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Using the “pump-probe” technique, the structure and the tem-
poral evolution of the light absorption in Cgp films induced by
femtosecond laser pulses in the spectral range of 2.04-2.37 eV and
the pulse time interval of 0-882 ps have been studied. Cgp films
200 nm in thickness were obtained by thermal evaporation onto
quartz substrates in a vacuum of 0.65 mPa and at room tempera-
ture.

In the probe range of 2.04-2.37 eV, the shape of the absorption
spectrum induced by femtosecond laser pulses in a Cgp film con-
sists of bands at 2.097, 2.164, 2.209, 2.262, 2.299, and 2.331 eV.
The bands at 2.097, 2.209, and 2.262 eV are induced by electron
transitions between the energy bands created by zero vibronic lev-
els of the Sp state and nonzero vibronic levels of S; state of Cgo
molecules.

For the first time, it has been shown that the “hot” bands at
2.164, 2.299, and 2.331 eV result from the electron transitions ei-
ther between the energy bands created by three nonzero vibronic
levels of Sp state, on the one hand, and the zero vibronic level
of So state, on the other hand, or between the energy bands cre-
ated by three nonzero vibronic levels of S; state, on the one hand,
and the zero vibronic level of S4 state, on the other hand, of Cgp
molecules.

The decreasing temporal kinetics of the optical density D under
the induced absorption in Cgp films was approximated by a sum
of three exponential terms in the pulse time interval of 0-882 ps.
For probe photons with the energy E = 2.217 eV, the following
values of relaxation times were obtained: 7r1 = (1.04 £ 0.13) ps,
7r2 = (5.811£0.94) ps, and 733 = (108.0 £9.3) ps. The approxima-
tion of those kinetics by the Kohlrausch function (the “stretched”
exponent) allowed us to evaluate the effective relaxation time 7
as 6.0 ps, which is close to the 7y2-value. The electron subsystem
of Cgp films needs the time interval At > 882 ps to relax into the
equilibrium state.

The quantities 7.1 and 7y2 are found to depend significantly on
the approximation time interval and the method used for averag-
ing the kinetics ADy(t). For 7:3, this dependence is much weaker.

1. Introduction
Fullerene-containing composite materials are more and

more widely applied in practice. Examples of their
use in nonlinear optical limiters of light flux intensity,
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solid-state photosensitizers for photodynamic therapy,
devices for solar power engineering, and other domains
are known well [1-3]. The results of researches concern-
ing the electrical and optical properties of monomeric
and polymerized fullerenes were summarized in review
[4]. Tables in works [5, 6] with the classification of elec-
tron transitions were formed by comparing and resolv-
ing the optical spectra of Cgp films on quartz substrates
and the transmission spectra of Cgp solutions in toluene,
hexane, and pentane into Gaussian and Lorentzian com-
ponents. Long-wave absorption in concentrated Cgg so-
lutions in hexane at room temperature was explained by
the formation of (Cgg)n-clusters [7].

In the last years, considerable attention of researchers
has been focused on issues dealing with the rate of op-
tical response by fullerene—containing composite mate-
rials, which are of substantial interest from both the
scientific and practical aspects. A number of the first
researches in this domain were carried out in works [8-
10], where the authors used the two-beam “pump-probe”
technique. The role of a “pump” beam consisted in the
transfer of the electron subsystems of examined objects
into an excited state, whereas the role of a “probe” beam,
which was delayed with respect to the former beam by
various time intervals 74, in reading out mesostates of
the electron subsystem until it relaxed completely. The
observable relaxation of the induced absorption within
the time interval of 0-600 ps was described by the
Kohlrausch function (the “stretched” exponent) [9, 10],

AD, = a exp(—(t/7)?), (1)

where ¢t is the difference between a current value 74 and a
value, at which AD, = 1; o and 8 are some parameters;
and 7. and AD, are the relaxation time and the current
value of normalized induced absorption, respectively.
The parameters § = 0.42 and 7 = 43 ps did not
change in the temperature range of 150-400 K [9]. When
the fullerene-containing films were cooled down from 150
to 5 K, the growth of 8 and 7, parameters was observed
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[10]. The increase in the excitation intensity gave rise
to a reduction of 7 in undoped Cgg films, whereas this
quantity did not change in Pb-doped Cg films [11]. The
relaxation constants were found to differ substantially
in the film phase and in fullerene solutions. In partic-
ular, in Cgp solutions, a rapid decrease of the optical
response (the corresponding constant 7, = 1.2 ps) is
followed by a slow growth of induced absorption [12],
which, according to the authors, is associated with a
reconstruction of Cgg molecule under the action of ab-
sorbed light. The considerable deformation of a Cgo
molecule under its photoexcitation is confirmed by an
observed splitting of the Hy(1) mode in intramolecular
vibrations [13]. The charge mobility threshold in Cg
films equals 2.3 eV [14,15]. The authors of work [8] sup-
posed that, when Cgg films are excited by 100-ps laser
pulses with wavelengths of 645 and 367 (345) nm, both
primary charge carriers (conduction electrons and holes)
and neutral molecules in the excited state can be gener-
ated. In this case, primary charge carriers can emerge
owing to one- and two-photon absorption at the excita-
tion above (367 nm) and below (645 nm) the mobility
threshold, respectively.

The analysis of literature data presented above shows
that the origin of bands of the Cgo absorption induced
by a femtosecond laser has not been studied enough. In
addition, the kinetics of this absorption is mainly de-
scribed with the use of the Kohlrausch function, which
gives an averaged (effective) magnitude for 7. This
work aimed at establishing the nature of the induced
absorption bands of Cgp films in the probe interval of
2.04-2.37 V. Additionally, the time dependences of the
induced absorption in Cgg films were approximated by
a sum of exponential dependences with different 7.’s,
which allowed the corresponding relaxation process to
be analyzed in more details.

2. Experimental Technique

Thin Cgp films 200 nm in thickness were deposited onto
quartz substrates, by using the thermal sputtering tech-
nique in a vacuum of 6.5 mPa and at room temperature.
The spectra of the induced absorption AD in Cgg films
were studied with the use of the two-beam “pump—probe”
technique [16]. The measurement routine was as follows.
The first laser pulse (a pulse energy of 7.5 uJ, a pulse
duration of 135-150 fs, a pulse power of 5 x 10" W, and
a pulse intensity of 1.5 x 10° W/cm?) was used to excite
the electron subsystem of Cgp molecules. With the help
of the probe pulse delayed in time by 74 with respect
to the pump one, the dependence AD(E, 14), where E
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Fig. 1. Linear absorption spectra of Cgp films 200 nm in thickness
registered on a Perkin Elmer Lambda 25UV /vis spectrophotome-
ter in the range of 1.24-3.10 €V (curve 1) with the use of the
“pump—probe” technique in the range of 2.04-2.37 €V (curve 2).
The energy of exciting photons equals 3.02 €V (designated by the
arrow)

D, a.u.

is the energy of photons belonging to the “white super-
continuum” of the probe pulse spectrum, was studied.
The probe beam was focused on a cuvette with heavy
water, which allowed us to produce the “white supercon-
tinuum” of the radiation spectrum. The maximum in-
tensity of the supercontinuum was observed at 1.55 eV.
The photon excitation energy was Fex = 3.02 eV.

Within the interval —2.14 ps < 19 < 0.76 ps, the
time delay was varied discretely with an increment of
0.1 ps. In the range of 0.76—882 ps, the increment grew in
geometric progression with a common ratio of about 1.2.

The linear absorption spectra of Cg films were regis-
tered on a Perkin Elmer Lambda 25UV /vis spectropho-
tometer. All measurements were carried out at room
temperature.

3. Experimental Data

In Fig. 1, the linear absorption spectrum of a Cgo film
200 nm in thickness registered in the photon-energy in-
terval of 1.24-3.1 eV is depicted (curve 7). One arrow
and two connected arrows mark the photon energy in
the pump pulse, Fex = 3.02 eV, and the limits of the
probe interval (2.04-2.37 eV), respectively.

According to the “pump—probe” technique, the exci-
tation and probe pulses cross the same spatial region
in the Cgo film. Temporally, they are separated by the
interval 74 (the delay time), which can be varied with
the help of a delay line. In this case, the probe pulse
can advance in time the pump one (rg4 < 0), coincide
with it (7q = 0), or be delayed (rq4 > 0). It allows us to
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Fig. 2. Absorption spectra of Cgg films 200 nm in thickness before
(curves 1) and after (curves 2) irradiation with a laser pulse and
the corresponding spectra of induced absorption (curves ) in the
range of 2.04-2.37 €V for various delay times: —0.34 (a), 0.51 (b),
0.76 (c), and 13.47 ps (d)
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monitor the variations in the optical density, when Cgo
molecules transit from the excited state into the ground
one.

In Fig. 2, curves I exhibit the spectra of the optical
density, D;, for Cgp films not subjected to the action
of laser excitation pulses, whereas curves 2 correspond
to spectra, D, registered at different delay times 74’s.
The difference AD = Dy — Dy (curves 3) illustrates the
variations of absorption spectra for Cgp films in time.
At negative delay times, —2.14 ps < 1794 < —0.54 ps,
the pump and probe pulses do not overlap in time, and
the spectra D; and D, are identical, i.e. AD = 0.
They start to overlap each other at 7y = —0.54 ps. In
this case, an insignificant induced absorption (AD > 0)
is observed in the short-wave section of the probe in-
terval (panel a). When 74 increases from —0.54 to
0.51 ps, the pulse overlapping degree grows, which stim-
ulates the magnitude of AD to increase up to its max-
imum value in the whole probe region at 74 = 0.51 ps
(panel b). A further growth of 74 results in a reduc-
tion of the induced absorption to an almost zero value;
for instance, at 7¢ = 0.76 ps (panel c¢) and 13.46 ps
(panel d). This fact testifies that, at relatively large
a9 > 0, some Cgy molecules remain in the excited
state.
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Fig. 3. Spectra of induced absorption for Cgo films 200 nm in

thickness at various delay times: —0.54 (1), —0.24 (2), —0.14 (3),
—0.04 (4), 0.06 (5), and 0.26 ps (6)

The values of D; and D, were calculated by the for-
mula

I
D=lg—, (2
P

where Iy and I, are the amplitudes of signals from a pho-
todetector (a charge-coupled device array) generated by
the reference and probe pulses, respectively, decreased
by the magnitudes of corresponding background com-
ponents. While calculating D; and D,, the Iy-value
is the same, whereas the denominators, I,, are differ-
ent. In the first case, the I,-value corresponds to the
probe pulse that passed through the Cgo film not irra-
diated with an excitation pulse. In the second case, the
probe pulse passed through the same Cgg film with the
time delay 74 after the film irradiation. Since Iy < I,
in both cases, the values of D; and D, are negative
(Fig. 2). However, this fact does not affect the AD-
value. For the sake of comparison, the D;-spectrum in
Fig. 1 (curve 2) is matched with the linear spectrum
of a Cgp film (curve 1) at a point with the quantum
energy E = 2.04 €V. By their structure, those spectra
are similar. In the D;-case, the spectrum steepness is
larger. This fact is associated with different characteris-
tics of photodetectors and spectrum registration condi-
tions.

A more detailed evolution dynamics of AD-spectra
for 74’s chosen from the interval between —0.54 and
+0.26 ps is depicted in Fig. 3. At 74 = —0.54 ps, a sec-
tion with AD > 0 (the range of Cgp film darkening) was
observed for E = (2.27 +2.37) eV (curve 7). When neg-
ative 74-values approached zero (curves 2 to 4), the sec-
tion of film darkening broadened and transformed into
a wide structured band with two maxima, which shifted
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Fig. 4. Spectra of induced absorption for Cgp films 200 nm in

thickness at various delay times: 0.26 (1), 0.36 (2), 0.46 (3), 0.56

(4), 1.65 (5), 5.51 (6), and 882 ps (7)

toward lower E’s (the bathochromic shift). Moreover,
an insignificant bleaching of Cgp films was observed in
the long-wave spectral section, E = (2.04+-2.12) eV. The
interval of film bleaching disappears, and the integrated
intensity in the darkening range increases for delay times
of 0.06 and 0.26 ps (curves 5 and 6, respectively).

In Fig. 4, the AD-spectra are shown for some de-
lay times chosen from the interval of 0.26-882 ps. At
T4 = 0.26 ps, the maximum of the structured darkening
band is located at about 2.25 eV. In its long-wave side,
a weak band at 2.09 eV is observed (curve 1). With the
growth of 74, the short-wave band intensity diminishes
and that of the long-wave one increases (curves 2 to /).
At 19 > 0.56 ps, the integrated intensity of the struc-
tured darkening band decreases (curves 5 to 7), with
the rate of intensity fall for the short-wave band being
lower than that for the long-wave one.

After a statistical treatment of experimental data
reported above, the dependences of normalized AD,-
values on 74 were obtained for given E-values. Figure 5
demonstrates a typical kinetics AD, (7q) for the probe
photon energy E = 2.213 eV and in the delay time inter-
vals from —2.14 to +882 ps (panel a) and from —2.14 to
—7.0 ps (panel b). At the zero delay time, AD, = 0.5.

In this work, we also obtained the averaged relaxation
kinetics AD,,(t) for various E’s from the probe interval
of 2.04-2.37 eV. The averaging over E included 70 points
in the spectrum of induced absorption for Cgg films.

In Fig. 6, the averaged relaxation kinetics AD,(t)
is shown for the photon energy E = 2213 eV
(curve 1). The kinetic curves calculated according to
the Kohlrausch formula with @ = 0.72 and various S-
and 7;-values are also depicted. Curve & (8 = 0.41 and
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Fig. 5. Dependences of the induced absorption in Cgg films 200 nm
in thickness on the delay time 74 for probe photons with the energy
E = 2.213 €V in the intervals from —2.14 to 882 ps (a) and from
—2.14 to 7.0 ps (b). The magnitude of induced absorption AD is
normalized to the value ADg = 0.04983
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Fig. 6. Kinetics of the normalized induced absorption ADny(t)
in a Cgp film 200 nm in thickness for probe photons with the
energy E = 2.213 €V (1) and its approximation by the Kohlrausch
function with the following parameters 8 and 7y: 0.41 and 6.0 ps
(2), 0.41 and 18.6 ps (3), and 0.43 and 43.0 ps (4), respectively

7, = 18.6 ps [10]) was found to pass closer to curve 1
than curve 4 (8 = 0.42 and 7, = 43.0 ps [9]). Curve 2
corresponds to f = 0.41 and 7, = 6.0 ps. It agrees bet-
ter with real curve 1. Hence, the time evolution of the
induced absorption in Cgp films has a non-exponential
character, which is confirmed by literature data [5, 9—
11].

More information was obtained when the kinetics
AD,(t) was approximated by a sum of three simple com-
ponents with different relaxation times according to the
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Table 1. Coefficients and relaxation times for the induced absorption in Cgp films 200 nm in thickness for various
photon energies in the probe interval of 2.04-2.37 eV
N E, ADno, Aj, Trl, Az, Tr2, As, Tr3,
eV a.u. a.u. ps a.u. ps a.u. a.u.
1 2.359 0.12555 0.17442 0.796 0.21082 4.194 0.35773 102.76
2 2.334 0.12396 0.19824 0.732 0.25721 4.075 0.29694 101.31
3 2.308 0.11301 0.25825 0.917 0.24778 4.983 0.26033 108.80
4 2.284 0.10593 0.33474 0.974 0.22524 5.264 0.23927 100.26
5 2.260 0.09448 0.34515 1.059 0.24673 5.573 0.20081 103.77
6 2.236 0.08154 0.42474 1.042 0.21925 6.480 0.18390 96.67
7 2.213 0.06994 0.42135 1.040 0.22008 5.699 0.17642 83.91
8 2.190 0.06977 0.51558 1.072 0.20416 6.499 0.15603 103.80
9 2.168 0.08144 0.45203 1.160 0.20379 4.634 0.15589 88.58
10 2.147 0.08849 0.53411 1.098 0.19195 5.811 0.12032 94.48
12 2.126 0.09969 0.49412 1.284 0.19180 7.170 0.09332 129.74
13 2.105 0.08728 0.54476 1.187 0.16012 7.066 0.09373 142.88
14 2.085 0.09081 0.65828 1.180 0.13305 8.120 0.09289 147.53
Av. 2.217 0.09476 0.41198 1.042 0.20861 5.813 0.18674 108.04
0,05 were obtained by averaging over every ten points in the
kinetic dependence. The magnitudes of AD,, A2, and
0,04 Aj; decrease and that of Ay increases as the energy E di-
minishes. This means that the contribution of the first
3 0,03 (the quickest) component, characterized by 71, grows,
® 0,021 as the band energy decreases. The following averaged
% values of relaxation times were obtained for the energy
0,01 of probe photons E = 2.217 €V: 7,; = (1.04 £ 0.13) ps,
0.00 2 aAnn AR 2R M o Tr2 = (5.81 £ 0.94) ps, and 73 = (108.0 = 9.3) ps.
' FREIETY Y3 Yo% Y The values of 7y2 turned out close to 7 = 6.0 ps de-
-0,01 ; . ; ; . . . termined above from the Kohlrausch formula (Fig. 6,

T4s PS

Fig. 7. Dependences of the induced absorption AD in Cgg films
200 nm in thickness (1) and a quartz substrate (2) on the delay
time 74 for the energy of probe photons E = 2.168 eV

equation

3
ADy, = ADyo + | A exp(—t/7), (3)
n=1
where AD,, and AD,q are the current and stationary, re-
spectively, values of induced absorption in Cgq films; A4,
is a pre-exponential factor that characterizes the contri-
bution of the n-th process with the relaxation time 7, to
the general kinetics; and ¢ is the difference between the
current 74-value and the 7q-value, at which AD, = 1.
The values of coefficients AD,g and A,, and the re-
laxation times 7., calculated for E-values chosen from
the probe region of 2.04-2.37 eV and for the time in-
terval of 0 — 882 ps are quoted in Table 1. Those data
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curve 2). The main changes in the AD,(¢)-kinetics are
observed in the interval of 0 — 27 ps; here, it decreases
by more than a factor of e =~ 2.72. Every five points
were averaged, and the obtained dependence was ap-
proximated by two exponents—with 71 = (0.43+0.09) ps
and 7y2 = (3.70£0.40) ps. Relatively small variations of
this kinetics in the range of 27-882 ps were described by
a single exponent with 7,3 = (108.7+16.5) ps. Hence, the
magnitudes of 731 and 732 substantially depend on the se-
lected time interval of approximation and the averaging
technique. For 73, this dependence is much weaker.

In Fig. 7, the kinetics AD(t) for Cgo films (curve 1)
and a clean quartz substrate (curve 2) obtained at the
energy of probe photons E = 2.168 eV are compared. It
is evident that the substrate weakly affects the kinetics
AD(t) for Cgp films. In addition, the local maximum at
74 = 2.8 ps (curve 1) is modulated by the signal from the
substrate; moreover, it reveals itself in all kinetics AD(t)
obtained for Cgo films with different E-values from the
probe interval of 2.04-2.37 eV.
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T able 2. Energies and vibronic structures of electron transitions in Cgp films and hexane Cgp solutions in the
interval of 1.90-2.35 eV
N E, eV Mode frequency
Band [4,6] | Film Ceo [4,6] | Solution Cgo [4, 6] | Transition [7] Av [7]
1 1.901 So — S1, 0 — 0 band
2 Bl 1.918 1.999 So — S1 + Hy(4) H,(4) =787 cm~!
3 " 2.036 So — S1+ Hy(4)+Hy (1) Hy(1) =296 cm~!
4 o 1.992 2.075 So — S1 + T1u(4) T1u(4) = 1397 cm !
5 ¥3 2.028 2.101 So — S1 + Thu(4)+Hg(1)
6 ¥s 2.097 2.179 So — S1 + Hu(4)+A44(2) Ag(2) = 1451 cm 1
7 2.291 3147
8 2.344 3567

4. Discussion of Experimental Data

The energies and the vibronic structures of electron tran-
sitions in Cgo films and hexane Cgg solutions in the
range of 1.90-2.35 eV are listed in Table 2. These
transitions are associated with the symmetry-forbidden
h, — t1, transition or the Sy — S; transition [4, 6].
The first excited S; state of Cgp molecule is degen-
erate. Therefore, the Sy — S; transition occurs fol-
lowing the Herzberg—Teller mechanism as a vibronically
induced one. The band contour of this transition is
mainly formed by the active asymmetric Jahn—Teller
modes H,(4) = 787 cm ™! and T},(4) = 1397 cm ™!, and
the totally symmetric Franck-Condon modes Hy(1) =
296 cm~! and 4,(2) = 1451 cm ™! of non-associated Cgo
molecules [7].

In the hexane solution of Cgg, the 0 — 0 band of the
So — Sp transition is observed at 1.902 eV (Table 2,
row 1). It is absent from the absorption spectrum of
a Cgo film. The vibronic mode H,(4) manifests itself
in the film 7p-band at 1.918 eV and the Cgp molecular
transition at 1.999 €V (row 2). The modes H,(4) and
H,(1) compose a molecular band at 2.036 eV, but do
not manifest themselves in the absorption spectrum of
a Cgo film (row 3). The mode T3,(4) is responsible for
the molecular transition bands at 2.075 eV and the v»-
band of a Cgo film at 1.992 eV (row 4). The bands
~v3 and -y5 are connected with the mode combinations
T14(4) + Hy(1) and H,(4) + A4(2), respectively (rows 5
and 6). The origin of the Cgo molecular transitions at
2.291 and 2.344 €V has not been explained yet. We may
suppose that the former is formed by the combination
of two A4(2)-modes and one Hy(1) modes, whereas the
latter by the combination of two either A, (2) or T7,(4)
modes and one H,(4) mode.

In a Cgp molecule, the highest filled level, Sy, has the
h, symmetry; and the lowest unoccupied one, S;, has
the t1, symmetry [4, 6]. At the excitation h,t7,, one
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electron remains at the level Sy, and one electron ap-
pears at the level S1[11,17]. As a result, the symmetry-
allowed degenerate transitions hy — h, and g, — hy
from the lower located filled levels hy, and g4, respec-
tively, and the transition t1, — hag, where hog4 are the
higher located non-occupied levels of the split S, state,
become possible. When the solid-state phase is formed,
the molecular electron levels of Cgo molecules transform
into bands owing to the intermolecular interaction. In
the Cgo films, the excitations hgyhy, gghy, and ti,h3,
are connected with transitions from the occupied lower
bands into the zero band (Sp; band) with an energy of
1.714 €V and from the first band (S; band) into two
split S4 bands (E and F bands with energies of 2.442
and 2.628 eV, respectively [4]). The latter two transi-
tions can be imposed on the transition from the Sy band
into the split Ss band (A and B bands with energies of
2.41 and 2.70 €V, respectively [4]).

The average bathochromic shift of bands vo, v2, 73,
and 5 for Cgp films with respect to those for the Cgg
solution amounts to 0.082 eV (Table 2). If we suppose
that this shift is characteristic of all other bands of the
So — Sp transition, then the bands of corresponding
band-to-band transitions can be observed in a Cgg film
at 1.819, 2.209, and 2.262 eV. The probe interval includes
only transitions with energies of 2.097 (s band), 2.209,
and 2.262 V.

The contours of absorption bands are governed by the
vibronic structure and the population of electron energy
levels that combine in corresponding transitions. Elec-
tron transitions take place mainly from the zero vibronic
level of the lower (ground) state onto various vibronic
levels of the upper (excited) states. In addition, “hot”
absorption bands can be observed, when electrons are ex-
cited from higher (nonzero) vibronic levels of the ground
state.

In our work, the energy of a Cgg molecule increases by
3.02 eV if one photon of a pump laser pulse is absorbed.
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This energy is enough for electrons to transit to vibronic
levels of the S; and S» states. In this case, the electron
subsystem of a Cgp film is in a nonequilibrium state.
Therefore, after the action of the excitation pulse has
terminated, the relaxation processes that bring the sys-
tem back to the initial state or a transition into a new
equilibrium state takes place. These processes are the
thermalization of electrons and the luminescence, which
give rise to the occupation of vibronic levels of the Sy and
S states. The fact that the vibrational modes H,(4)
and T,(4) are observed in the luminescence spectra of
concentrated Cgo solutions in hexane [7] testifies in fa-
vor of the latter process. Excitation of electrons from
nonzero vibronic levels by a probe pulse is responsible
for the appearance of “hot” absorption bands.

In the spectra of induced absorption by Cgo films in
the probe interval of 2.04-2.37 eV, the bands at 2.097,
2.209, and 2.262 €V were observed, which are typical
of the linear spectra for these films considered above,
as well as the additional bands at 2.164, 2.299, and
2.331 eV (Figs. 3 and 4). In the ascending order of their
energies, the additional bands were identified as inter-
band transitions associated with the molecular transi-
tions So+H,,(4)+A4(2) = S2, So+Hy(4)+Hg(1) — Sa,
and So + H,(4) — Ss, where Sy is the zero vibronic
level of the second excited state (band A). Hence, those
bands can be classified as “hot”. If we suppose that the
systems of vibronic levels for the Sy and S; states of a
Cgo molecule coincide, the “hot” bands obtained for the
Ceo film can be identified as the interband transitions
between nonzero vibronic levels of the Sy state and zero
vibronic levels of the split S; state.

The contour shape AD(E) of the structured band that
arises owing to the absorption in Cgp films induced by
a femtosecond laser is determined by the intensity ra-
tio for separate bands considered above and changes in
time. When the probe and pump pulses start to over-
lap in time (74 = —0.54 ps), the high-energy bands at
2.262, 2.299, and 2.331 eV emerge in the AD(E) spectra
(Fig. 3, curve 1). When 74 varies from —0.54 to 0.06 ps,
the low-energy bands at 2.097, 2.164, and 2.209 eV also
make their contribution to the structured band AD(E)
(Fig. 3, curves 2 to §). The integrated intensity of the
structured band is maximal at 74 = 0.26 ps, and its max-
imum coincides with a band at 2.262 eV (Fig. 3, curve 6).
If 74 increases from 0.26 to 882 ps, the integrated inten-
sity of the structured band AD(E) decreases, which is
associated with a decrease of the overlapping of pump
and probe pulses and a reduction in the population of
the bands formed by nonzero vibronic levels of the Sy
and S; states (Fig. 4, curves I to 7). A shift of the
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position of the structured band maximum from 2.262 to
2.097 €V is observed (Fig. 4, curves I and /, respec-
tively). According to the Franck—Condon principle, this
fact testifies to a configuration modification of the po-
tential energy surface for the S; state of Cgy molecules
at their excitation from the ground state. The electron
subsystem of Cgg films relaxes into the equilibrium state
after the time interval At > 882 ps.

The energies of those bands that form the contour
of the induced absorption band for Cgo films are desig-
nated in Table 2 by the bold font. For the “hot” band at
2.334 €V, the 7;1- and 7y5-values are smaller than their
counterparts for the band at 2.260 eV. The presence of
the induced absorption AD > 0 for the bands at 2.097,
2.209, and 2.262 eV may testify to an increase in the
population of the Sy band formed by zero vibronic levels
of the Sy state of Cgg molecules, as a result of electron
transitions either from the lower filled degenerate band
formed by the levels hy and g4 or from the upper bands
in the course of the electron thermalization and lumines-
cence processes.

Laser pump pulses generate the nonequilibrium pop-
ulation of the bands formed by vibronic levels of the Sy
and S; states of a Cgp molecule. Therefore, changes in
the intensities of separate bands (Figs. 3 and 4) mainly
result from a reduction in the population of those bands
in time, which can be described by a sum of three ex-
ponents with different 7’s. To elucidate the origin of
each component, the luminescence and photoconductiv-
ity spectra have to be registered, which will be a purpose
of our further research.

5. Conclusions

In the probing range of 2.04-2.37 eV, the shape of the ab-
sorption spectrum induced by femtosecond laser pulses
in a Cgp film consists of the bands at 2.097, 2.164, 2.209,
2.262, 2.299, and 2.331 €V. The bands at 2.097, 2.209,
and 2.262 eV are induced by electron transitions between
the energy bands created by zero vibronic levels of the
Sy state and nonzero vibronic levels of the S; state of
Cgo molecules. For the first time, it has been shown that
the “hot” bands at 2.164, 2.299, and 2.331 €V result from
electron transitions either between the energy bands cre-
ated by three nonzero vibronic levels of the Sy state and
the zero vibronic level of the S, state or between the
energy bands created by three nonzero vibronic levels
of S; and the zero vibronic level of the S; state of Cgg
molecules.

The decreasing temporal kinetics of the optical den-
sity D for the induced absorption in Cgp films was
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approximated by a sum of three exponential terms in
the time interval 0-882 ps. For probing photons with
the energy E = 2.217 eV, the following values of re-
laxation times were obtained: 7;; = (1.04 + 0.13) ps,
Tr2 = (5.81 £ 0.94) ps, and 73 = (108.0 = 9.3) ps. The
approximation of those kinetics by the Kohlrausch func-
tion (the “stretched” exponent) allowed us to evaluate
the effective relaxation time 7. as 6.0 ps, which is close
to the 7yo-value. The electron subsystem of C60 films
needs the time interval A¢ > 882 ps to relax into the
equilibrium state. The quantities 7,.; and 75 were found
to depend significantly on the approximation time in-
terval and the method used for averaging the kinetics
AD,(t). For 73, this dependence is much weaker.

The work was carried out in the framework of research
projects Nos. 14 V/162 and 14 VTs/157 of the National
Academy of Sciences of Ukraine. The authors express
their sincere gratitude to Corresponding Member of the
NAS of Ukraine I.V. Blonskyi for his active participa-
tion in the discussion of the obtained experimental re-
sults and his valuable remarks, which were taken into
account, and to the senior staff scientist O.V. Basyuk
(National University, Mexico City) for supplying them
with fullerene Cgg for researches.
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Translated from Ukrainian by O.I. Voitenko

IIPUPOJA I KIHETUKA HECTAIIIOHAPHOI'O
IIOI'VIMHAHHSA CBITJIA IIJIIBKAMMU Ceo,
HABEJEHOI'O ®EMTOCEKYHJIHNMUI
JIASEPHUMMU IMITVJIBCAMMN

M.II. I'opiwnut, I.A. ITasaos, O.B. Kosasvuyx
Pezmome

BukopucroByroun MeTOAMKY ‘“30y[KeHHA—30HAyBaHHS’, IJOCIHIi-
IKEHO CTPYKTYPY 1 9acOBy €BOJIIOL{I0 HaBeIEHOro (heMTOCEKYyH-
OHUMH JIa3€PHUMU iMITyJbcaMu norjuHaHHs mwiiBok Cgp y cre-
KTpaJbHii obnacti 2,04-2,37 eB Ta gyacoBomy niamazoni 0-882 mc.
ITiniBku Cgo ToBmmHOK 200 HM OTPUMAaHI Ha KBaPLOBHUX IIiAKJIAJI-
KaX TepMiYHHM HaIWIeHHAM y BakyyMmi 6,5 mIla mpu KiMHATHINR
TeMmneparypi.

Koutyp cnexkrpa noriuHanHa aiBok Cgp, HaBemeHOro deMm-
TOCEeKYHIHHUMHU IMITyJIbCcaMu, B obiacti 3oHmyBanHsa 2,04-2,37 eB
dopwmyrors cmyru npu 2,097; 2,164; 2,209; 2,262; 2,299 i 2,331 eB.
Cwmyru npu 2,097; 2,209 i 2,262 eB 3yMoBJIeHi eJIeKTPOHHUMU IIe-
pexomaMu MiXK 30HAMH, yTBOPEHHMH HyJIHOBHMH BiOpOHHUMU piB-
HAMU Sp-CTaHy i HEHYJIbOBUMU BiODOHHUMHU DiBHAMH S1-CTaHy MO-
nekynu Cgo BiAmoBigHO.

Briepuie BcTaHOBJIeHO, o “rapsiai” cmyrum npu 2,164; 2,299
i 2,331 eB 3yMOBIeHI eleKTPOHHMMH II€pEXOJaM{ MiXK 30HAMH,
YTBOPEHUMU HEHYJILOBUMU BiOpoHHMMU piBHAMEU Sp- abo Si-craHis
i HynmboBUMHU BiOpOHHHUMU piBHAMU Sz- ab0 S4-CTaHIB MOJIEKYJIHN
Cego BigmoBizHO.

Yacosi kKiHeruku cmagaHHs onTudHOI rycruru AD HaBexeHo-
ro norsmHaHHA IUiBOK Cgo B miama3oni 0-882 mc ampokcumoBa-
HO TPbOMa eKCIOoHeHTamu. Jljna 30HAyO4mx (DOTOHIB 3 eHepriero
E = 2,217 eB ozmepkaHo Taki 3Ha4YeHHA 9acCiB peJakcamil: Tp1 =
(1,04+0,13) mc; 7p2 = (5,81 +0,94) nc i 7p3 = (108,0+ 9, 3) nc.
IIpu ampokcuMmanii mmx KiHeTuk dyHkmiero Kosbpayma (“po3rs-
HyTa’ €KCIOHEHTA) yTOYHEHO BENUYUHY e(DeKTHBHOIO Yacy peja-
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kcamii 7p. Bona cranoBuTs 6,0 1C i € BIIM3BKOIO 10 BETMYHHHA Tp2. Bcranosneno, o BeJIMYHHM Tp1 i Tp2 CYTTEBO 3aJIeKaTh BiJ BH-
B piBHOBaxkHHII cTaH €jeKTPOHHA cucreMma IIBOK Cgp peslakcye  6GpaHOro 9acoBOro Jiara3oHy anpoKCcHMAIil i criocoby ycepenHeHHs
uepe3 IpomixKok gacy At > 882 mc. To490K KiHeTuku ADy(t). Jas Tp3 I 3aJI€2KHICTh 3HAYHO MEHIIA.
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