RAPID COMMUNICATIONS

PHYSICAL REVIEW B VOLUME 56, NUMBER 16 15 OCTOBER 1997-I

Wave-dispersed two-photon absorption of G,
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We report the two-photon absorpti¢fiPA) spectrum of G, in the wavelength range=0.7-1.5um. The
TPA coefficientB of the polycrystalline film shows a broad peak, wigh-25 cm/GW, around 0.9m and
drops below 3 cm/GW at>1.2 um. We find that the nonlinear absorption, and also the sign of the nonlinear
refraction above and below the TPA maximum, are satisfactorily accounted for by modeling the response with
a two-photon state positioned at 2.58 ¢80163-18207)50940-4

A considerable effort has been devoted in recent years tis derived directly from nonlinear transmission. In this case,
characterize and predict the nonlinear optical properhowever, one must face the problems of two-step processes
ties of fullerené™'? A relevant quantity is the value of and of the absorption of radiation by the charge excited by
x®, the third-order susceptibility, and in particular of TPA. The latter problem is more severe with thin samples,
X(3)(—3w;w,0,w), the degenerate one, whose real and imagiwhich is the case of solid & since samples of good optical
nary parts are related to the nonlinear refraction and twogquality are only available as thin films.
photon absorption(TPA), respectively. In spite of the We report here the TPA coefficient of a polycrystalline
progresses made, our understanding of the electronic strugitm of solid Cg, in the wavelength range 0.7—1:6m. The
ture of Gy (or Cyp) is still unsatisfactory and nonlinear op- TPA spectrum is characterized by a maximum &2 2.58
tical spectroscopy can provide valuable information aboutv, and is well accounted for by a model based on a two-
states that cannot be excited through electric dipole transphoton state at this energy. Dominance of this state on the
tions. A more practical motivation for these studies was duehird-order degenerate susceptibility is consistent with the
to the expected large nonlinear optical response of fullerenegagnitude and phase gf%) atA=0.77 um,* and at\=1.06
and to their potential use in nonlinear optical devices. Aym, the latter obtained here from nearly degenerate
large and fast third-order nonlinearity is typical of Organinrequency-mixing measurements. We could obtgirffrom
molecules possessing conjugateelectrons such as polydi- the nonlinear transmission of a Suan-thick film by em-
acetylenes or polyacetylenes. With respect to the lattefploying tunable femtosecond pulses whose short-time dura-
fullerenes have the advantage to avoid the absorption in thgon minimizes the accumulation of the excitations generated
near IR which is associated to the C-H vibration. by TPA.

Values and dispersion gf®)(— 3w; w,w,w) of fullerenes The films were grown on a glass substrate Ry tBermal
were reported from third-harmonic generatidiHG),>*and  sublimation. The commercial high-purity & powder
Imx®)(— w;®,0,0) from electroabsorption measureménts. (Hoechst AG was degassed 6 h before deposition. The
Data on the degeneraté®), derived from four-wave mixing linear-optical properties of the films were characterized by
(DFWM) or nonlinear transmission, were produced atellipsometry'®while their thickness was measured by optical
A=1.064um (Ref. 1) and around 0.77%m.*® Efforts to rec-  spectroscopy and scanning electron microscopy.
oncile x® from different techniques have recently been The experimental setup is similar to the one previously
presented. Theoretical calculations have been performed toused to measure TPA in semiconductor doped gla$sEse
predict the molecular hyperpolarizability and th€) values  tunable ultrashort pulses{~150 fs, with7, the pulse du-
of the fullerene$~1? An important point is the localization of ration) were obtained from a traveling-wave optical paramet-
the two-photon states and the relevance of the related trangic generator, based og-barium borate in type-ll phase
tions. Suggestions to this regard can be obtained from thmatching, and pumped by the 1-kHz repetition-rate, femto-
THG spectrum, but the direct evidence of the two-photonsecond pulses at 0.gm from a regenerative Ti-sapphire
states is given by the TPA spectrum. Two-photon excitatioaser system. Signdll.2—1.6,um), idler (1.6—2.4um), and
(TPE) measurements were performed inggCat 2hw  their second harmonics allowed us to cover all the wave-
=1.7-2 eV® TPE is quite sensitive; it gives the wavelength length ranges of interest. Typically, a maximum energy of 5
dependence of TPA, but does not provide the magnitude ofJ was gently focused to a 0.3—0.5 mm spot on the sample.
B, the TPA coefficient, and it relies on the assumption thatA variable attenuator, made by two crossed polarizers and a
the fluorescence quantum yield does not change with thBabinet compensator, allowed us to span the intensity range
excitation wavelength. There are no such limitations wBen 0—20 GW/cm. Transmitted and impinging energy were re-
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FIG. 1. Energy transmission of a 5/@n-thick Gy, film (@); of 90 AN )
the 150um-thick BBO calibrator phase-matched for SH generation = !‘.
(M) and out-of-phase matchin@l). Wavelength: 935 nm. | ‘é\
corded at each shot; we denote Dyheir ratio. To calculate 0 Ly \',
the optical intensity within the material we took into account L6 ' 2I8 ' 3'2 ' 3I6

only Fresnel losses and neglected multiple reflections. We
note that, in the regime of small attenuation of the incoming 2ho [eV]
beam, neglecting diffraction, time broadening of the pulses

’ g ; 1 X ! (3) -
and absorption from excited charge,can be approximated FIG. 2. Bottom. Iny* of Cgo vs two-photon energy®, from
as T~1— ALl where | ¢ is an appropriate spatial and nonlinear transmission , from nearly-degenerate frequency mix-

eff» eff > 11 A . ing; A, from Ref. 4. We remark that ati»=1.7 and 1.8 eV we can

temporal average of the impinging intensitgx,y,t) with

. , only assess the upper bounddflyand 2 GW/crf, respectively.
X,y the transversal coordinates. A 1p@A-thick BBO Crys-  1he dashed line is a fit with model No. (bne-pole while the
tal was used as TPA reference to calibrate the setup at eagfie jine is a fit with model No. 2wo-pole. Top. Imy® of Cg,

wavelength. Our method of calibration is based on the facls gne-photon energy.
that a second-order crystal, when phase matched for second-
harmonic(SH) generation, mimics a TPA absorber. In fact, to two-step processes. The magnitude of the latter can be
its nonlinear transmission in the low-depletion regime, isestimated as follows: propagating through the sample, the
given by T~1—(BL)ed et where (BL)eq pulse intensity decreases according db/dz=—al — 812
=2w?d%(gon>c®) "1L2 and d is the effective second- —3NI, with N and¥, respectively, the number density and
order coefficient. For the BBO calibrator we used, the absorption cross section of the excited charge. For small
=2 pm/V. We show in Fig. 1 an example of measurementdepletion, neglecting decay, the charge density produced by
at 935 nm, the wavelength of the figure, we calculatelinear absorption iN~0.5al7,/(Aw) so thatSNI~pI?,
(BL)eg=5.9% 103 cm?/GW, and, by comparing the slopes with 8=0.5a3 7o/ (hw). At 0.7 um we measuredvr~0.5
of the transmission curves, we derivgsL=11.8 x10° cm % and even for¥ as large as 10" cn? (quite
X107 cnf/GW for the Gy film and hence=22.7 cm/  unrealistig, we estimate8~1 cm/GW. With 3 being much
GW. We could recove with an error smaller than 25% smaller than the measured coefficient of quadratic absorption
even when the nonlinear absorptidn=1—T was kept as  (~20 cm/GW, the latter can all be attributed to TPA. By
small as 0.02. Fop=10 cm/GW,A=0.02 implies, for our employing 300-fs dye-laser pulses at 0, the authors of
film thickness, to operate &t4~3.85 GW/cn¥ and to pro- Ref. 16 concluded3<30 cm/GW, the indeterminacy being
duce, at 1 kHz repetition rate; 10 > W of absorbed power due to the incertitude on the role of two-step processes. In-
and then a negligible increase of the temperature. deed, moving from 0.7 to 0.62m, all the rest being equaB

In Fig. 2 we plotted the imaginary part of the third-order increases by more than one order of magnitude due to the
degenerate susceptibility, which—by adopting §¢f the larger «, and assessing becomes problematic. Ultrashort
convention of Ref. 15—we calculated from® through pulses decrease the role of two-step processes, but we used
Imy®=2¢,c?n’Blw. In the transformation we assumed them—first of all—in order to neglect the absorption from
=2 at all the wavelength® From Fig. 2, one can recover the charge excited by TPA. Indeed, the condition to neglect
the measured values @'s by applying 8(cm/GW)=3.57 this fifth-order process turns oyl >XAr,/(2A w) which,
X 109 2% ) Imx®), with the last two quantities in the same for A=0.02 is satisfied here fg8 as small as 2 cm/GW and
units of the figure. 3 as large as 10 cn?.

We notice that at 0.7um the linear absorption becomes  From Fig. 2 one notices that lff) shows a maximum
appreciable and then, for the data point &tZ3.5 eV, the around 2.6 eV. To account for it we shall use a model with a
quadratic absorption could be due not only to TPA, but alssingle two-photon statép, and denote byi(),, its energy
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with respect to the ground state One can expect the de- 20 o Glass + C
3) . . . pulse “a ass + Lgo
generatey'*’ to be dominated by thigp state in a range of 1 Losd pm ] -
frequency around),/2. In this case, the expression of the ——| | pulsec 2
third-order susceptibility simplifies o 15 pulse “b” MELILING &
& 1.09 um . ¥
'S . e Y
B vio o) o, () £ e
XTI E o iQy—2hw—iTy E107 o * Olass
| | =21 ¢ o
where 8=2i2up.1 11,4/ (AQi—fiw), u being the dipole el- X--R8TT
ement and running over all the one-photon intermediate 5 77%::%&:@"@
states of energf(); and connected by a dipole-allowed tran- I T < h B I"c"
sition to bothg andtp. In the transparency rang€); is [T 60
always larger thanw, the frequency of measurements, and 0 T T T T !
we shall assumé to be constant. The frequency dependence 5 10 15
of Imy® is then given by the Lorentzian [1h Q4 Wi < W, [arb. units]

—2hw)?+ thp]. The best fit of this Lorentzian to the data

leom_t% 521; Za\)/SSde_V IS Obta”:eg _fOIr:ﬁQtSEZ.tiS deV har:jdl. FIG. 3. Energy of the frequency-mixing signal, vs W2W,, for
tp— - € ar] IS represented In 3'9 y the dashe Ine('O) 10.8um-thick Gy film on a 0.2-mm-thick borosilicate glass
We shall call this one-pole model qi( No. 1. substrate(X) 1-mm-thick SF6 glass platelet$ ) the previous two

Obviously, one could improve the model by also intro- giacked together. The inset shows the experimental scheme.
ducing two-photon states of higher energy. The dotted line in

Fig. 2 is the prediction of such a conceivable model, hereaf- i i
ter denoted No. 2, where we added the contribution of a 1he other suitable wavelength is 1.0 of the Nd-YAG

second two-photon statg’ whose energyi(),,, has been (yttrium aluminum garngtlaser. Reference 1 reports values

arbitrarily set at 3.5 e\(the fit of model No. 2 gavéiQ,,  ©f [x'| and of g at 1.06um (obtained from nonlinear trans-

=2.58, the same as model No. 1, afig,=0.25 eV). We mission and DFWM, but no information on the sign of
S " T e o 3 ;

notice that the position dfp tums out to be insensitive to the Rex. Furthermore, these measurements certainly estab-

different reasonable assumptions one can maképon In- lished the correct order of magnitude of the nonlinearities,

deed, a two-photon state at higher energy is necessary R}t in our opinion, due to the relatively long puls@9 pg

account for the growth of TPA observed dt@=3.5 eV, but used there, the values of the nonlinear susceptibilities could
its role is modest up to 3.2 eV. still be somehow affected by absorption/refraction of the

On top of Fig. 2 we reported IgtY, the imaginary part of charges excited by TPA. To avoid this problem when using
the linear dielectric susceptibility (IgfY=a/w). By fitting th_e_san;e Eu!ses,. we e;]dopte.d ?hngarlytdi?:gnegrateli;eciuency-
x™ with the Lorentz oscillator form, one finds the position ::mxmg echnique. as sdoyvn r']” € |ns|e or hlg- y E f@
and the half width of the first one-photon stai@ to be requency w,) is mixe N the sample with pulsb (fre-
#0,,=2.73 eV andT,,=0.17 eV, respectivel® The guencyw,=w,—A) to yield pulsec at the new frequency
two?Ehoton state appea(;g then to be located at an energy 0.%9: 2w,—wp. The large contrast provided by frequency
eV lower than the one-photon state. The difference is comdiScrimination allowed us to detect employing moderate

parable to broadenings but cannot be attributed to experiNteénsities (;~400 MW/cn?, 1,~1,/10) and then with
mental errors. negligible nonlinear absorption. Provided that the wave-

It is worthwhile to look for additional measurements that V€Ctor mismatch for the proces& 2=k, +kc, the depletion

support thef's we have obtained, the energy g and, ©f & (gnzd 2th82 gain ofb are all negligible, one hasV,
eventually, the fact thatip alone[and then Eq(1)] can ac-  =Alx™|*L*WaW,, with W denoting the pulse energy, and
count for the whole nonlinear respon@ecluding refraction the constanf accounting for refractive indices and overlap- .
in the range 0.8—1.xm. Of the complex quantity®, we ~ PING of the pulses. Examples of measurements are shown in

shall compare with the experiments, beside/# the value Fig. 3. By comparing the slopg of the sample with that of the
of the phaseb. According to Eq.(1), one expectsb<90° reference glasséve take as a final reference tE?eK? glgss
(and then Rg® positive for A>0.95 um (2hw<2.58 eV},  and assumexfil;=3x10"% m’v?) we derive |X(ce)0|

and 90x<®<180° (and Re/® negative in the other case. =(2.6+0.3)x10 ° m?%V2 The additional data, which are

We then tried to have one datum above and one datum belonecessary to obtain the phabghave been taken by stacking

the wavelength of 0.9%m. Values ofy®® atA=0.768um  the sample with platelets of glass of know#® (real and

have been reported very recently by the authors of Ref. 4positivd. From repeated measurements we foudd

They find ®=142°+5°, in broad agreement with=157°  =(37'19° in fair agreement withb=47° and 44°, which

and 135° predicted by models No. 1 and No. 2, respectivelyare predicted by models No. 1 and No. 2, respectively. As
Furthermore, by converting thefic,1;4 to present notation, evident from Fig. 2, the value of Ig¥) we obtain agrees

one obtaing x®)|=7.93x 10 ® m?%V? and then a value of with those measured through nonlinear transmission at
Imy® which is in good agreement with our TPA results, asnearby wavelengths. This agreement and the steady decrease
shown in Fig. 2. In Ref. 5, the same authors have reportedf T with | of Fig. 1 suggest that TPA saturation is not
|x®)| to decrease on moving from 0.85 to 0.7, a fact  relevant for G at the intensities used here.

which is also consistent with the predictions of our models. Concerning theory, we notice that, by adopting a valence-
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effective Hamiltonian approach, Shuai and Bredas predicted After this work was completed, it came to our knowledge
a two-photon state at 2.45 eéVThe good agreement of this that Strokendlet al. extended the DFWM measurements to
prediction with our finding is even surprising, when one con-the IR’ They find the two-photon resonance dt«2=2.67
siders the complexity of the system. Reference 10 predictsy with B~20 cm/GW (converting toB, we took into ac-
the firstH level at 2.56 eMor at~2.3 eV, should one apply count that, due to the different conventions usgé) of

a systematic empirical correction as mentioned by the ausirokendlet al. is four times smaller than ourslt is a re-
thorg and we are tempted to identify it with the state of  markaple agreement, especially considering that two com-
our model. We notice tha}t states of representatipare pletely different techniques have been used.

two-photon allowed also in the molecule and are then ex- |, conclusion, we have reported the full TPA spectrum of
pected to produce a strong TPA. Ceo relying to this end on nonlinear transmission measure-
¢ *A tytvr?'i!logmoi leg\glsl O\f/ lower energyt, gefreaft?:_ldeenote?lments with ultrashort pulses. TPA shows a broad peak at a
p- wi tpx = 1.6/ €V, Was suggesied rom Mea- tindamental wavelength around 0.9%n, with 8~25 cm/

surement performed between 0.8 and &2 and also by . . i -
TPE which, in the rangef@s=1.7—2 eV, show the onset of GW. We clearly identify a two-photon state positioned at

fluorescence above 1.8 évip* was identified with the (2)28 eV_. Tdhe qontllndez?)r rtehs_p(inse it \t/vavelte?gth I(()jn%er thtan
lower T4 level which is TPA forbidden in the isolated mol- tHe ’égnmlsle;{n'g?tﬁe st)?uctljrewgf-% (i)s?/:/]eﬁ Zc?c’oigtéd ?osrpl €
ecule but becomes partially allowed in the sdlidystal-field by a simp e s)i/n le-resonance mosdel

effect. At 2w=1.92 eV, and then close )+ , we mea- y P 9 '

sured Im®=(0.25+0.1)x 10" ** m?V?, an order of mag- We acknowledge financial support from the project “Ot-
nitude smaller than at the peak. Our data are not in contraica guidata nonlineare” of the Consiglio Nazionale delle
diction with the existence of the statp*, but they show Ricerche(ltaly). We thank A. Alquati for the frequency mix-
that its role in the nonlinear response must be modest coming measurements and M. Ferretti for help with sample
pared totp. Indeed, estimations have predicted TPA of thepreparation. We acknowledge useful discussion with V. De-
Tyq level to be~102-10"" that of theH, level!* giorgio.
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