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Transient Spectroscopy of Excitons and Polarons in Cqp Films from
Femtoseconds to Milbseconds
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We have studied photoexcitations in C6p films using transient photomodulation and photolumines-
cence from 100 fs to 50 ms and absorption-detected magnetic resonance (ADMR). We show that
singlet Frenkel excitons are the primary photoexcitations; their recombination kinetics in the picosecond
time domain are dispersive as a result of inhomogeneity. The long-lived photoexcitations, however, are
shown to be triplet excitons and charged polarons (C60=), identified by the correlation found between
their associated optical transitions and ADMR signals with spin 1 and -„respectively.

PACS numbers: 78.47.+p, 71.35.+z, 72.20.Jv, 76.70.Hb

Since the fullerenes, in particular C60, became available
in quantity [1], they have stimulated a great deal of ex-
perimental and theoretical work. The C«molecules, with
icosahedral symmetry, condense at room temperature into
a fcc Bravais lattice held by rather weak intermolecular van
der Waals forces, with a high degree of rotational disorder
[2]. Band-structure calculations show that C60 solid is a
molecular semiconductor with a direct band gap (Es) of
1.5 eV between narrow (-0.5 eV) continuum bands [3].
The optical transitions between the analogous states in C«
molecules are dipole forbidden, but they are weakly al-
lowed in the solid form [4]. However, recent photoemis-
sion and inverse-photoemission [5] and ellipsometric [6]
spectra of C60 films indicate that Eg = 2.3 eV. The weak
optical absorption in the range of 1.6 to 2.2 eV [7] (in-
set of Fig. 1) must therefore correspond to intramolecular
Frenkel-type excitons [5]. The character of the primary
photoexcitations and their decay channels and the proper-
ties of long-lived charged and neutral photoexcitations in

C60 solids are therefore of interest, but as yet are not very
well understood.

The photophysics of C60 molecules dissolved as
monomers in solution is, by contrast, quite well under-

stood. The first excited singlet state S~, with a lifetime of
1.2 ns, has a broad photoinduced absorption (PA) band
in the visible-near ir spectral range which corresponds to
transitions to various higher electronic excited states [8].
From Sl the molecule undergoes intersystem crossing to
the lowest triplet state characterized by a strong PA band
at 1.65 eV and intrinsic lifetime of 10 ms [8]. The triplet
state is formed with a quantum efficiency close to unity

[9], which leads to potential applications of C60 as agents
in photodynamic therapy [9] and optical limiters [10].
Compared to C«molecules, photophysical studies of
C« films have revealed several unexpected phenomena.
First, self-trapped (polaronic) excitons are generated
at low temperatures [11]. Second, charge carriers are
also photogenerated; they give rise to photoconductivity

(PC) [12,13], photovoltaic [14], xerographic effects [15],
and persistent PC [16], all with action spectra similar
to the optical absorption spectrum. These experiments,
however, have not been able to provide an unambiguous
identification of the primary [17,18] and long-lived [16,19]
photoexcitations and their dynamics.

We present a more complete study of the photoexci-
tation evolution in C60 films. For the first time we have
applied a variety of cw and transient optical probes to
study the primary photoexcitations and their byproducts,
in a vast time domain from 100 fs to 50 ms and spec-
tral range of 0.25 to 2.6 eU. To cover such a large time
domain, we have used several experimental techniques,
In the fs and ps domains we have used the transient
photomodulation (PM) and photoluminescence (PL) tech-
niques. PM measures the excited state absorption and
is therefore sensitive to all photoexcitations, whereas PL
measures only radiative photoexcitations„ the comparison
between the transient PM and PL decays, however, is
instructive [20]. For the long-lived photoexcitations we
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FIG. 1. Picosecond PA spectra of C&p fi1m at r = () (5 ps
resolution) and t = 2 ns; the lines through the data points are
to guide the eye. The inset shows the film's optical absorption
spectrum and the PL band; possible optical transitions to
explain the PA bands are assigned (see text).
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have used the cw PM technique [21]. Charged excita-
tions in the PM spectrum are identified by a character-
istic PA feature which resembles the electroabsorption
spectrum caused by applying an external electric field

[22]. Other excitations in the PM spectrum are sepa-
rated by measuring their associated spin state, using the
absorption-detected magnetic resonance (ADMR) tech-
nique [23]. This technique is sensitive to spin-dependent
recombination processes, identifying therefore photoexci-
tation optical transitions in the PM spectrum associated
with spin 0, 2, and 1, respectively.

Using these techniques, we show that the primary pho-
toexcitations in C60 films, as in isolated C@& molecules, are
singlet Frenkel excitons. However, because of trapping in

relatively deep centers, only a few of the singlet excitons
form triplet excitons, with characteristic spin 1 ADMR sig-
nals. In addition, some of the excitons dissociate and

consequently form long-lived charged polarons. These
polarons are stable even at 300 K probably because of the
localization accompanying the C60- distortions.

The spectral evolution of the excited states in the pi-
cosecond time domain was studied by the pump-and-probe
correlation technique using two dye lasers synchronously
pumped by a frequency-doubled mode-locked Nd: YAG
laser at a repetition rate of 76 MHz. A NaCI (F2+)0 color
center laser [24], synchronously pumped by the residual
Nd: YAG fundamental, was also used in place of one of the
dye lasers. The pump-probe system had a cross correla-
tion of about 5 ps, and the probe pulse could be delayed by
up to 3 ns relative to pump pulse. Transient spectra of the
photoinduced change (hT) in the sample transmission (T)
were obtained at a fixed pump photon energy of 2.17 eV
and probe photon energies in the range 1.2—2.3 eV (dye
laser) and 0.74—0.83 eV (color center laser) with a sensi-
tivity in AT/T of 3 X 10 6 [20]. The transient PL was
measured with a streak camera which had a resolution of
10 ps and a time range of up to 2.5 ns. For the PM mea-
surements in the femtosecond time domain we used a col-
liding pulse mode-locked (CPM) dye laser with 60 fs pulse
duration at 620 nm (2 eV). The time interval between 1 p, s
and 50 ms was studied using a cw PM apparatus [21]. The
excitation was an Ar+ laser beam modulated at frequency

f between 20 Hz and 1 MHz by an acousto-optic modu-
lator, and the probe beam source was a premonochroma-
tized incandescent lamp in the spectral range of 0.25 to
2.6 eV. 5T(f) was measured by a set of fast detectors with
matched preamplifiers and a lock-in amplifier.

The ADMR technique [23] uses a cw pump beam (from
an Ar+ laser) and a probe beam (from a tungsten lamp)
to constantly illuminate the sample, which is mounted in a
high Q microwave cavity (at 3 GHz) equipped with optical
windows, and a superconducting magnet producing a field
H. Microwave (gswave) resonant absorption, modulated
at 500 Hz, leads to small changes, BT, in the probe
transmission T. This BT is proportional to 6'n, the change
in the photoexcitation density n produced by the pump. Bn
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FIG. 2. The decays of the C6O PA and PL bands: (a) PA at
1.8 eV, (b) PA at 0.8 eV, and (c) PL (1.5 —1.8 eV).

is induced by transitions in the p, wave range that change
spin-dependent recombination rates.

The C60 thin films were deposited on quartz or sapphire
substrates at 450 C at a rate of 1 A/s frotn purified

C60 powder. The film thickness was about 1000 A. as
determined from the film absorption spectrum [6]. The
films were kept in air.

The transient PM spectrum at 300 K, obtained with the
synchronously pumped system with initial photoexcitation
density of -1G' cm, is shown in Fig. 1 for time delay
t = 0. We observe a PA band with a broad maximum
at about 1.8 eV, and there is significant PA out to
0.8 eV. Using the CPM laser, we found that the PA band
is formed instantaneously; no initial photobleaching is
observed [16,17]. This shows that the PA response is
dominated by excited state absorption. The PA spectrum
remains essentially unchanged up to 3 ns. For example,
the spectrum at 2 ns is compared to that at t = 0 in Fig. 1.
We infer from the overall lack of spectra diffusion that the
dominant photoexcitations at 3 ns are the same as those
generated at 100 fs.

The dynamics of the PA and PL from 10 ps to 3 ns
are shown in Fig. 2. The visible and ir PA decays and
the PL decay are similar and can be approximately fit by
a power law decay ~ with u = 0.57. Since the PL
is weak in C60, the primary decay channel is probably
nonradiative. In this case, both the PL and PA should
be proportional to N, the number density of excitations,
and from the similarity of the decays we conclude that
the three components share a common origin. The PL
in C6n has been attributed to Frenkel excitons trapped
at various D centers [25]. We therefore identify the
dominant photoexcitations in the ps time domain in C60
solids as Frenkel singlet excitons.

Since the first excited state in C6n molecules has the
same parity as the ground state, absorption to the first
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excited state is dipole forbidden, but the first excited
state should have the same allowed transitions as the
ground state. Therefore, we expect to observe excited
state absorption similar to the ground state absorption, but
shifted by the exciton energy. We can thus model the
rather strong PA band in Fig. 1 as being due to optical
transitions from the lowest lying forbidden exciton state at
—1.8 eV [5,7,25] (reached after fast thermalization) into
higher allowed excited bands. The lowest band in C6()
solid is at 2.7 eV [6], explaining the PA band in the
ir spectral range (PA& ——0.85 eV, Fig. 1, inset). The
PA broad maximum at 1.8 eV (PA2) corresponds then
to the second absorption band in C60 peaked at 3.6 eV
[6] (Fig. 1, inset). That the PA remains unchanged up
to 3 ns (Fig. 1) shows that in C6O films the intersystem
crossing to the triplet manifold is delayed compared to
that in C60 molecules in solution, where the singlet-triplet
decay is 1.3 ns [8]. The apparent delay in the intersystem
crossing dynamics may be caused by exciton trapping at D
centers [25].

Because of the known inhomogeneity in C6o films [7],
we consider that the Frenkel excitons recombine with a
characteristic distribution G(7) of recombination time 7.

Then, the remaining exciton density N(t) is given by [20]
7'7

N(t) = N(0) drG(7') e '~'. (I )
1 1

where the upper integration limit 7-2 is determined by
the pump modulation frequency f (r2 = 1/f = 100 ns),
whereas the lower limit 7& is set by the resolution of the
experiment (5 ps). Using Eq. (1) and a broad distribution

G(r) of the form G —7 "+ i [20], we calculate N(t)—
(t/r&), consistent with the power law decay observed
at A,„=570 nm, where a = 0.57 (Fig. 2). A narrower

G(r) of the form G —exp[ —(7)'] results in N(r)—
exp[ (r/ro)p], —where P = v/(1 + v) [26], consistent
with the stretched exponential PA decay at A,„=620 nm
observed in Ref. [17].

We now turn to the long-lived photoexcitations. Fig-
ure 3 shows the transient PA spectra from 0.2S to 2.6 eV
at different modulation frequencies (f) and temperatures
(8). We see that within the spectral range of the ps mea-
surements (0.75 to 2.2 eV) there are now at least five PA
features as shown in Fig. 3(b), all different from the PM
spectrum in Fig. 1. We conclude, therefore, that the long-
lived photoexcitations in C« films are not singlet exci-
tons. The cw PA bands are C] and C~ at 0.8 and 2 eV,
respectively, T~ and T2 at 1.2 and 1.8 eV, respectively, and
a derivativelike feature (E) with zero crossing at 2.4 eV.
We find that all PA bands increase as I&, indicating a bi-
molecular recombination kinetics. However, the various
PA bands do not share a common origin because of their
distinctly different dependencies on f and 0. C&, C2, and
E vary more strongly with f than T& and T2 [Figs. 3(a) and

3(b)]. Also, T~ and T2 have a stronger 0 dependence than

C&, C2, and F., as demonstrated by the complete disappear-
ance of T] and T~ from the PM spectrum at 0 = 300 K
[Fig. 3(a)].
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FIG. 3. PM spectra of C « film at different modulation
frequency f and sample temperature 8. (a) f = 20 kHz, 0 =-

80 K; (b) f = 20 Hz, 8 = 80 K; (c) f = 500 Hz, 8 = 300 K.
The PA bands Cl, C. , Tl, T2, and F. are assigned. The inset
in Fig. 2(b) shows the energy levels and optical transitions for
C«~ polaron and triplet excitons, respectively, and the inset in

Fig. 2(c) shows the electroabsorption spectrum measured on the
same C60 film [23].

The inset of Fig. 3(c) shows our electroabsorption (EA)
spectrum [27] measured at 300 K on the same C~„ film.
The electric field was modulated at 1 kHz and had a
strength of up to 9 x 10' V/cm. The EA spectrum shows
strong derivativelike features [19,27] caused by excitonic
stark shifts. The lowest energy spectral feature is identical
with band E in the PM spectrum [Fig. 3(b)] leading us to
identify the latter as being due to EA. The source of the
electric field in PM is photoinduced charge separation in

the C|,o film [22]. Since band E is more correlated with

C~ and C. , we tentatively identify the C] and C2 PA bands
as being due to photogenerated charge carriers. The T]
and Tq PA bands, on the other hand, are due to neutral

photoexcitations. Their spin states are analyzed with the
following magnetooptical measurements.

Three typical H-dependent ADMR spectra of the C«)
film measured at different probe photon energies are
shown in Fig. 4 (insets). Each H-dependent spectrum
contains two components with opposite signs and differ-
ent photon energy spectrum: a broad (powder pattern)
component (AH =- 180 G) with Bn/n = —2 X 10 ' and

a narrow component (bH = 15 G) with Bn/n = 10 -.
Correlated with the broad component, centered at 0 =-

l071 G, there is a negative "half field" signal at 0:==
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Ceo films as spin 2 polarons, C6u-. From Fig. 3(a) we
conclude that some photogenerated C6u- are stable even
at room temperature, and this provides support for the
model used to explain the recently observed persistent PC
in Csn films at 300 K [16].
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FIG. 4. Spectra of the S =
2 (positive, peaked at H =

1071 G) and S = 1 (negative, measured at H = 1050 G) com-
ponents of the ADMR signal. The bands C~, C2, T&, T2, and E
are as in Fig. 3. The insets show three typical H-dependent
ADMR measured at probe photon energy of 0.8, 1.6, and
2.3 eV, respectively, to demonstrate the different spectra of the
two ADMR components.

531 G (not shown). This clearly identifies the negative
ADMR component at full and half fields as Am, = ~1
and hm, = ~2 transitions, respectively, associated with
p, wave absorption by triplet excitons. We identify the
narrow positive ADMR component peaked at 1071 6 as

being due to spin 2 excitations with g = 2.000, similar to
the PL ODMR results in Can films [28].

The different photon energy dependent spectra of the
S =

2 and S = 1 components in ADMR are shown in
Fig. 4. The triplet spectrum contains two Bn & 0 bands
at the same energies (1.1 and 1.8 eV, respectively) as
the Ti and Tz PA bands in the PM spectrum [Figs. 3(a)
and 3(b)]. We conclude that the long-lived neutral
photoexcitations in C6o films are triplet excitons; their
calculated energy levels in Can molecules [29] are given
in Fig. 3(b), inset. The resulting optical transitions are
in agreement with transitions T~ and T2 observed here.
The spin z ADMR spectrum (Fig. 4), on the other
hand, contains three spectral features: two bn bands with
energies of 0.8 and 2 eV and a derivativelike Bn band
with zero crossing at 2.4 eV. These Bn bands are identical
to the C~, C2, and E PA bands of charge carriers in
the PM spectrum [Figs. 3(b) and 3(c)]. Similar optical
transitions have been measured in the absorption spectra
of CNi films doped with alkali metal [30,31]. We also
note that recent theoretical calculations, have shown that
polarons (C60-) are stable in C60 with binding energy
of order 0.1 eV [32,33]. Their optical absorption spectra
contain two new bands at 0.7—1.0 eV and at 2.5—2.8 eV,
respectively [Fig. 3(b), inset), similar to the Ci and C2 PA
bands associated with spin 2 carriers observed here. We
thus tentatively identify the long-lived charge carriers in
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