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On the triplet lifetime in free, photo-excited C 60

R. Deng, M. Treat, and O. Echta)

Department of Physics, University of New Hampshire, Durham, New Hampshire 03824-3568

K. Hansenb)

Department of Physics, University of Jyva¨skylä, FIN-40014 Jyva¨skyläFinland
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It has recently been suggested that the lifetime of the lowest triplet state in multiphoton-excited C60

is much longer than anticipated. If true, this would invalidate the assumption of internal thermal
equilibrium in the description of statistical decay processes of the molecule, such as thermionic
emission. We present pump–probe measurements which show that the lifetime is below 1ms at
vibrational excitation energies of 6.5 eV, and that it decreases further to 40 ns at 10 eV. ©2003
American Institute of Physics.@DOI: 10.1063/1.1574801#
d

o
te
o
s

al

y
th

n
us
o

er

en

IP
f t

be
r
d
th
ls

te
al

eld
f a
,

m

of

pti-
r-
n

s
of
ther
nce
be

of
and
re-
in

lay,
n-

ton

he

ega-
ife-
ow,
he
t

(

m-

ma

U
bu
The lowest triplet state of C60 plays an important role in
the multiphoton ionization of the molecule.1,2 Recently it
was suggested that also the delayed ionization is affecte
it.3,4 In these experiments, neutral C60 was photo-excited to
high internal energies, causing delayed ionization of the m
ecule. The temporal dependence of the ion yield was in
preted in terms of a long lifetime of the lowest triplet state
C60. In Ref. 4 it was held responsible for the observed qua
exponential cutoff in the delayed ion yield on the timesc
of several tens of microseconds. A lifetime on that scale
consistent with pump–probe measurements on cold C60 pro-
duced in a laser vaporization source,1 but not with later mea-
surements at higher temperatures.5

A long-lived triplet state will have ramifications not onl
for the understanding of delayed ionization but also for
value of the much disputed C58– C2 binding energy of C60.
The quantitative description of delayed ionization is co
nected to the value derived for this binding energy beca
that energy determines the temporal behavior of the yield
C60

1 in delayed ionization. The latter has been found exp
mentally to be a power law with an exponent20.6460.10
which can be interpreted as the ratio of the ionization pot
tial ~IP! to the C60 binding energy.6 If delayed emission oc-
curred out of a long-lived triplet state, it would reduce the
by 1.7 eV, or some 20% and hence the deduced value o
dimer binding energy by the same fraction.

The question of the lifetime of the triplet state can
resolved by a pump–probe experiment where one, o
countable number of, photon~s! is absorbed from a pulse
pump laser, and the surviving population of molecules in
triplet state is monitored versus time by a probe laser pu
that can ionize with a single photon.

In the experiments reported here, the C60 was vaporized
from a copper cell kept at 450 °C. The beam was collima
to a diameter of 2 mm and intersected at 90° by two spati
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overlapping pulsed laser beams in the static extraction fi
of a time-of-flight mass spectrometer. The 3rd harmonic o
Nd:YAG ~355 nm, 3.49 eV, pulse duration 9 ns FWHM
collimated and mildly focused to a beam diameter of 3 m!
was used as pump laser. An ArF excimer laser~193 nm, 6.4
eV, pulse duration 17 ns FWHM, collimated to a diameter
2 mm! served as probe laser.

The spatial overlap of the two laser beams was o
mized by moving the probe beam collimator while monito
ing the C60 ion yield. The temporal overlap and the duratio
of the laser pulses quoted above~which present average
over many shots! were determined with a fast photodiode
1 ns resolution. We also employed this photodiode, toge
with a pulse-height analyzer and a fast–slow coincide
circuit, to limit shot-to-shot energy fluctuations of the pro
laser beam to65% ~worst case!. Details will be presented
elsewhere.7

Figure 1 summarizes our data recorded as a function
pump–probe delay, for pump laser fluences of 2.7, 6.4,
28.4 mJ/cm2 ~open dots, solid dots, and solid squares,
spectively!. Even though this represents a tenfold variation
pump fluence, the increase of the ion yield, for a fixed de
is surprisingly small. By contrast, a very dramatic depe
dence of the yield of delayed C60

1 ions ~or electrons! on laser
fluence is obtained in a one-color experiment, for pho
energies hn53.49 eV.8

For lowest laser fluence, the semilogarithmic plot of t
data in Fig. 1 shows essentially one lifetime, of order 1ms,
but closer inspection reveals a negative curvature. The n
tive curvature indicates the presence of several different l
times in the ensemble. As discussed in more detail bel
this reflects the distribution of vibrational energies in t
canonical ensemble of C60 that effuse from the oven a
450 °C. The experimental data in Fig. 1~open dots! are suc-
cessfully fitted~dotted line! with a log-normal distribution of
lifetimes, i.e., a distribution that is Gaussian on a logt)
scale. The average lifetime is obtained ast150.74
60.01ms, and the rms width of the distribution iss log t

50.25, which is equivalent to a factor 1.8 int.
The dashed line in Fig. 1 represents a fit to the mediu
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fluence data using the same average lifetime, and distribu
of lifetimes, as for the low fluence data. The fit
reasonable,9 but the inset in Fig. 1 reveals that this set
parameters does not properly describe the data for very s
delays.

This appearance of another, much shorter lifetime
most clearly seen for data recorded at highest fluence~solid
diamonds!. The solid line represents a fit of two lifetime
each with the same~fixed! distribution as described above
The value oft1 is kept at 0.74ms; the value of the shor
lifetime is obtained ast250.041ms. A fit of two lifetimes to
the medium-fluence data does, in fact, produce about
same value fort2 , although with larger uncertainty.

We first note that the observed lifetimes are much sho
than the tens of microseconds suggested in the analys
Ref. 4. They are also much shorter than the 42 microseco
found in Ref. 1 where the experimental goal was to pro
very cold C60.

For a more detailed analysis, we interpret the data
terms of the temperature or, equivalently, the vibrational
ergy dependence of the triplet lifetime. We need to consi
the vibrational energy in the fullerenes that contribute to
ion yield, i.e., fullerenes that can be one-photon ionized w
the probe laser because they are in an electronically exc
state. After absorption ofn photons from the pump laser, th
total excitation energy is the sum of the thermal energy
quired in the source, and the absorbed photon energy.
low pump fluence, one-photon absorption dominates. A fr
tion of these one-photon excited C60 may relax into the low-
est triplet state~energyEtriplet51.7 eV) rather than into the
electronic ground state; their vibrational energy is

Evib5Evib~450 °C!1nhn2Etriplet56.45 eV, ~1!

FIG. 1. Open and solid dots: Yield of C60
1 as a function of the delay betwee

pump and probe laser for three different pump fluences, as indicated in
figure. The inset provides a more detailed view of the same data for s
delays. The dotted and dashed lines represent fits of a log-normal dist
tion of lifetimes; the solid line is a superposition of two distributions wi
distinct average lifetimes.
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where n51. Similarly, absorption of two photons (n52)
produces C60 in the lowest triplet state withEvib59.94 eV.
These energies are assigned to the values oft150.74 and
t250.041ms, respectively.

In Fig. 2 we compare the lifetimest1(Evib) andt2(Evib)
extracted from our present data~solid dots! with various re-
sults from the literature. In particular, the heavy line rep
sents a deconvolution of pump–probe absorption meas
ments in a vapor cell around 1000 K, withEvib(T) derived
from the caloric curve of C60; the thin line is an
extrapolation.5 The three solid diamonds for low energy a
experimental results, again withEvib derived from the
known, or estimated,1 temperature of C60.

Next we consider thedistributionof vibrational energies
in C60. At a given temperatureT, this distribution can be
derived from the calculated vibrational frequencies.10 The
dashed line in Fig. 2 represents this vibrational energy d
tribution at 450 °C. It is very nearly Gaussian, with an av
age energy of 4.66 eV~thin vertical line in Fig. 2!, and a rms
width of 0.73 eV.

Each of the subensembles which result from absorp
of either one or two photons will be characterized by
energy distribution with this source rms width of 0.73 e
Reflecting this distribution off thet1(Evib) curve suggested
by Etheridgeet al.,5 one expects that each subensemble
C60, having been pumped into the triplet state after abso
tion of n photons, will be characterized by a log-normal d
tribution of lifetimes with a width 0.259. This is indee
found to be the case, with an excellent agreement betw
this value and the width of 0.25 that resulted from the fit
our low-fluence data in Fig. 1. We therefore conclude t
both the mean and the width of the lifetime distribution a
consistent with the expected vibrational energy depende
of the lifetime of the lowest triplet state of C60.

Note that the subensembles of one-photon and t
photon excited C60 do not contribute to delayed~thermally
activated! ionization because their vibrational energy is w
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FIG. 2. Solid dots: Lifetimes of the triplet state extracted from the data
Fig. 1, plotted versus the computed vibrational energy for C60 that, initially
at 450 °C, has been pumped into the triplet state upon absorption of e
one or two photons at 355 nm. The line running diagonally across the fig
is from Ref. 5. The solid squares represent previously published experim
tal data as presented in Ref. 5.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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too low. This is also evident from the fact that the pump-on
ion yield is vanishingly small for low fluence, 2.7 mJ/cm2. It
would require absorption of several more photons to ca
thermally activated electron emission, whether out of
ground state, or the lowest triplet state. Unfortunately, s
ensembles with lifetimes being much less than the con
luted duration of the laser pulses~19 ns! remain invisible in
our experiment. Figure 2 suggests that this rules out the
rect detection of any component that has absorbed more
two photons. We also note that whereas recent pump–p
experiments by Campbell and co-workers11 did not reveal
any lifetimes significantly shorter than 1ms, this may be
because their experiment did not cover sufficiently sh
pump–probe delays.

However, highly excited fullerenes would affect th
pump–probe spectra in a different way, namely, forlarge
delays. In fact, the fit to the high fluence data shown in F
1 clearly underestimates the amount of probe signal bey
2 ms, and the signal does not go parallel with the low fluen
points. One could argue that this signal is due to a hig
number of photons absorbed and that it therefore indicat
long lifetime at high excitation energy (Evib>13.5 eV), thus
a reversal of the trend shown in Fig. 2. This conclus
would be premature. When lifetimes are sufficiently short,
the order of the probe laser pulse or shorter, the photoion
tion dynamics in a pump–probe experiment is not de
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mined by the lifetime but rather by the thermal population
the triplet state. This gives rise to a nonexponential ti
dependence which will be the subject of a futu
publication.7
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