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By using femtosecond laser pulses at a wavelength range from 720 to 780 nm, we have observed
absorptive and refractive nonlinearities in a film of multiwalled carbon nanotubes grown mainly
along the direction perpendicular to the surface of quartz substrate. Thez-scans show that both
absorptive and refractive nonlinearities are of negative and cubic nature in the laser irradiance range
from a few to 300 GW/cm2. The magnitude of the third-order nonlinear susceptibility,xs3d, is of an
order of 10−11 esu. The degenerate pump–probe measurement reveals a relaxation time of,2 ps.
© 2004 American Institute of Physics. [DOI: 10.1063/1.1786371]

In the last decade, fundamental physical properties of
carbon nanotubes have attracted much attention because of
their tremendous promise in a wide range of technological
applications.1–11 In particular, ultrafast nonlinear optical re-
sponses of single-wall carbon nanotubes(SWCNTs) in sus-
pensions and in films have been investigated intensively in
recent years.12–17 Transient photobleaching has been ob-
served with femtosecond laser pulses at photon energies of
0.8–1.1 eV(wavelengthl=1.1–1.5mm), resonant with the
lowest interband transitions of semiconducting SWCNTs.
The imaginary part of the third-order nonlinear susceptibility,
Im xs3d, has been determined to be as large as 10−7 esu.16

Saturable absorption has also been detected at photon ener-
gies of ,1.47 eV sl,843 nmd, near the second lowest in-
terband transitions of semiconducting electronic structure in
SWCNTs.14 In addition, transient photoinduced absorption
has been reported under off-resonant conditions. The reso-
nant saturable absorption is identified as a band-filling
mechanism, while the off-resonant photoinduced absorption
is attributed to a global redshift of thep-plasmon
resonance.14

Note that all the abovementioned investigations focus on
the imaginary part ofxs3d and its picosecond(or subpicosec-
ond) relaxation. It is known that the real part of the third-
order nonlinear susceptibility, Rexs3d, is another key param-
eter if carbon nanotubes are to be used as ultrafast switching
materials. It is generally accepted that multiwalled carbon
nanotubes(MWCNTs) behave like metals. We expect that
the p-electrons should play an important role in the elec-
tronic structures and optical properties of MWCNTs. In
SWCNTs, thep-plasmon resonance is located at,5 eV and
spans the entire visible spectral region with a tail extending
to near-infrared wavelengths.14 The p-plasmon is a collec-
tive excitation of thep electrons. In a bulk medium, this
resonance is not coupled to light but, in the case of nanoscale
objects, it changes into a surface plasmon. In metallic nano-
particles like silver particles, it gives rise to large values of
Im xs3d and Rexs3d.18 We believe that similar nonlinear op-
tical processes should occur in MWCNTs. Here we report the
observation of negative absorptive and refractive nonlineari-
ties in a film of MWCNTs under off-resonant conditions.

These cubic nonlinearities also exhibit ultrafast relaxation.
All these findings strongly suggest the potential of MWCNT
films for all-optical switching.

The MWCNT film grown on quartz substrate was pre-
pared by a method of plasma-enhanced chemical vapor
deposition. The details of the preparation were reported
elsewhere.19,20 Figure 1(a) shows a high magnification scan-
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FIG. 1. (a) High magnification SEM image,(b) diameter distribution with
an average diameter of,40 nm and(c) UV-visible absorption spectrum of
the MWCNT film grown on quartz substrate with an average film thickness
of 1.3 mm.
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ning electron microscopy(SEM) image on the side view of
the film and substrate. It shows that the carbon nanotubes,
like bushes, are grown mainly in the direction perpendicular
to the surface of the substrate, although some of the tubes are
entangled with one another. The size distribution of the as-
grown sample is displayed in Fig. 1(b), showing an average
diameter of,40 nm and an average length(or film thick-
ness) of 1.3 mm. The linear and nonlinear optical properties
of the MWCNT film were examined as the laser light propa-
gates in the axis perpendicular to the quartz substrate(or
normal incidence on the film) at room temperature. Figure
1(c) displays the absorption spectrum of the MWCNT film at
photon energies between 1 and 6 eV. It clearly demonstrates
that the optical property of the MWCNT film is dominated
by an absorption resonance peaked at 5.4 eV. It is assigned
as thep-plasmon resonance, which is about 0.4 eV blue-
shifted in comparison to that of SWCNTs measured by Lau-
ret et al.14 The blue shift is anticipated since there are more
p-electrons in MWCNTs than in SWCNTs.

To minimize average power and reduce accumulative
thermal effects, we employed 100-fs-laser pulses at 1 kHz
repetition rate. The laser pulses were generated by a mode-
locked Ti:sapphire laser(Quantronix, IMRA), which seeded
a Ti:sapphire regenerative amplifier(Quantronix, Titan). The
wavelengths were tunable as the laser pulses passed through
an optical parametric amplifier(Quantronix, TOPAS). The
laser pulses were focused onto the MWCNT film with a
minimum beam waist of,42 mm. The incident and trans-
mitted laser powers were monitored as the MWCNT film
was moved(or z-scanned) along the propagation direction of
the laser pulses. Figure 2 displays typical open- and closed-
aperturez-scans, showing negative signs for the absorptive
and refractive nonlinearities. We assume that the observed
absorptive and refractive nonlinearities can be described by
Da=a2 I andDn=n2 I, respectively; wherea2 is the nonlin-

ear absorption coefficient,n2 is the nonlinear refractive in-
dex, andI is the light irradiance. Both thea2 andn2 values
are extracted from the best fittings between the data and the
z-scan theory.21 We plot the extracteda2 andn2 values as a
function of the maximum irradiance for eachz-scan. As
shown in Fig. 3, it is evident that thea2 andn2 parameters
are independent of the irradiance, indicating a pure third-
order nonlinear optical process in the irradiance regime up to
300 GW/cm2. No observation of saturation ina2 and n2
clearly demonstrates that the underlying mechanism in
MWCNTs is different from resonant saturable absorption in
SWCNTs, in which the saturation in the interband transitions
of semiconducting electronic structures plays an important
role.14,17 Within our experimental errors, Fig. 2 shows little
change in the magnitudes of the measureda2 andn2, as the
photon energies are tuned from 1.59 to 1.72 eV
s780–720 nmd, indicating a nonresonant nature of our ob-
served nonlinearities. This is consistent with the absorption
spectrum in Fig. 1(c), which shows that the probed wave-
lengths are in the tail of thep-plasmon resonance.

At 780 nm, we determine thata2=−29 cm/GW (or
Im xs3d=−1.6310−11 esu); and n2=−3310−4 cm2/GW (or
Re xs3d=−1.7310−11 esu). Hence uxs3du=fsIm xs3dd2

+sRe xs3dd2g1/2=2.2310−11 esu for the MWCNT film. By
comparison, a value of 8.3310−13 esu at 800 nm was ob-
served foruxs3du in carbon nanoparticles embedded in sol-gel
SiO2 glass.22 For a SWCNT solution at a concentration of
0.33 mg/mL, it was reported to be 4310−13 esu at
820 nm.12 Our larger value ofuxs3du is attributed to the high
concentration of MWCNTs packed in a 1.3-mm-thick layer.
In our previously reported closed-aperturez-scans on solu-
tions of MWCNT/polymer composites,11 a positive sign of
n2 was detected in association with thermally originated non-
linear scattering for optical limiting. The negative sign of the
measuredn2 (or self-defocusing) implies that thermal effects
are insignificant in the MWCNT film. In most of semicon-
ductors, ultrafast off-resonant nonlinearities are dominated
by two-photon absorption and bound electronic optical Kerr
effect (or self-focusing effect). These nonlinear processes re-
sult in positive signs for thea2 andn2 nonlinear parameters;
and lead to laser-induced damage at high irradiances. On the
contrary, the observed nonlinearities in the MWCNT film are
negative and, therefore, are desirable in optical applications.

FIG. 2. z-scans of the MWCNT film on quartz measured at 720 and 780 nm
by using 100-fs-laser pulses focused with a minimum waist of 42mm. The
solid lines are the best-fit curves calculated by using thez-scan theory re-
ported in Ref. 21. The filled and open circles in(a) and (c) are thez-scans
without aperture, while the filled and open circles in(b) and (d) are the
z-scans with aperture.

FIG. 3. Irradiance independence ofa2 andn2 values measured at 780 nm.
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To evaluate the relaxation time and to gain an insight of
the underlying mechanism for the observed cubic nonlineari-
ties, we conducted a degenerate pump–probe experiment at
780 nm with the use of 250-fs-laser pulses from a mode-
locked Ti:sapphire laser(Spectro-Physics, Tsunami). Figure
4 illustrates the transient transmission signalssDT/Td as a
function of the delay time for three pump irradiances. With
the film excited by the pump pulses, an optically induced
transparency occurs. As the pump irradiance increases, the
signal increases. All these findings are consistent with our
z-scan measurements. The transient signals clearly shows
there are two components. By using a two-exponential com-
ponent model, the best fits(solid lines in Fig. 4) produce
t1= ,250 fs andt2= ,2 ps. We believe thatt1 is the auto-
correlation of the laser pulses used. Thet2 component is the
recovery time of the excitedp-electrons in the MWCNT
film. Its time scale is comparable to the findings for carbon
nanoparticles22 and SWCNTs.12–17 The nature of this relax-
ation is unclear at present. The relaxation through charge
transfer via coherent tunneling processes to neighboring me-
tallic tubes is possible14 and such a relaxation has been ob-
served in C60 fullerene films.23 Further studies far beyond the

scope of this investigation are required to unambiguously
identify the nature of the relaxation in the MWCNT film.

In summary, we have presented femtosecondz-scan and
pump–probe measurements on a 1.3-mm-thick MWCNT
film, in which the nanotubes are aligned mainly in the propa-
gation direction of the laser pulses. These measurements
show the MWCNT film possesses cubic nonlinear absorption
and refraction in the laser irradiance range from a few to
300 GW/cm2. These nonresonant and negative nonlinearities
exhibit magnitudes of,10−11 esu at 780 nm and a relaxation
time of ,2 ps.
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FIG. 4. Degenerate 250-fs-time-resolved pump–probe measurements of the
MWCNT film performed at 780 nm with three different pump irradiances.
The top and middle curves are shifted vertically for clear presentation. The
solid lines are two-exponential fitting curves witht1=250 fs andt2=
,2 ps.
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