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Abstract. The ultrafast third-order nonlinear optical properties of C60 +
vinyltriethoxysilane H2C=CHSi(OC2H5)3 (C60 + VTES) sol-gel were in-
vestigated by the femtosecond optical Kerr gate (OKG) technique at 800
nm. The third-order optical susceptibility was measured to be 5.42 ×
10− 14 esu for C60 + VTES at a weight concentration of 0.06 wt.%. Using
C60 + VTES as the OKG material, we acquired a series of narrow band-
width and symmetric gated spectra continuously from the chirped white
light continuum generated in water with femtosecond laser pulses. The
gated spectra obtained using the C60 + VTES OKG have distinct superior-
ities compared with CS2. C©2011 Society of Photo-Optical Instrumentation Engineers
(SPIE). [DOI: 10.1117/1.3644555]
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1 Introduction
The materials with large nonlinear optical susceptibilities
and ultrafast response time have attracted much attention
in the past two decades.1–4 They were properties essen-
tial for various photonic devices such as ultrafast all-optical
switches, optical modulators, and optical limiting.5–8 Among
the numerous materials investigated, fullerene (C60) and its
derivatives were explored with great interest.9–11 Due to the
larger activity of C60 molecule with plenty of delocalized
π electrons, C60 showed excellent optical properties, espe-
cially relatively large third-order nonlinear optical (NLO)
susceptibility and fast response time. This was due to the
break of the highly symmetric electronic structure of C60
by the introducing charge transfer process. A good number
of works on the nonlinearity of C60 were reported, and they
were focused mostly on liquid solution of C60 and C60-doped
bulk material.12–17 Compared with the solution C60, the bulk
materials containing C60 have obvious advantages due to fa-
vorable physical–chemical stability and are easily formed
into desired shapes. Therefore, new C60-doped bulk materi-
als with a large optical nonlinearity and a fast response time
were crucial for practical application. Sol-gel processing was
a significant technique for developing the organic–inorganic
hybrid nanocomposites at low temperatures, at which organic
molecules may not be decomposed. Thus, the nonresonant-
type bulk materials with C60 synthesized by the sol–gel
method were expected to have large NLO susceptibilities,
low optical absorption, ultrafast response time, long inter-
action length, and compact-sized optical elements. In addi-
tion, although many C60-doped bulk materials with excellent
NLO properties have been reported,13, 17 the research results
using C60-doped bulk materials as optical Kerr gate (OKG)
medium to investigate ultrafast phenomena were not really
mentioned.
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In the present work, we applied the ultrafast
OKG of C60 + vinyltriethoxysilane H2C=CHSi(OC2H5)3
(C60 + VTES) to arbitrarily choose a slice of the chirped
white light continuum (WLC) generated in water with fem-
tosecond laser pulses. Experimental results showed that the
gated spectra intercepted using OKG of the C60 + VTES
have much narrower bandwidth and better symmetrical pro-
file than that of CS2. Moreover, we reported the measurement
of the NLO properties of the C60 + VTES bulk material using
femtosecond the OKG technique at 800 nm. The third-order
optical susceptibility was obtained at about 5.42 × 10− 14

esu for C60 + VTES.

2 Experimental Set-Up
The C60-doped bulk material was synthesized by hydrolysis
condensation of the organically modified precursors vinyltri-
ethoxysilane (VTES) in ethanol under acid (HCl)-catalyzed
hydrolysis and basic-catalyzed condensation. Details of
preparation processing were described in the literature.18

C60 was dissolved in N,N-dimethyl formamide/ethanol mixed
solvent and sonicated for about 1 h and then introduced into
the sol-gel precursor solution. The weight concentration of
C60 + VTES employed in our experiments was 0.06 wt.%.

For the measurement of the NLO properties of medium,
other technologies, such as degenerate four-wave mixing,19

nonlinear interferometry,20 and Z-scan,21 have been proposed
and used. However, the first two methods all required rela-
tively complex experimental apparatus. On the other hand,
although Z-scan was a simplistic and highly sensitive tech-
nique, the main deficiency of Z-scan was that it cannot
provide information about fast response time of a medium.
In view of the above, we employed the femtosecond OKG
method to study the NLO properties of C60 + VTES.

The experimental setup is shown in Fig. 1. A chirped-
pulse-amplified Ti:sapphire laser system was employed,
which delivered pulses of 30 fs duration at 800 nm with
a 1-kHz repetition rate. The output beam was split into two
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Fig. 1 Experimental setup for the OKG measurement. M: mirror;
BS, beam splitter; HP: half-wave plate; PMT: photomultiplier tube;
VND: variable neutral-density filter; F: low-pass filter; OMA: optical
multichannel analysis spectrometer system; R: folding reflector.

parts. The intense one acted as the pump beam which passed
through an optical delay line driven by a step motor for intro-
ducing the delay time of the pump beam to the probe beam.
A half-wave plate and a variable neutral-density filter were
inserted into the optical path of the pump beam to change
the polarization angle and energy of the pump beam, respec-
tively. The WLC was generated by focusing the weak beam
into a 1-cm thick quartz cell containing water as the probe
beam. An iris was placed close to the back surface of the
cell to eliminate the outer conical emissions from white-light
filaments. A low-pass filter was used to remove the strong
infrared part of the WLC spectrum. After recollimation, the
WLC and pump beams were cross incident into the Kerr ma-
terial by two achromatic lens with focus length 20 and 10 cm,
respectively. The polarization of the pump and WLC beams
were adjusted to be π /4 to each other. After transmitting
through the Kerr material, the WLC beam passed through an
analyzer, the transmission axis of which was strictly perpen-
dicular to that of the WLC beam. The analyzer allowed only
Kerr signals to pass through it, when the pump and probe
beams overlapped spatially and temporally on the Kerr ma-
terial. A photomultiplier tube was employed as a detector.
When the gated spectra were measured, the slice of WLC
transmitted through the analyzer was reflected by a folding
reflector behind the analyzer and then completely focused
onto an optical multichannel analysis (OMA) spectrometer
system.

3 Results and Discussion
Using the typical cross OKG setup, the nonlinear response
time of C60 + VTES was measured at a wavelength of 800
nm. The thickness of C60 + VTES was 0.7 mm. Fused silica
was selected as a reference sample because it has an in-
stantaneous (about 1 fs) response.22 As shown in Fig. 2, the
response time of C60 + VTES is about 242 fs full width at
half maximum (FWHM). The duration of the time-resolved
Kerr signal for fused silica is about 185 fs. The broadening
of the 800 nm pulse was caused by group velocity dispersion
effect when it transmitted through the nonreflective optical
elements in the OKG setup.

The OKG signals of fused silica and C60 + VTES were
measured under the same conditions. The circles in Fig. 2
show the experimental results. The magnitude ofχ (3)of the
C60 + VTES sample can be calculated with the following
equations:13, 23

Fig. 2 The OKG experimental results of C60 + VTES and fused silica
under the same conditions. The inset is the pump power dependence
of OKG signals in C60 + VTES when the delay time was kept at 0 fs.
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where the subscripts S and R stand for sample and fused
silica, respectively, I is the OKG signal intensity of the sam-
ple at zero delay time, and n is the linear refractive index.
The nonlinear refractive index n2 and n of fused silica are
2.4 × 10− 16 cm2/W and 1.45, respectively.24 The nonlinear
refractive index was related to the third-order optical suscep-
tibilities by25
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The corresponding χ (3) of fused silica is 1.28 × 10− 14 esu.
The linear index of the sample is 1.55. The value of χ (3)

for C60 + VTES is obtained to be 5.42 × 10− 14 esu by
Eq. (1). The third-order optical susceptibility measured is
smaller than that of other C60-doped bulk materials reported
in Ref. 13, which is probably due to the low concentration of
C60 in the bulk material.

In the OKG measurements, the probe transmittance of the
sample was given by26

T = T0

(
24π Leffχ

(3)

n2
Sa3Cλp

)2

I 2
pump, (3)

where a is the beam radius at the focal point; Leff is the
absorption coefficient; C is the velocity of light; λp is the
wavelength of probe beam; and I 2

pumpis the pump intensity.
The inset of Fig. 2 gives the probe transmittance as a function
of the pump intensity at 800 nm when the delay time between
the pump and probe pulses was kept at 0 fs. From the inset,
below the pump power of 3.5 mW, the measured values of the
transmittance increased in proportion to the square of pump
intensity as expected from Eq. (2). This result confirms that
the system is in the OKG operation.

To validate the practical application of C60 + VTES in
a broadband spectrum, it was employed as the medium of
ultrafast OKG to arbitrarily choose a slice of the WLC
generated in water with 800 nm femtosecond laser pulses.
Figure 3 shows the absorption spectra of the medium. From
the figure, it is noted that no obvious linear absorption from
400 to 800 nm was observed in C60 + VTES. So this material
was suitable as the Kerr gating material to select the WLC.
The strong infrared part of WLC was filtered. The spectral
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Fig. 3 Absorption spectra of C60 + VTES and the spectra of WLC
(inset).

characteristic of WLC generated was measured by using an
OMA spectrometer system. As shown in the inset of Fig. 3,
the WLC spectrum ranged from 400 to 700 nm.

Figures 4(a) and 4(b) show the obtained gated spectra
of WLC when C60 + VTES and CS2 are used as Kerr me-
dia, respectively. By varying the delay time between pump
and WLC probe beams, the slices with different center-
wavelengths in WLC were intercepted arbitrarily. Compared
with CS2, the gated spectra using C60 + VTES have much
narrower bandwidth and a better symmetrical profile. This
was because the nonlinear response time of C60 + VTES was
much faster than that of CS2. This signified that the OKG
with C60 + VTES had a higher time resolution for its po-
tential practical application. In addition, the experimental
results show that OKG with C60 + VTES has a higher ability

Fig. 4 A series of Kerr gated spectra of WLC probed at different time
delay. (a) C60 + VTES as Kerr material; (b) CS2 as Kerr material.

Fig. 5 Variation of FWHM of the Kerr-gated spectra as a function of
the wavelength.

to intercept WLC than CS2 in the short-wavelength region.
Particularly, in the wavelength range from 408 to 457 nm, the
gated spectra selected by CS2 can hardly be distinguished,
while the gated spectra selected by C60 + VTES were clear.

The Kerr-gated spectra of the WLC pulse were character-
ized with OKG measurements. Figure 4 presents the relative
spectral width versus the various center-wavelengths of the
gated spectra. As can be seen from the figure, the bandwidth
of the gated spectrum first increases and reduces afterward
when the center-wavelength of the gated spectrum moves
from 408 to 700 nm. This is attributed to the chirp of the
WLC pulse. However, due to the ultrafast response time of
C60 + VTES, the bandwidths of all gated spectra acquired by

Fig. 6 Time-resolved measurements for the WLC using OKG with
different Kerr materials. (a) C60 + VTES; (b) CS2.
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the C60 + VTES gate are narrower than that acquired by CS2,
as shown in Fig. 5.

The time evolution of the WLC pulse was also mea-
sured by using the time-resolved optical Kerr gate with
C60 + VTES and CS2, and the results are shown in Fig. 6.
Here, the 800 nm filter has been moved. As shown in Fig. 6(a),
the duration of the time-resolved signal of C60 + VTES with
WLC probed was estimated to be about 3.3 ps (FWHM).
The temporal broadening of the WLC pulse was mainly ac-
quired during the generation and propagation in the water
cell and optical elements before the sample. The WLC pulse
presented positive chirps. This means that the leading edge of
the WLC pulse comprised the red spectral component while
the trailing edge comprised the blue component. The most
energy of the WLC pulse will be in the red spectral region
which gives rise to the tailing edges of the time-resolved
Kerr signals of C60 + VTES and CS2 are higher than the
leading edges. Furthermore, the tailing edge of the time-
resolved Kerr signal of C60 + VTES is steep because the
third-order optical nonlinearity in this material originated
from mainly electronic polarization. The time-resolved Kerr
signal of CS2 with WLC probed has a long trailing edge,
which is attributed to the slow response time from molecular
orientation relaxation.27, 28

4 Conclusions
In conclusion, the optical nonlinearity of C60 + VTES has
been measured by OKG techniques with femtosecond laser
pulses. Third-order susceptibility of 5.42 × 10− 14 esu was
obtained at a weight concentration of 0.06 wt.%. The non-
linearity response time of that was 242 fs. Compared with
CS2, C60 + VTES had a distinct advantage when it acted
as the Kerr gate material. The gated spectra obtained using
C60 + VTES have a narrower bandwidth and better symme-
try with respect to CS2. The experiments in this investigation
confirmed that C60 + VTES has both relatively large non-
linearity and an ultrafast response time. These advantages
promised this medium to find potential applications in fem-
tosecond OKG measurement and other optical devices.

Acknowledgments
The authors gratefully acknowledge the financial support for
this work provided by the National Science Foundation of
China under Grant Nos. 11074197 and 91123028, and the
National Key Scientific Research Foundation of China under
Grant No. 2012CB921800.

References
1. N. Sugimoto, H. Kanbara, S. Fujiwara, K. Tanaka, Y. Shimizugawa, and

K. Hirao, “Third-order optical nonlinearities and their ultrafast response
in Bi2O3-B2O3-SiO2 glasses,” J. Opt. Soc. Am. B. 16(11), 1904–1908
(1999).

2. H. L. Yang, X. Q. Wang, Q. Ren, G. H. Zhang, X. B. Sun, L. Feng,
S. F. Wang, and Z. W. Wang, “Study on the third-order nonlinear
optical properties of bis(tetrabutylammonium) bis(1,3-dithiole-2-
thione-4,5-dithiolato)cadium,” Opt. Commun. 256(4–6), 256–260
(2005).

3. H. Kobayashi, H. Kanbara, M. Koga, and K. Kubodera, “Third-order
nonlinear optical properties of As2S3 chalcogenide glass,” J. Appl. Phys.
74(6), 3683–3687 (1993).

4. D. G. Kong, W. B. Duan, X. R. Zhang, C. Y. He, Q. Chang, Y. X. Wang,
Y. C. Gao, and Y. L. Song, “Ultrafast third-order nonlinear optical
properties of ZnPc(OBu)6(NCS)/DMSO solution,” Opt. Lett. 34(16),
2471–2473 (2009).

5. R. F. Souza, M. A. R. C. Alencar, J. M. Hickmann, and L. R. P. Kassab,
“Femtosecond nonlinear optical properties of tellurite glasses,” Appl.
Phys. Lett. 89(17), 171917 (2006).

6. S. L. Fang, H. Tada, and S. Mashiko, “Enhancement of the third-order
nonlinear optical susceptibility in epitaxial vanadyl-phthalocyanine
films grown on KBr,” Appl. Phys. Lett. 69(6), 767–769 (1996).

7. R. Gvishi, P. N. Prasad, B. A. Reinhardt, and J. C. Bhatf, “Third-order
optical nonlinearity studies of p-heptaphenyl derivatives-doped sol-gel
processed composite glass and THF solution by degenerate four-wave
mixing and optical Kerr gate measurements,” J. Sol-Gel Sci. Technol.
9, 157–167 (1997).

8. L. W. Tutt and A. Kost, “Optical limiting performance of C60 and C70
solutions,” Nature 356, 225–226 (1992).

9. L. Smilowitz, D. McBranch, V. Klimov, J. M. Robinson, A. Koskelo,
M. Grigorova, B. R. Mattes, H. Wang, and F. Wudl, “Enhanced op-
tical limiting in derivatized fullerenes,” Opt. Lett. 21(13), 922–924
(1996).

10. L. M. Dai and A. W. H. Mau, “Controlled synthesis and modification
of carbon nanotubes and C60: carbon nanostructures for advanced poly-
meric composite materials,” Adv. Mater. 13(12–13), 899–913 (2001).

11. D. Vincent and J. Cruickshank, “Optical limiting with C60 and other
fullerenes,” Appl. Opt. 36(30), 7794–7798 (1997).

12. R. Lascola and J. C. Wright, “Measurement of the second order molec-
ular hyperpolarizability of C60 by nondegenerate four-wave mixing,”
Chem. Phys. Lett. 269(1–2), 79–84 (1997).

13. B. L. Yu, H. P. Xia, C. S. Zhu, and F. X. Gan, “Enhanced third-order
nonlinear optical properties of C60–silane compounds,” Appl. Phys.
Lett. 81(15), 2701–2703 (2002).

14. J. L. Li, S. F. Wang, H. Yang, G. H. Gong, X. An, H. Y. Chen, and
D. Giang, “Femtosecond third-order optical nonlinearity of C60 and its
derivative at a wavelength of 810 nm,” Chem. Phys. Lett. 288(2–4),
175–178 (1998).

15. R. Xie and J. Jiang, “Nonlinear optical properties of armchair nanotube,”
Appl. Phys. Lett. 71(8), 1029–1031 (1997).

16. S. Wang, W. Huang, R. Liang, Q. Gong, H. Li, H. Chen, and D. Qiang,
“Enlarged ultrafast optical Kerr response of C60 with attached multi-
electron donors,” Phys. Rev. B 63(15), 153408 (2001).

17. M. Maggini, G. Scorrano, M. Prato, G. Brusatin, P. Innocenzi, M.
Guglielmi, A. Renier, R. Signorini, M. Meneghetti, and R. Bozio, “C60
derivatives embedded in sol-gel silica films,” Adv. Mater. 7(4), 404–406
(1995).

18. G. Qian, Z. Yang, C. Yang, and M. Wang, “Matrix effects and mecha-
nisms of the spectral shifts of coumarin 440 doped in sol–gel-derived
gel glass,” J. Appl. Phys. 88(5), 2503–2508 (2000).

19. S. R. Friberg and P. W. Smith, “Nonlinear optical glasses for ultrafast
optical switches,” IEEE J. Quantum Electron. 23, 2089–2094 (1987).

20. M. J. Weber, D. Milam, and W. L. Smith, “Nonlinear refractive index
of glasses and crystals,” Opt. Eng. 17, 463–469 (1978).

21. M. Sheikh-Bahae, A. A. Said, T. Wei, D. J. Hagan, and E. W. Van
Stryland, ‘‘Sensitive measurement of optical nonlinearities using a sin-
gle beam,’’ IEEE J. Quantum Electron. 26, 760–769 (1990).

22. D. J. Kane and R. Trebino, “Single-shot measurement of the intensity
and phase of an arbitrary ultrashort pulse by using frequency-resolved
optical gating,” Opt. Lett. 18(10), 823–825 (1993).

23. H. Kanbara, S. Fujiwara, K. Tanaka, H. Nasu, and K. Hirao, “Third-
order nonlinear optical properties of chalcogenide glasses,” Appl. Phys.
Lett. 70(8), 925–927 (1997).

24. D. Milam, “Review and assessment of measured values of the nonlinear
refractive-index coefficient of fused silica,” Appl. Opt. 37(3), 546–550
(1998).

25. R. W. Boyd, Nonlinear Optics, 3rd Ed., Academic Press, San Diego
(2008).

26. Y. Kondo, H. Inouye, S. Fujiwara, T. Suzuki, and T. Mitsuyu, “Wave-
length dependence of photoreduction of Ag ions in glasses through the
multiphoton process,” J. Appl. Phys. 88(3), 1244–1250 (2000).

27. E. P. Ippen and C. V. Shank, “Picosecond response of a high-repetition-
rate CS2 optical Kerr gate,” Appl. Phys. Lett. 26(3), 92–93 (1975).

28. S. Matsuo and T. Tahara, “Phase-stabilized optical heterodyne detection
of impulsive stimulated Raman scattering,” Chem. Phys. Lett. 264(6),
636–642 (1997).

Sen Jia received his BE degree in elec-
tronic engineering design and automatics
from Northwestern Polytechnical University,
China, in 2003 and his MS degree in optics
from Northwest University, China, in 2008.
He is currently pursuing his PhD degree
with a focus on ultrafast time-resolved pump-
probe technique in materials.

Biographies and photographs of the other authors are not available.

Optical Engineering November 2011/Vol. 50(11)119001-4

Downloaded From: http://opticalengineering.spiedigitallibrary.org/ on 03/26/2014 Terms of Use: http://spiedl.org/terms

http://dx.doi.org/10.1364/JOSAB.16.001904
http://dx.doi.org/10.1016/j.optcom.2005.06.085
http://dx.doi.org/10.1063/1.354511
http://dx.doi.org/10.1364/OL.34.002471
http://dx.doi.org/10.1063/1.2364467
http://dx.doi.org/10.1063/1.2364467
http://dx.doi.org/10.1063/1.117885
http://dx.doi.org/10.1038/356225a0
http://dx.doi.org/10.1364/OL.21.000922
http://dx.doi.org/10.1002/1521-4095(200107)13:12/13protect $elax <$899::AID-ADMA899protect $elax >$3.0.CO;2-G
http://dx.doi.org/10.1364/AO.36.007794
http://dx.doi.org/10.1016/S0009-2614(97)00243-1
http://dx.doi.org/10.1063/1.1512959
http://dx.doi.org/10.1063/1.1512959
http://dx.doi.org/10.1016/S0009-2614(98)00288-7
http://dx.doi.org/10.1063/1.119717
http://dx.doi.org/10.1103/PhysRevB.63.153408
http://dx.doi.org/10.1002/adma.19950070414
http://dx.doi.org/10.1063/1.1287120
http://dx.doi.org/10.1109/JQE.1987.1073278
http://dx.doi.org/10.1109/3.53394
http://dx.doi.org/10.1364/OL.18.000823
http://dx.doi.org/10.1063/1.118443
http://dx.doi.org/10.1063/1.118443
http://dx.doi.org/10.1364/AO.37.000546
http://dx.doi.org/10.1063/1.373810
http://dx.doi.org/10.1063/1.88092
http://dx.doi.org/10.1016/S0009-2614(96)01399-1

