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DFWM measurements of third-order susceptibility of
single-wall carbon nanotubes grown without catalyst
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Abstract

Non-linear optical response of single-wall carbon nanotubes, produced without catalyst, was investigated. Third-

order susceptibility Degenerate Four Wave Mixing measurements have been performed on thick film of nanotubes

deposited onto quartz substrate. Results are presented as measured in the nanosecond time scale at 532 nm. The second-

order hyperpolarizability c was estimated to be as large as 1.6� 10�29 e.s.u.

� 2003 Elsevier B.V. All rights reserved.
1. Introduction

Carbon nanotubes (CNTs) have unusual

physical properties due to their peculiar structure

combining one-dimensional solid state character-

istics with molecular dimensions [1,2]. Though

less than a decade passed since their discovery,

carbon nanotubes are finding practical applica-
tions in several fields. It is well known that

materials with large third-order optical non-lin-

earities (characterized by large second-order hy-

perpolarizabilities c) are required for photonic

applications including all-optical switching, data

processing, eye and sensor protection. However,

the c magnitudes of most materials are smaller
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than those needed for device construction. The

existence of C@C double bonds in CNTs pro-

vides this material with delocalized p electrons

around the tube walls, thus making them good

candidates for non-linear optical applications.

Among carbon derivatives also fullerenes should

exhibit large non-linear optical responses due to

the delocalization of p electrons, as much as in
conjugated polymer chains, however, the effect is

severely limited in the characteristic three-

dimensional sphere like geometry, which leads to

r–p electrons mixing in the fullerenes molecules

[3,4]. As a result, the c value for fullerenes is

several order of magnitude smaller than what

required for photonic devices. On the contrary,

CNTs have a one-dimensional geometry which
does not limit p electrons delocalization and

numerical calculations have shown that the c
magnitude can be enhanced by increasing the

carbon number in the linear chain [5–7]. Should
ed.
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the carbon number be large enough, the major

dynamical peaks with high c value concentrate

on a narrow frequency region near the energy

gap of CNT and the highest peak magnitude is

expected to become larger than 10�29 e.s.u. for

single-wall nanotubes with more than 200 atoms
(corresponding to a length of 4 nm) [8,9]. This

value is appropriate for practical applications

and can compete with c magnitudes of polyenic

polymers [5]. As an advantage with respect to the

latter, CNTs, composed only by carbon atoms,

show no residual infrared absorption, which in

contrast limits polymers applications in the in-

frared where the telecommunication window
must be matched.

Very few experimental measurements of CNTs

non-linear optical response have been reported so

far, therefore it is of particular interest to investi-

gate experimentally third-order non-linearities of

CNTs [10,11]. Liu et al. [10] demonstrated that

carbon nanotubes have their own third optical

non-linearity at 532 nm in the nanosecond time
scale performing a degenerate four wave mixing

(DFWM) experiment on carbon nanotubes dis-

persed in a solution of polypyrol and m-cresol with
ethanol. The difficulty in obtaining a good solu-

bility of CNTs and the strong optical DFWM

background signal originating from the solvent,

makes interesting to explore the possibility of di-

rectly measuring the third-order susceptibility on
CNT thick films.

In order to determine the third-order suscepti-

bility of CNTs deposited onto a quartz substrate,

in this work we report the experimental results of

DFWM measurements performed at 532 nm and

in the nanosecond time scale. DFWM in the for-

ward configuration was used to generate an effi-

cient non-linear optical signal from the thick layer
(�20 lm) of CNT deposited on the substrate. We

verified that the substrate itself does not generate

any DFWM signal, thus allowing for the deter-

mination of CNTs non-linear properties without

any background subtraction.

The CNTs were prepared with a recently settled

technique which does not use metal catalyst

[12,13]. The method provides a unique opportu-
nity to measure intrinsic physical properties of

CNTs, without any residual impurity otherwise
derived from the chemical procedures required for

complete catalyst removal.
2. Experimental

The non-linear optical properties measurements

were performed using the nanosecond DFWM

technique. In this method, two pulsed laser beams

(pumps) with same wavelength (kp) and polari-

zation state cross at an angle h in the medium

under investigation, giving rise to an optical in-

terference pattern. If kp matches an allowed optical

transition of some species present, the laser energy
stored in the medium will modulate the molecular

internal energy of the resonant species with a de-

fined periodicity of the fringe pattern given by

K ¼ kp=2 sinðh2Þ.
The resulting sinusoidal modulation of the

complex refractive index of the medium originates

in a grating able to diffract a third weak probe

beam, at the same wavelength kp, which crosses the
interaction region at the Bragg angle.

The laser radiation at 532 nm suitable to excite

the non-linear optical response of the CNT was

provided by the second harmonic of a Nd:YAG

laser (JK2000).

The forward phase-matching geometry, shown

in Fig. 1, was chosen for efficient signal DFWM

generation (F-DFWM). Suitable optics were used
to split from the same laser output three co-

propagating beams traveling at the corners of the

square before focusing by a lens (f ¼ 750 mm).

The F-DFWM signal emerged from the interac-

tion region as if originating from the fourth

corner of the square. After having been spatially

filtered the signal was measured by means of

photomultiplier tube (Hamamatsu R943-02) and
visualized on the screen of a scope (Tektronik

TDS 3052).

In this investigation the carbon nanotubes were

prepared by annealing of carbon nanoparticles.

This recently developed technique does not use

metal catalyst and is able to produce single-wall

nanotubes (SWNTs) with a mean diameter of

1.1� 0.3 nm arranged in bundles [12,13]. The non-
nanotube material is constituted by residual car-

bon particles which are not detrimental for the v3



Fig. 1. Forward DFWM phase-matching scheme.
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evaluation of the sample, because we verified that

they do not exhibit any non-linear signal in the

experimental conditions (pulse energy and dura-

tion) adopted during the measurements reported

in the following. The percentage of carbon nano-

particles was evaluated by SEM and RAMAN

spectroscopy and resulted to be lower than 30%

[12]. The sample used in our experiment consists of
20 lm thick films of CNTs deposited by drying

droplets of CNTs–ethanol suspension (1:100 by

weight) onto a quartz substrate held at 200 �C.
Before dropping, the suspension was sonicated for

1 h at room temperature.

The CNTs optical absorption spectra here re-

ported were obtained by using a Perkin–Elmer k
90 scanning spectrophotometer across a wave-
length range of 200–3200 nm with a resolution of

2 nm.
3. Results and discussion

Fig. 2 shows a typical optical absorption spec-

trum (plotted in optical density, O.D.) of the CNT
Fig. 2. Typical optical absorpti
samples investigated in our experiment. Broad

bands centred at 1.28� 0.05 and 2.2 eV, with

shoulders at 1.36� 0.05 and 2.4� 0.1 eV, respec-

tively, emerge on a background increasing at in-

creasing photon energy. The background is

ascribed to the density of states of amorphous

carbon. The absorption bands, due to optical

transitions of SWNTs, can be identified as inter-
band transitions between the Van Hove singular-

ities in the 1D electronic density of states (DOS)

according to previous and current theoretical

studies [14,15]. The singularities are spikes in the

DOS which occur at specific energies, depending

on the nanotube diameter and chirality. From

band structure calculations, approximate relations

were deduced between the energy E of interband
transitions between DOS singularities and the

nanotube diameter, suggesting that the optical

absorption peaks should move to higher energy as

E increases and at decreasing nanotube diameter.

On the basis of the relation found [14,15], the band

transition at 1.28 eV energy corresponds to the

separation between the first and second pairs of

Van Hove singularities in the semiconducting,
on spectra of CNTs film.



Fig. 3. Dependence of the CNTs DFWM signal on the cube of

the pump beam energy. The good linear fit (standard devia-

tion¼ 4%) indicates the one-photon nature of the excitation

involved.
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chiral nanotubes with a diameter of about 1.1 nm,

while the transition at higher energy belongs to

metallic nanotubes. Therefore, as expected, our

sample is a mixture of nanotubes with different

chirality; the non-negligible absorption occurring

at the exciting laser wavelength (532 nm), is suit-
able to excite non-linear optical response.

The magnitude of the tensor component vð3Þ1111 of

our CNT sample was measured by setting the two

pump beams and the probe beam in the same

polarization state. For a quantitative determina-

tion of vð3Þ1111 the experimental apparatus must be

calibrated in advance, by measuring the DFWM

signal intensity of a reference sample with a well-
known vð3Þ1111ref .

The cubic susceptibility of the sample is then

obtained by using the relation

vð3Þ1111 ¼
lref
l

n
nref

� �2 al
ð1� e�alÞe�al=2

I
Iref

� �1=2

vð3Þ1111ref ;

ð1Þ

where l, n, a and I are the interaction length, the

index of refraction, the absorption coefficient and

the DFWM signal intensity, respectively.

As reference sample a solution of Rhodamine

6G diluted in methanol (concentration 10�6 M)

was utilized. The corresponding value of vð3Þref was

4.5� 10�13 e.s.u. [16] and in our experimental
conditions lref ¼ 1 mm and nref ¼ 1:33 for nano-

second pulses. For the carbon nanotubes sample

used in the measurements data in Eq. (1) were:

l ¼ 20 lm, n ¼ 2 and a ¼ 0:54� 103 cm�1. No

detectable DFWM signal was observed from

CNTs at pump beam intensity lower than 0.5 mJ,

while in the range between 0.5 and 1 mJ the poor

signal to noise ratio (S/N) did not allow any
quantitative determination. A good S/N was

achieved in the excitation energy range between

1.1 and 1.8 mJ, where a cubic dependence of the

DFWM signal as a function of the laser intensity

was recorded (Fig. 3). In agreement with Liu et al.

[10], the cubic dependence indicates that a one-

photon process is responsible for the third-order

optical non-linearity on the nanosecond time scale
at 532 nm. At pump beam intensities larger than

2 mJ a decrease of the DFWM signal and a

corresponding increase of the optical noise is
observed. Most probably, due to the local heating,

nanotubes are peeled off from the substrate. In our

experimental condition a pump beams energy of

2 mJ of energy corresponds to a fluence of 2.8

J/cm2 (assuming a spot size of 300 lm in the focal

point), a value which cannot lead directly to
the vaporization of carbon nanotubes via laser

ablation with microplasma formation [17].

The vð3Þ1111 of the CNT sample was measured with

a pump beam fluence of 2 J/cm2 and a value of

5� 10�3 was found for the (I=Iref ) ratio. By using

Eq. (1) the component vð3Þ1111 of the CNT sample

was calculated and the value of 1.2� 10�11 e.s.u.

was obtained.
A possible contribution to the nanosecond non-

linear response of carbon nanotubes could be due

to higher absorption of excited states with respect

to the ground state in a reverse saturable absorp-

tion type mechanism. The high absorption cross-

section of excited states can be understood in

terms of the increased transition probability

through dipole allowed transitions and of the large
number of final states available. The association of

nanosecond non-linear response of CNTs with an

excited-state population can be further confirmed

by the following discussion. At 532 nm in the

nanosecond time scale the ratio vð3Þ1122=v
ð3Þ
1111 was

measured, after the insertion of a k=2 retardation

plate polarized the probe beam orthogonally with

respect to the two pump beams. A value of
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0.11 was found for the vð3Þ1122=v
ð3Þ
1111 ratio which in-

dicates a violation of the Kleinmann symmetry

condition vð3Þ1122=v
ð3Þ
1111 ¼ 1=3 for strictly non-reso-

nant electronic processes [18].

We could not derive the magnitude of second-

order hyperpolarizability c for each CNTs be-
cause, in our synthesis process, they have a wide

distribution of lengths (2� 1 lm) and diameters.

In this respect, we estimated only the average

contribution from each carbon atom in the nano-

tube using the following relation [12]:

cc ¼
vð3Þ

NqL
; ð2Þ

where N and q are, respectively, the number den-
sity of carbon atoms and the CNT purity, while L
is the local field correction given by

L ¼ 2þ n2

3

� �4

: ð3Þ

By assuming a CNT number density of 1014 cm�3 it

turns that N ¼ 8� 4� 1021 cm�3. If L ¼ 3:16 and
q ¼ 0:7, as in our sample, the magnitude of cc for
each atom in CNTs is then calculated to be

(9� 5)� 10�34 e.s.u. For C60, whose c was deter-

mined to be (7.5� 2)10�34 e.s.u. [3,4,19] the con-

tribution for atom to the third-order non-linearity

is about 1.2� 10�35 e.s.u. Therefore, the contribu-

tion of one carbon atom in the carbon nanotubes is

one order of magnitude larger than that in C60.
With the value of cc for the carbon atoms, we

can calculate the magnitude of cCNT for a single-

wall nanotube with length 1 lm and diameter

1.1 nm, cCNT � 1.6� 10�29 e.s.u. This is an appro-

priate value for photonic devices which can

compete with those of polyenic polymers for non-

linear optical applications. However, this value is

four orders of magnitude smaller than theoretical
prediction [12] which gives cCNT � 10�25 e.s.u. for a

single-wall nanotube with length 1 lm. It is worth

noticing that such disagreement was observed also

by Wang et al. [12] for c values of single-wall

nanotubes with length 160 nm from data taken at

820 nm wavelength. Further investigations are

required to understand the inadequacy of current

theories in modeling results of experiments per-
formed at different wavelengths.
4. Conclusion

We have demonstrated that single-walled na-

notubes synthesized without catalyst with a non-

conventional laser assisted procedure have their
own third-order non-linear optical response at

532 nm. At this wavelength, the nanosecond third-

order susceptibility is partially ascribed to a

reverse saturable absorption mechanism. We have

estimated a cCNT value of 1.6� 10�29 e.s.u. that,

although not as large as expected from theoretical

calculations, is still suitable for non-linear optical

applications.
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