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Abstract A strong optical Stark effect has been observed
in (6,5) semiconducting single-walled carbon nanotubes
by femtosecond pump-probe spectroscopy. The response is
characterized by an instantaneous blueshift of the excitonic
resonance upon application of pump radiation at photon energy well below the band gap. The large Stark effect is attributed to the enhanced Coulomb interactions present in
these one-dimensional materials.
PACS 42.50.Hz · 71.35.-y · 78.67.Ch

1 Introduction
Intense optical radiation can alter the electronic structure
of materials. One manifestation of such change is the shift
of the optical transition energies of the system known as
the optical Stark effect (OSE) [1]. This light–matter interaction was first observed in atoms [2, 3] and subsequently
in molecular systems [4]. For many years, there has also
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been active research into the optical Stark effect in semiconductors [5–15]. Of particular interest are systems of reduced dimensionality where the radiation–exciton coupling
is fundamentally altered by quantum-confinement effects
and many-body interactions. This is exemplified in the detailed studies of two-dimensional quantum-well structures
that have been reported in the literature [12, 13, 15]. It is
consequently natural to extend these investigations to highly
1-dimensional (1-D) structures, where still stronger confinement and many-body effects are expected [16]. With diameters in the nanometer range, single-walled carbon nanotubes (SWNTs) [17, 18] provide an attractive model system for such studies. In addition, the optically excited states
of SWNTs are characterized by strong excitonic interactions [19–21], which should enhance the optical transition
moments and in turn lead to a large OSE.
In this paper, we report the identification and characterization of the optical Stark effect in single-walled carbon
nanotubes of a defined chiral index (initial experimental results appear in [22]). The optical Stark effect was examined
by means of femtosecond optical pump-probe spectroscopy.
Our study complements earlier investigations of the transient optical response of SWNTs in which resonant or above
band-gap pump excitation was employed to probe the ultrafast electron dynamics (for a recent overview, see [23]).
Since the presence of real excitations easily masks the OSE,
we isolate the response of the OSE by using pump excitation
with photon energy far below the band gap. From the transient response probed by a white-light supercontinuum, we
obtain a direct signature of the spectral shifts arising from
the OSE. Other researchers have recently independently reported the presence of the optical Stark effect in the transient
response of small diameter nanotubes under pump radiation
slightly below the band gap [24, 25]. In addition to the use of
pump radiation well below the band gap, our measurements
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are carried out in a purified sample consisting predominantly
of nanotubes of just the (6,5) chiral index. This significantly
simplifies the analysis and interpretation of the light-induced
spectral changes. We observe an instantaneous blueshift of
the E11 excitonic transition from which we obtain an accurate evaluation of the strength of the optical Stark effect.
Adjusted for pump detuning within a two-level model, the
observed OSE in SWNTs is one of the largest reported to
date. We attribute its strength to the enhanced Coulomb interactions in the 1-D SWNTs.

2 Experimental
Our measurements were performed on a sample of purified
SWNTs. The nanotubes were grown by chemical vapor deposition using the CoMoCAT process [26] and were subsequently processed by DNA-assisted dispersion and separation [27]. This treatment yields a sample consisting predominantly of (6,5) semiconducting nanotubes (diameter d =
0.757 nm, chiral angle θ = 27.0°) with an average length of
a fraction of micron. The isolated SWNTs were suspended
in liquid D2 O in a 5-mm-thick cell. Deuterated water was
chosen to provide optical transparency in the near-infrared
to permit excitation at photon energies well below the nanotube transition energies. Figure 1 shows the optical absorption spectrum α0 (ω) of the nanotube sample as a function
of the photon energy ω around 1.2 eV. The principal feature
at ω0 = 1.253 eV corresponds to the exciton associated
with the lowest (E11 ) sub-band transition of the (6,5) nanotube. The two weaker features at 1.280 and 1.336 eV arise
from minor concentrations of other nanotube structures and
have been assigned, respectively, to (8,3) and (9,1) chiral indices [28]. The presence of a single dominant resonance in

Fig. 1 Absorption spectrum α0 (ω) of (6,5)-enriched solution of
SWNTs as a function of photon energy (blue curve). The peak centered at 1.253 eV arises from the E11 excitonic transitions of (6,5)
nanotubes. The red curves show the decomposition of this absorption
into Lorentzian contributions from this nanotube species and weaker
features from two minority nanotube species with absorption peaks at
1.280 and 1.336 eV
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the (6,5)-enriched sample, in contrast to the more complex
spectra of the usual ensemble samples, greatly simplifies interpretation of the experimental Stark-shift data.
In our measurements, we employed a strong nonresonant pump beam at a photon energy of 0.69 eV and a weak
continuum probe beam covering the E11 optical transition
of the (6,5) nanotube. The laser apparatus for these pumpprobe measurements was based on an amplified modelocked
Ti:sapphire laser that delivered optical pulses of 130 fs duration at 800 nm. Part of this radiation was converted in
an optical parametric amplifier to provide pump radiation
at photon energy of ω = 0.69 eV. This photon energy was
chosen to be well below the nanotube E11 transition energy,
as well as slightly below the threshold for two-photon absorption [19]. We probed the E11 transition of the nanotubes
using a supercontinuum white-light radiation generated in a
2-mm-thick sapphire plate from a portion of the amplified
Ti:sapphire beam. The probe beam was focused in the sample to a diameter of 0.2 mm, far smaller than the 2-mm pump
spot. This permitted examination of the optical Stark effect under conditions of homogeneous excitation. Our probe
spectra were recorded using a spectrometer equipped with
a multichannel InGaAs detector. By comparing the absorption spectra with and without the pump radiation, we obtained the pump-induced change of the optical response of
our sample. The dynamics of the light–matter interaction
could also be studied by varying the time delay of the probe
with respect to the pump pulse.

3 Results
3.1 Spectra
Figure 2 shows the change in the absorption spectrum of
the nanotube sample induced by the optical pump radiation. The results (black curve) are presented as the differential sample absorbance measured with and without the
pump radiation, α(ω) ≡ αp (ω)−α0 (ω). The measurements are obtained for temporally overlapping excitation
and probe pulses, i.e., at zero time delay. In Fig. 2, we have
also plotted the derivative of nanotube absorbance spectrum,
dα0 /d(ω), with respect to the photon energy (blue curve).
For a rigid spectral shift of the features in the absorption
spectrum that is small compared to the feature width, we expect α(ω) to be proportional to dα0 /d(ω). Such agreement is indeed observed.
The differential absorption spectrum is dominated by the
1.25 eV feature, the E11 response of the (6,5) nanotubes.
There are also two weaker features around 1.28 and 1.34 eV.
They arise from the optical Stark effects of the minority (8,3)
and (9,1) nanotube structures, consistent with the absorption
data. The agreement between the differential absorption and
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Fig. 2 Optically induced change in absorbance α(ω) ≡
αp (ω) − α0 (ω) of the nanotube sample for a pump intensity of 0.34
GW/cm2 (black trace, left vertical axis). The probe is coincident with
the pump in time. As expected for a small rigid shift of the absorption
spectrum, α(ω) matches the derivative of the absorption spectrum
dα0 /d(ω) (blue trace, right vertical axis) computed from data of
Fig. 1

the derivative of the absorption, including weaker features,
indicates that their Stark shifts are comparable to that of the
dominant (6,5) nanotube species. This result is not surprising given their similar transition energies and the significant
detuning from resonance of the pump beam.
The minor discrepancy between the form of α(ω) and
dα0 /d(ω) seen in Fig. 2 for lower photon energies is attributed to the presence of a weak background absorbance
in the sample that does not display a significant Stark shift.
Comparing the magnitude of experimental Stark spectrum
α(ω) and the calculated dα0 /d(ω), we can determine,
as discussed later in the paper, the magnitude and sign of the
Stark shift. We separately confirmed the expected linearity
of the Stark shift as a function of pump intensity for a range
of 0.3–3 GW cm−2 .
3.2 Time-resolved measurements
In addition to the spectral signature of the optical Stark effect, we have further investigated the time-domain characteristics of the optical response. The transient absorption as
a function of the probe delay time with respect to the pump
pulse is presented in Fig. 3. The frequency shift of the features is found to be instantaneous within the resolution of
the optical pump and probe pulses. This result confirms that
the response is from the optical Stark effect. We also observe a weak transient bleaching at longer probe delay time.
This response has a different spectral signature, corresponding to a reduction in strength rather than a shift of the optical
transition energy. We attribute it to a band-filling effect from
the weak excitation of real carriers through multiphoton absorption [19]. The analogous bleaching effect has also been
observed in quantum-well systems [13]. Figure 3 shows the
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Fig. 3 Optically induced change in absorbance α(ω) ≡
αp (ω) − α0 (ω) of the nanotube sample probed at ω = 1.225 eV as
a function of pump-probe delay time. The experimental data are shown
as points. The black curve is a fit to the data based on contributions
from a dominant instantaneous optical Stark signal (red curve, with
a width reflecting the experimental pump-probe cross-correlation
signal) and a slow bleaching response from weak exciton generation
by multiphoton absorption of the pump beam

decomposition of the measured response as an instantaneous
Stark shift and a weak transient bleaching, which is taken to
have an infinite lifetime.
3.3 Magnitude of the optical Stark effect
To characterize the magnitude of the OSE in SWNTs, we
need to consider the polarization effects. The 1-D character of the SWNTs leads to an highly anisotropic optical response: For a given SWNT light polarized along the nanotube produces much stronger excitation than light polarized
perpendicular to the nanotube because of local-field screening effects [29]. Indeed, in practice, we can neglect interactions of light polarized perpendicular to the nanotube and
can characterize the OSE by a single parameter describing
the Stark shift in a nanotube aligned along the direction of
the pump electric field, which we denote by δ(ω0 ). This
quantity is related to the experimentally measured response
of an isotropic sample of nanotubes in suspension through


α = (3/5) dα0 /d(ω) δ(ω0 ),
(1)


α⊥ = (1/5) dα0 /d(ω) δ(ω0 ).
Here α (ω) and α⊥ (ω) are the experimentally measured differential absorbance for pump and probe radiation
of parallel and perpendicular polarization, respectively, and
α0 (ω) is the absorbance of the unperturbed sample. The
equation predicts a ratio of α /α⊥ of 3, which was confirmed by our experimental observations. With the experimentally determined values for α and α0 , one can then
deduce the optical Stark shift of a properly aligned nanotube, δ(ω0 ). After taking into account the spatial and temporal profiles of the pump and probe beams, we obtain a
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spectral shift of δ(ω0 ) = 2.5 meV for a pump intensity of
1 GW/cm2 .

Within the two-level model, the parameter S can be identified as the square of the transition dipole moment, μ2 . Using our experimental values, we then infer a transition dipole moment of μ = 12 Debye for the (6,5) SWNT species
at room temperature. This transition dipole moment is quite
large. The strength of the optical transition can be understood as a result of enhanced Coulomb interactions in the
1-D nanotube structure. For Wannier excitons, the exciton
transition strength scale with the probability of the overlap
of the electron and hole, i.e., in 1-D, with the inverse of exciton Bohr radius, aB−1 [30]. A strong electron–hole Coulomb
interaction is thus advantageous for a large transition dipole moment because it leads to excitons with small Bohr
radius aB .
Within the same framework, our measured exciton transition dipole moment can be converted to an integrated exciton
absorption cross section σexc through the standard relation
for a localized radiating system [31], namely:

4 Discussion
Since the optical properties are dominated by the 1-D excitonic transitions [19, 20], the OSE in carbon nanotubes can
be described within an effective dressed-exciton picture. In
the simplest approximation, we consider only a two-level
system consisting of the vacuum as the ground state and the
E11 exciton as the excited state. This treatment permits a
convenient comparison with measurements of other material
systems. Within this approximation, the optical Stark shift
δ(ω0 ) is given by [3]
δ(ω0 ) =

μ2 Ep2
Ω

(2)

.

Here μ denotes the transition dipole moment between the
two states of the system; Ep is the electric field of pump
laser; and Ω = ω0 − ωp represents the detuning between the energy of the exciton transition and that of the
pump radiation. Even when the two-level system picture is
not strictly valid, one expects the dependence of Stark shift
on laser intensity I and Ω in (2) to hold roughly, provided
that the two states play a dominant role.
Following (2) we can define an intrinsic measure of the
material optical Stark effect strength as S ≡ δ(ω0 )Ω/2Ep2 ,
i.e., the magnitude of the optical Stark effect corrected for
the pump intensity and laser detuning. We can compare its
value in nanotube with other materials systems, such as
semiconductor quantum wells and organic molecules. The
results of such comparisons are listed in Table 1, together
with the relevant parameters for previous measurements
reported in the literature. Among these material systems,
SWNTs exhibit the largest optical Stark effect as described
by the S parameter.

σexc =

Temperature

(3)

For μ = 12 Debye, we then deduce σexc = 7.5 ×
10−17 cm2 eV. Because of the coherence of the exciton in
nanotube (and extended solids generally), this value reflects
the overall contribution of all of the carbon atoms included
within the exciton coherence length l. As such, information
about the exciton coherence length can be extracted by comparing σexc and the integrated absorption cross section per
carbon atom σ0 , a quantity available through linear absorption measurements. The coherence length l links these two
quantities through
σexc = nlσ0 ,

(4)

where n is the density of carbon atom per unit length. In
the previous experiments [32], the absolute absorption cross
section per carbon atom for E22 transition has been reported.
normalized Stark effect S ≡ cδ(ω0 )Ω/2I , corrected for the laser intensity and detuning. For the case of the SWNTs, the values correspond
to pump and probe pulses polarized along the nanotube axis. A similar
adjustment for orientation has been applied to values for rhodamine B
molecules

Table 1 Comparisons between the optical Stark effect in SWNTs
measured in this work and values for several other material systems
reported in the literature. The table shows the temperature of the sample, the detuning energy Ω of the pump photon below the resonance,
the pump intensity, and the resulting optical Stark shift δ(ω0 ) and
Material

3πω 2
μ .
ε0 c

Detuning

Pump intensity I

Optical Stark shift δ(ω0 )

S

(K)

Ω (meV)

(GW cm−2 )

(meV)

(Debye2 )

SWNT

300

560

1.0

2.5

140

GaAlAs

70

40

0.010

0.1

41

80

20

0.010

0.19

39

300

200

quantum well [13]
InGaAs
quantum well [14]
Rhodamine B [4]

25

25

21
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By integrating over the excitonic transition and using experimental absorption data to determine the ratio of the E11
strength compared to that of the E22 transition, we estimate
the integrated E11 absorption per carbon atom for (6,5) nanotube as σ0 = 4–8 × 10−19 cm2 eV per carbon atom. From
this value, we infer a room-temperature exciton coherence
length of l = 2–4 nm. We expect that this length would increase with decreasing temperature leading to an enhancement in σexc and, correspondingly, in the magnitude of OSE.
Although we have introduced a simple two-level model
for discussion of our OSE results, further theoretical analysis will be required for a quantitative understanding of the
response of SWNTs. In particular, the two-level model neglects the interactions between virtual excitons and the complete nanotube electronic structure. The continuum states
near the E11 excitonic transition and higher-lying excitons
associated with other sub-bands may significantly alter the
OSE. In addition, the role of strong Coulomb effects, which
has only been considered perturbationally in previous theoretical investigations of 2-D semiconductors [15, 33], may
be of more central importance in a complete description of
the OSE in carbon nanotubes. We hope that our experiment
will stimulate further theoretical study of the distinctive optical response of such 1-D systems.

5 Conclusions
We have applied two-color femtosecond pump-probe spectroscopy to examine the optical Stark effect in a sample consisting of (6,5) semiconducting SWNTs. This prototype 1-D
system exhibited an optical Stark shift for the E11 exciton
of 2.5 meV/(GW cm−2 ) when subjected to pump radiation
at photon energies well below this transition. Corrected for
pump detuning, this is among the largest optical Stark effects reported in any material. The large optical Stark effect is attributed to the strong Coulomb interaction between
charge carriers in the nanotubes. We have presented a discussion of the optical Stark effect in carbon nanotubes in
terms of a simple two-level model; a full multilevel analysis
of the problem, taking into account the strong many-body
interactions, remains an open theoretical problem.
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