absorption should decrease further as is indeed

verified by our data in Fig. 2(f). However, this trend levels

off at fluences above � 200 �J cm�2, which is easily
understood by Eq. (2): The occupation-number difference
F�¼0;T;G becomes insensitive to temperature T when kBT
is much larger than the transition energy G.

In summary, we have presented a simple model based on

an ensemble of two-level systems which explains all ob-

served qualitative features of the equilibrium and nonequi-

librium FIR conductivity of small-gap NT ensembles. In

particular, the controversially discussed weak temperature

dependence of the FIR conductivity is consistent with the

tube-to-tube variation of the chemical potential, which is

� 0:1 eV in our sample. Our results suggest to use the FIR

conductivity as a sensitive and contact-free probe of the

doping of NT ensembles as well as an ultrafast ‘‘ther-

mometer’’ of the NT electrons [33].
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FIG. 3 (color online). Theoretical results for the FIR conduc-

tivity of a NT ensemble. (a) Modeled Re� versus electronic

temperature T for various standard deviations �� of the chemi-

cal potential according to Eq. (3). (b) Effect of convoluting the

Fermi function f�T with a Gaussian distribution p� of the

chemical potential. The resulting hf�Ti is much less temperature

dependent. (c, d) Heat-induced change in conductivity and
dielectric function as calculated from Eq. (3) and Re�1 for

several electronic temperatures T. Note the good qualitative

agreement with the experimental data in Figs. 2(d) and 2(e).
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