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Abstract. Optical limiting and thermal lensing studies are well as at room temperature [16,17]. Because of the very
carried out inC;p—toluene solutions. The measurements arénigh rate of intersystem crossing to the excited triplet state
performed usingd-ns pulses generated from a frequency-at room temperature, the fluorescence emission spectra of
doubled Nd:YAG laser @32 nm Optical limiting studies in  these molecules are very weak with an extremely low fluor-
fullerene molecules lead to the conclusion that reverse sagscent quantum yield [17]. The small singlet—triplet splitting,
urable absorption is the major mechanism for limiting. An-the very low rate of fluorescence rate constant and expected
alysis of thermal lensing measurements showed a quadrat&rge spin—orbital interaction in these molecules indicate the
dependence of thermal lens signal on incident laser energgccurrence of intersystem crossing as a dominant process.
which also supports the view that optical limiting@ap arises  Early reports [14] revealed thals; has a higher excited-
due to sequential two-photon absorption via excited triplestate absorption cross-section than the ground-state absorp-

state (reverse saturable absorption). tion cross-section over the complete visible spectrum. This
information implied that the fullerenes are reverse saturable
PACS: 78.40 Ri; 42.65 Jx; 36.40 Vz; 42.62 Fi absorption (RSA) materials and may have application to op-

tical limiting for sensor protection [19]. Reverse saturable ab-
sorption (RSA) generally arises in a molecular system when
The story of the discovery of buckminsterfullerene and thahe excited-state absorption cross-section is larger than the
birth of fullerene science started in 1985 when Smalleyground-state absorption cross-section. A detailed theoretical
Kroto, and co-workers evidenced a self-assembled spontapproach on RSA [20] and its applications [21] are given
neousCgo molecule from a hot nucleating carbon plasma [1].elsewhere. But a few authors reported that apart from RSA
The triggering of the activity of the exciting field of ful- some other nonlinear mechanisms such as nonlinear refrac-
lerene science started especially after it became possible tion, nonlinear scattering, two-photon absorption etc. also
synthesise and isolate them in macroscopic quantities usimgay a major role in the optical limiting properties of these
simple and straightforward methods [2]. Amongst the ini-molecules [22, 23].
tially unexpected properties of fullerenes is their interest- In this paper we report optical limiting and thermal lens-
ing and sizeable nonlinear optical activity [3—5]. Probablying measurements done in toluene solution€gf We em-
the most promising application of nonlinear optical activ-ployed thermo-optic techniques such as pulsed thermal lens
ity is optical limiting, i.e. the increase of optical absorption method for investigating the role of any nonlinear absorption
with light intensity. This can be used in broad-band laseprocesses that are taking place in these molecules.
safety devices and for optical sensor protection. Numerous
investigators [6—13] have demonstrated the optical proper-
ties of fullerenes. A systematic spectroscopic study of thd Experimental set-up
effects of different fullerene cage functionlisations on the
photophysical properties and optical limiting responses of th€7¢ used in our experiment was prepared by following the
Cso derivatives have been discussed [6]. Photophysical anidratschmer—Huffman technique, and employing high-purity
excited-state kinetic properties of fullerenes, including fludiquid chromatography further purified the sample. The ex-
orescence have been studied at low temperature [14, 15] &sict of C;o has the characteristic colour and its electronic
absorption spectrum was identical with that reported in the
*Present address:Institut fir Experimentalphysik V, Ruhr-Universitét literature [24]. . . o .
Bochum, 44780 Bochum, Germany We have carried out optical limiting measurements in
**Corresponding author. (E-mail: harilal@ep5.ruhr-uni-bochum.de) toluene solutions o€7o. The solution is taken in quartz cu-
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vettes of pathlength mmand10 mm 532nm, 9-nspulses 2 Results and discussion
from a frequency-doubled Nd:YAG laser are used for these
measurements. The cuvette is kept slightly away from the fo2.1 Optical limiting in C7g
cal spot of the laser beam. A long-focal-length lens is used
for focusing the laser beam so that the spot size inside thEhe ability to control the intensity of light in a predetermined
cuvette remains more or less constant and is ab60fum  and predictable manner is one of the most fundamental and
in radius. The input and output pulse energies are measur@uportant aspects of optical manipulations, with applications
using a laser energy meter. This set-up essentially avoids horanging from optical communications to optical computing.
linear refraction, as only the nonlinear absorption is importanf\n ideal optical limiter is one which is perfectly transparent
in this case contrary to the measurements done with a poiat low intensities up to a predetermined intensity level, above
detector to measure the transmitted laser energy. which the transmitted intensity remains clamped at a constant
Figure 1 shows the schematic diagram of the thermalalue. Several mechanisms have been suggested and used for
lens spectrophotometer, consisting of a frequency-doubleaptical limiting. Among these are reverse saturable absorp-
Q-switched Nd:YAG laser as the heating source and intensitytion (RSA), multiphoton absorption, free carrier absorption
stabilisedHe-Ne laser as the probe beam. The sample solun semiconductors, nonlinear refraction and optically induced
tion taken in a5-mm cuvette is placed in the pump beam scattering [19]. Multiphoton-absorption-induced optical lim-
path. The pump and probe beams are focused onto the saiting has desirable features such as low attenuation at low
ple cell and made to pass collinearly through it using suitabléncident intensities and an instantaneous response to the in-
convex lenses and by the use of a dichroic mirror. The excieident light. Two-photon absorption for optical limiting has
tation beam is blocked after the sample cuvette by a filter. Abeen studied predominantly in semiconductors [25] and in
the532nmradiation is passed through the sample-containingiovel organic molecules [26,27]. With increasing order of
cuvette, the molecules absorb some of the incident energyonlinearity, the probability of the transition drastically re-
and get excited to higher energy levels. The subsequent dduces and it takes higher intensities to induce sufficient non-
excitation processes can occur radiatively or nonradiativelyinear absorption for optical limiting.
It is the nonradiative part that gives rise to thermal lens (TL) The optical limiting property in fullerene molecules was
formation. The resulting refractive index gradient follows thefirst reported by Tutt and Kost [28] usin§32nm, 8-ns
intensity distribution of the exciting pump beam. The TL sig-pulses. These authors attributed the limiting action mainly to
nal is detected by sampling the intensity of the centre portioRSA. Transient excited-state absorption spectroscopy meas-
of the probe beam through a small aperture. In the presentements of higher lying singlet and triplet states of these
work the intensity of the centre portion of the transmittedmolecules lend support to the RSA hypothesis. Recently,
probe beam is detected by using an optical fibre. The poRiggs and Sun [8] proposed a RSA mechanism that includes
ished tip of a long graded index optical fibr20Q-um core,  both unimolecular and bimolecular excited-state processes of
NA 0.22) serves both as an aperture and as a light guidllerenes. Joshi et al. [22] observed a reduction in pulse
for the probe beam to a monochromator—photomultiplier tubgvidth and steepening of the falling part of the pulse for in-
(PMT) assembly. Since the optical fibre is used in the detegut energies well into the limiting region and suggest that
tor system the method is useful for telemetric measurementhe multiphoton absorption from the excited-state rather than
as well as for multiplexed transmission of data. It also rethe ground state might be operative. Mclean et al. [23], who
duces the influence of mode and pointing variations in thelso reached a similar conclusion, found that their nonlin-
probing laser. The monochromator—photomultiplier assemear transmission measurements vlthsand30-ps 532nm
bly tuned to the probe beam wavelengd82.8 nm) provides  pulses departed from the results of a rate-equation analysis
further filtering of the signal. The TL signal is detected asfor input fluences greater thainJ cnm? indicating initiation
the relative change in the intensity of the probe beam centref some other nonlinear mechanism. According to them, RSA
and recorded using B00-MHz digital averaging oscilloscope Yyields reasonable explanation of the low-fluence behaviour in
(Tektronix TDS 220) which provides a complete time domainboth ns and ps cases, but unusual large nonradiative relaxation
representation of the signal. A synchronous trigger pulse fromates for higher lying singlet states must be assumed in the
the Nd:YAG laser operated & Hz is used to trigger the ps case. Even though much attention has been given to the
oscilloscope. limiting property of these fascinating molecules; a clear-cut
picture for the underlying physics behind this phenomenon
has not yet emerged.
Dichroic The optical limiting studies were carried out for differ-
lens mirror  S2MPI® optical €Nt cONcentrations dE7o in toluene. The optical limiting is
O—»/—.Ij—| fibre obtained by varying the input energy of the laser and meas-
I | uring the energy transmitted by the sample. The variation
of transmitted energy with input energy is given in Fig. 2
He-Ne for different concentrations d€q in toluene for pathlength
laser WA — 5mmand 10 mm At very low laser energies the transmis-
sion obeys the Beer—Lambert law. The transmitted intensity
varies with increasing input energy with a slope equal to
exp(—Ngo1L), whereo is the absorption cross-section of the
ground stateNy is the number density of th&;g molecules,

Fig. 1. Schematic diagram of the thermal lens experimental set-up (MPA ﬁnd L is the cuvette Ien'gth'. At hi'gh inp_Ut intensity the trans-
monochromator — PMT assembly, DSO — digital storage oscilloscope) ~ mittance decreases with input intensity and we observe an

DSO
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optical limiting property with saturated or clamped output(11.8 msfor C7g [30]) and higher absorption cross-section

intensity. For a pathlength & mm, the 48% linear trans- than the ground state will accumulate significant population

mitting solution gets clamped &t5 mJand the30% linear  and eventually become the dominant absorption source.

transmitting one is clamped &tmJ This data show that as For explaining the optical limiting property of polyacene-

the concentration increases, a reduction is observed in lirbased oligomer Kojima and co-workers [31] have shown that

ear transmittance (LT) as well as in the clamping level. Itin the case of pure RSA the incident laser endiggnd the

is also noted that the saturated output intensity decreas&snsmitted laser enerdyobey the relation

with increasing pathlength. For the same concentration, the

clamping levels aré mJfor 30% and3.3 mJfor 16% LT, re- | |_o k(1 1

spectively, with a pathlength df0 mm This indicates that n A (lo—=D+Ag. @

the number density a7 molecules in the beam path is the

main factor affecting the clamped level. From the thresholdvherek is a constant that depends on the absorption cross

intensity for optical limiting for each sample it can be seensections and lifetimes of the ground, excited singlet and ex-

that the threshold is inversely proportional to the concentragited triplet states, andy is the ground-state absorbance.

tion. It has been reported that the concentration dependendte above equation says that the plot afiggil) vs (Io— 1)

in the optical limiting performance of fullerenes in solution is should be a straight line with slogeand the intercepf.

likely due to concentrational effects on optical limiting con- Figure 3 shows such a plot f&@7. The plot of In(lp/1) vs

tributions that are associated with bimolecular excited-statélo — I) looks almost linear in the desired energy ranges of in-

processes in fullerenes [8]. terest. This is a clear indication that RSA is one of the limiting
Several mechanisms have been proposed for optical linthechanisms in the case Go.

iting in fullerenes including RSA, nonlinear scattering, mul-

tiphoton absorption etc. The RSA with&Zalevel energy di-

agram yields a reasonable explanation for optical limiting in2.2 Thermal lensing irC7o—toluene solutions

the ns regime of a-electron conjugated system suchag

andCyo. When aC7o molecule is photoexcited usirg2nm,  Thermal lens (TL) spectroscopy is an effective and efficient

9-nspulses, it gets excited from the ground st§ento one  method to monitor nonradiative relaxations in a medium.

of the vibrational rotational states of the first excited singletvery weak optical absorption processes can be studied using

stateS;. This level relaxes very rapidly either to the groundthis method. Recently, TL technique has been successfully

state or to the triplet staf®. But the triplet production yield used for the determination of nonlinear processes such as

is found to be nearly unity &32nm excitation for theC7o  two-photon absorption and three-photon absorption in a dye

molecule [29]. Hence the molecules in the excited singlemedium [32,33]. The other important applications of TL

state get transferred predominantly to the lower level of thepectroscopy are trace detection, measurement of absolute ab-

triplet state due to high triplet yield and small singlet—tripletsorption coefficient, thermal diffusivity measurements, and

splitting. The molecules in the,&ndT; states can be excited determination of absolute fluorescence quantum yield [34—

to higherS, and T, states (wheren > 2). Relaxation from 37]. An excellent review by Snook and Lowe [38] gives

theseS, and T, states is in the form of heat and extremelya detailed account of the applications of TL spectroscopy.

short (<ps). The relaxation of; to § is forbidden and there- Terazima and Azumi [39] have demonstrated that TL tech-

fore very slow. The triplet state which has a long lifetimenique is very powerful in investigating the properties of
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the excited-state. Terazima and co-workers [40] have als ' ‘ T T
used this method for studying photophysical properties o .
triplet states ofCgo clusters. They investigated time de- 30 m 11 %107 mol/it .
pendence of the TL signal by considering the quenching y Barie- 5?3% " g
and decay of the triplet state and triplet—triplet absorptiorﬁ 27| . .
processes.

Methods classified as TL spectroscopy are based upcs « *
thermal change in the optical properties of a sample onth &, ,
absorptlon of laser energy. This leads to a temperature riss v
in the sample and consequently to the formation of an inhc & .
mogeneous spatial profile of the refractive index. The hec_, 21 |
released by the nonradiative relaxation processes generav . MR
avolume expansmn in the sample and a density change with ©
the excitation region. The refractive index caused by the he: 1.8+ = . v .
evolution due to the radiationless processes turns in mo: « *
cases the solution into a divergent lens, which defocuses tt "e o v
laser beam. The magnitu@ethat is the change in intensity at 1.5F ]
the probe beam centre relative to its stationary value, is give
by [41,42]

itude
«

HGG

010 0.22 0.34 0.46 0.58 0.70
log (laser energy md)

I(t=0)—I(t=00) m Fig. 4. Log—log plots of Fhermal lens signal amplitude as a function of input
(=0 x E", (2) laser energy foCrg at different concentrations

whereE is the incident laser energy is the number of pho-
tons involved in the generation of TL signdkt = 0) and
I(t = 00) are the TL signal amplitude at timte= 0 (before
the pump laser pulse, ie, the base line) areoco (steady !
state), respectively. Hence by monitoring the dependence . .
TL signal amplitude on pump energy, one can identify the oc .
currence of different processes such as one-photon absorpti Fas °
(m = 1) and multiphoton absorptiam > 2). .

We have measured TL signal produced from solutions *
of C7o in toluene at different concentrations and various in-<-
put energies. Log—log plots of TL signal amplitude agains@
laser energy are plotted for each sample and some of the
are given in Fig. 4. Figure 5 gives the dependence of slop 1
obtained from the log—log plots on the concentration ol
Cro—toluene solution. The occurrence of slope 2 in thest
curves is an indication of two-photon absorption (TPA). How-
ever, the optical limiting action ofC;o can be explained
in terms of transient reverse saturable absorption, althouc
some other mechanisms such as nonlinear refraction, no . L L
linear scattering etc. may also play a role under certain ex 6 105 z 3 4«56 10+ 2 3 456 1073
perimental conditions. The participation of instantaneous o concentration {(mo!/I )
simultaneous TPA il or in C7o has not yet been demon- kg 5 The siope curve as a function of concentratiorCag in toluene
strated under laser excitation in the ns range. The TPA from
the triplet state in these molecules is less likely since con-
siderable triplet—triplet absorption cross-section is reported dtiplet stateT; has a long lifetime and higher absorption cross-
532 nm[40]. Another potentially effective nonlinearity is se- section than that of the ground-state [29]. After resonantly
guential TPA where the excited-state absorption cross-secti@bsorbing a single photon, the molecule in the triplet state
is larger than the ground-state absorption cross-section. $mes to a higher excited-stakg, the lifetime of which is con-
the observation of slope 2 in the double logarithmic plot ofsidered to be in the ps region due to fast internal conversion.
these molecules could be due to sequential TPA. That is, inFherefore the molecules can relax to the lower excited triplet
stead of absorbing two photons simultaneously and excitingevel by collisional energy transfer to the surrounding sol-
the molecules to a higher level, which is a multiphoton resvent molecules. This process occurs within the duration of
onant one, the photons are absorbed one after the other. anns pulse. Thus the nonradiative decay froyngives rise
the power limiting region, the leading part of the laser pulsdo appreciable TL signals with quadratic dependence on laser
excites most of the molecules to the vibrational levels of thenergy. It has also been observed that, for a particular con-
excited singlet stat&;. The reported quantum yield for inter- centration, the thermal lens signal amplitude is great€in
system crossing rate to the lowest triplgtfor C;o is equal compared tdCgp. This is because &32 nm the ground-state
to unity [28]. As the intersystem crossing is very fast forabsorption cross-section f@q is much greater than fagg.

Czo (= 1n9, the triplet statel; gets populated rapidly. The But in both cases the TL signal amplitude varies quadrati-

@]
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cally with laser energy indicating the presence of sequentic
two-photon absorption [43].

For Cy9, the absorption from the excited singlet states is 48| i
negligible for ns pulses. The variation of light intensity.),
at laser wavelength, along the beam propagation direction
in a cell containing these solutions will be given, at an instan.—
t during the laser pulse and by taking intersystem crossin<<. 4, | _

rate equal to unity, by the following expression [44]: E

di(x o

Eo = el SI10) — sl SUMI ) = —al(), @) -
. 3.6} .
QLN

whereS is the ground-state concentration at instamindeg
anda; are the linear absorption coefficients from tBeand *
T, states, respectivelyr = —ao[ ] — a1a0[S]1 (1) can be
considered as an intensity-dependent absorption coefficier 3.0} ]
This « represents the absorption coefficient for the sequentit
TPA with effective sequential TPA paramefk = a100[S]. . , . . ) )
The above equation is formally similar to= ag+ g1 for 50 100 150 200
the case of instantaneous TPA. The quamityis intensity- laser intensity (MW/cm ~)
dependent through tH&)] term whereas in the instantaneous . - , i , s
TPA cases is constant. The dependence of the effective serFlé% g}%ﬁ: ?ﬂﬁﬁ,jﬁ{‘};es’;?"’}'ni‘gﬁs%’?ﬁéﬁoabs°mt'°” paramgigras a func
quential TPABe« as a function of the incident laser intensity
lo is givenin Fig. 6. It is noted that the value gf; decreases
with respect to increasing intensity of radiation. The fall-off
of Bes With increasinglg is a consequence of sequential TPA.
With increasing intensity the total absorption of 1Gg ap-
proaches asymptotically the valuengf i.e. the absorbance o
the triplet state.

The triplet-triplet absorption spectrum [45] shows tha
Cro has absorption 832 nm(the probe-beam wavelength).

Nd:YAG laser. Because of large excited singlet as well as
triplet absorption cross-sections compared to ground-state ab-
f sorption cross-sections, the major mechanism for the limiting
behaviour of these molecules is expected to be due to reverse
tsaturable absorption. Optical limiting measurements showed
that as the concentration increases a reduction in linear trans-
: . T ittance as well as the clamping level was observed. It was
So during the TL measurements there is a probability Ol;}so noted that the saturated output intensity decreases with

triplet—triplet absorption of the probéle-Ne laser light. ° . h X :
Hgnce tr?e effect 0? triplet—tripletpabsorption by thegprobemcreasmg pathlength. From the threshold intensity for opti-

beam should be taken into account. Since TL is detecte%‘l limiting for each sample it can be seen that the threshold

as the decrease of the probe beam intensity, there is furthisyVersely proportional to the concentration.

decrease of intensity by the triplettriplet absorption. The 1 hermallensing studies in these solutions showed a quad-

contribution of this effect is given by [40] ratic dependence of thermal lens signal amplitude vs input
laser energy. The occurrence of instantaneous TPA is less

ItL = AlexlpeTrisce Tt (4)  Probable in the present context, since we are using ns laser
pulses for pumping. So triplet-state absorption via sequen-

where A is a constant that depends on experimental configtial TPA is the process behind the observation of slope 2 in

uration, lex is the pump-beam intensity,, is the intensity of ~ the log-log plots. Hence thermal lensing studies in fuller-

the probe beam;rr is an extinction coefficient of the triplet— enes lead to the conclusion that sequential TPA (RSA), which

triplet absorptionkr is the lifetime of the triplet state. In the gives a value of slope 2, is playing the leading role in the

present experiment we used a low-power He-Ne laser\{)  optical limiting properties 0Czo.

for probing the TL. We expect that triplet—triplet absorption - _

is not serious at least at the power of the probe beam used knowledgements:inancial support from the Department of Science and

the present experiment. Furthermore, even if there is an efScnology. Government of India is gratefully acknowledged.
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