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Excited-state photoelectron spectroscopy of excitons in C60 and photopolymerized C60 films

J. P. Long, S. J. Chase,* and M. N. Kabler
Naval Research Laboratory, Washington, DC 20375

~Received 17 May 2001; published 2 November 2001!

Laser-excited states in films of pristine C60 and photopolymerized C60 (pp-C60) prepared in ultrahigh
vacuum have been characterizedin situ with pump-probe photoelectron spectroscopy using both synchrotron
radiation and picosecond laser sources. Photoelectron spectra of singlet (S1) and triplet (T1) excitons overlap
because of vibrational broadening in the photoemission final state. The spectra have been individually isolated
in pp-C60 with time-resolved methods and are split by 0.33 eV. Signals from pristine C60 are weaker but are
spectroscopically similar. The origin for exciton transitions for both C60 and pp-C60 is found to be properly
located near the maximum of the highest occupied molecular orbital. Increasing excitation density favorsT1

production overS1 such that, at high exciton concentrations,T1 states predominate, even at times much shorter
than the unimolecular intersystem crossing time, measured to be;2.5 ns for pp-C60 at 81 K. A weaker
photoemission band located;0.5 eV aboveS1 is also observed and is attributed to charge carriers and/or
charge-transfer excitons.

DOI: 10.1103/PhysRevB.64.205415 PACS number~s!: 71.20.Tx, 71.35.Gg, 72.80.Rj, 79.60.2i
ou
pl
io

ua
te

o
m
c
so
io
lt
i
r

g
ic

on
ec
to
ar
se
ee
b
th
ne
rg
lu

ed
s
ie
nt
o-

ec-

but
iefly

d to
apor

ith
op-
een
the
-
R

ela-

e

ular

n-
w-

car-

rre-
of

x-
or

her
I. INTRODUCTION

In molecularly based electronic devices, the simultane
presence of localized excitations, such as singlet and tri
excitons and polarons, complicates photophysical behav1

and might degrade performance through mut
annihilation.2 Considerable effort has therefore been direc
towards understanding the nonequilibrium species in m
lecular materials.3 Numerous techniques have been e
ployed, including transient optical absorption, luminescen
photoconductivity, and optically detected magnetic re
nance. However, comprehensive studies of the interact
among excited states are in general limited by the difficu
of simultaneously detecting the various excited species w
comparable sensitivity and time resolution. Hence even fo
material as well studied as C60, questions remain concernin
the nature of the photoexcited states and their dynam
interactions.4

Excited-state photoelectron spectroscopy~ESPES! offers
distinct advantages in that it can provide a direct means
probing all nonequilibrium species containing an electr
With ESPES, one first photoexcites a nonequilibrium el
tron population and then photoemits a portion of it in
vacuum, where its energy distribution and amplitude
sampled with an electron spectrometer. By using pul
sources and following the amplitude as the delay betw
pump and probe is varied, dynamical information can
obtained. Molecular materials are especially amenable to
technique because the magnitudes of exciton binding e
gies and singlet-triplet splittings are, in many cases, la
enough to observe with ordinarily available spectral reso
tion.

Early applications of ESPES to molecular films includ
cw experiments on polyacetylene5 and pulsed experiment
on several materials.6 Subsequently, ESPES has been appl
primarily to covalent semiconductors and metals as rece
reviewed.7,8 However, its application to excited states in m
lecular films is presently attracting increasing attention,9–16

particularly for the case of fullerenes.9–11,14,16
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Here we describe in some detail the photoelectron sp
troscopy of excitons in films of C60 and photopolymerized
C60 prepared in ultrahigh vacuum and studiedin situ. Here-
after we will designate the pristine~as deposited! films as C60
and the photopolymerized films aspp-C60. Treatment of the
dynamical behavior is postponed for a later publication
both the spectroscopy and dynamics were described br
in a prior submission.17 We treatpp-C60 more extensively
because it yielded larger excited-state signals. We use
advantage two different setups, one based on a copper-v
laser pump and synchrotron radiation~SR! probe,18 the other
employing laser-radiation~LR! harmonics~Nd:YAG laser! as
both pump and probe.

The SR setup not only provided pulsed operation w
subnanosecond resolution, but also allowed effective cw
eration with gated detection at microsecond delays betw
laser pump and SR probe. This permitted a spectrum of
lowest-energy triplet excitonT1 to be isolated and unam
biguously identified on the basis of its long lifetime. The S
setup also provided placement of the exciton spectrum r
tive to the highest occupied molecular orbital~HOMO!, as
shown in Fig. 1. With the;90-ps resolution provided by th
LR setup, a spectrum of the lowest-lying singlet excitonS1
was isolated by probing at times less than the unimolec
intersystem crossing time;2.5 ns inpp-C60 at 81 K. We
thus were able to identify bothS1 andT1 features with high
confidence~Fig. 1!. The LR experiment also revealed a tra
sient population of higher states near the bottom of the lo
est unoccupied molecular orbital~LUMO!, ;0.5 eV above
S1 . These states probably originate from free or trapped
riers or, possibly, charge transfer excitons.

The spectral features we have observed generally co
spond to those of recent femtosecond investigations
pp-C60 films.11,16However, our assignments to particular e
cited states differ by being offset by one component. F
example, our long-livedT1 feature was attributed toS1 in the
previous work. Also, we have located the originS0 for exci-
ton transitions at an energy near the top of the HOMO rat
than the center.
©2001 The American Physical Society15-1
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We also discuss the dependence of the exciton spectr
pump-laser fluence and on the delay time of the probe a
the pump. An interesting result is that as fluence increa
and excited-state concentrations exceed;1019cm23, theT1
concentration is enhanced for times much less than the in
system crossing time while theS1 population tends to satu
rate. Previously, to explain room-temperature measurem
of transient absorption in C60 films exposed to air, an in
creased rate ofT1 production at high fluence was propose
but the roles ofS1 andT1 could not be separated.19 Recently,
a similar preferential growth inT1 states at high excitation
density was reported for the conjugated oligom
para-hexaphenyl.2

Accompanying the enhancedT1 production at high exci-
tation densities in C60 andpp-C60, we find complex transien
behavior, which includes an increase in the decay rate
bothT1 andS1 with excited state concentration, always wi

FIG. 1. Photoelectron spectra of valence states and backgro
subtracted excited states, probed at the specified delays with
sources: nanosecond synchrotron~main panels, 2.8 mJ/cm2! and
picosecond laser~insets!. In the bottom axis, zero energy is th
estimated 0-0 line of theT1 exciton; in the top axis, zero is th
inferred origin of transitions (S0) discussed in the text.~a! Photo-
polymerized C60 (pp-C60). Note pureT1 spectrum accumulated 0.
to 10.3 ms after the 5-ns pump pulse. The 0.5-ns spectrum c
prises bothS1 and T1 . ~b! Pristine C60. The dashed HOMO was
acquired with higher energy resolution than all other spectra. Ins
~a! pp-C60 comparing normalizedS1 at low fluence and nearly pur
T1 remaining after high-fluence dynamic interactions.~b! Unnor-
malized pristine C60 exciton spectra at two time delays.
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S1 decaying more rapidly. Complex transient decays
pp-C60 have been noted previously on the basis of four-wa
mixing experiments sensitive to a composite of excited-s
species.20 By spectroscopically distinguishing the popul
tions ofS1 andT1 excitons, we are able to characterize th
dynamics independently.

These measurements have provided extensive data
cerning the temporal and pump-fluence dependencies oS1
andT1 exciton concentrations. This has facilitated develo
ment of a dynamical model, expressed through coupled
equations, that incorporates annihilation interactions am
the three primary excited species, namely,S1 andT1 excitons
and free carriers, and thus goes beyond previous, sim
models. This model has been described briefly17 and will be
reported in detail in a subsequent manuscript.

II. EXPERIMENT

The combined SR-laser system18,21 was located at beam
line X24C at the National Synchrotron Light Sourc
Brookhaven National Laboratory. There the pump-la
source was a copper-vapor laser (hn52.43 eV) operating at
6 kHz and configured with competing cavities to produ
5-ns pulses full width at half maximum~FWHM!. The laser
was triggered with a signal derived from electrodes sens
the electron bunches circulating in the storage ring. Spa
and time overlap of the SR pulses and laser pulses w
aided with use of visible SR obtained by operating the mo
chromator grating in zero order. Spatial overlap w
achieved visually by steering the weakly focused,;3-mm
diameter laser spot to overlap the zero-order SR spot.
check spot overlap atoperatingwavelengths, a 1-mm diam
eter pinhole was centered on the 1-mm31.2-mm SR spot by
minimizing the pinhole’s photoemission, and then the la
spot was adjusted to the pinhole. Laser fluence was c
brated by measuring the power transmitted through the c
brated area of the pinhole. Time overlap was aided by us
an avalanche photodiode to simultaneously sample both
5-ns laser pulse and the subnanosecond, zero-order SR p
after both beams had passed through the pinhole. Coi
dence was then obtained by observing an oscilloscope w
adjusting the timing of the laser trigger with an electron
delay generator in combination with passive delays. Th
delays were subsequently varied to map out excited-state
cays.

A SR photon energyhn of 8.5 eV was selected to produc
the largest excited state signals within the range tested, 7
10.5 eV. The selectedhn reflects primarily the beamline
transmission, including that of a LiF filter inserted into th
beam to eliminate higher-order grating harmonics. Witho
the LiF filter, emission from these harmonics would ove
whelm the weak ESPES signals, which typically produc
count rates less than 1 Hz~see Fig. 2!. Attempts were made
to employ largerhn’s in order to record spectra with mor
surface-sensitive photoelectron energies for comparison
in order to exploit possible photoemission resonances.22,23

Above the LiF cutoff, second-order grating harmonics we
suppressed by edge absorption in Sn or In thin-film transm
sion filters and by reflection from a critical-angle~low-pass!
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EXCITED-STATE PHOTOELECTRON SPECTROSCOPY OF . . . PHYSICAL REVIEW B 64 205415
mirror of oxide-free silicon.24 For detailed spectroscopy
however, the metal filters reduced signals to impractical l
els and the mirror was unable to suppress the second-o
grating harmonic sufficiently.

The storage ring was operated in two modes. In sing
bunch mode, with which most of the data were taken, o
one electron bunch circulated in the storage ring, produc
;0.6-ns SR pulses at a 1.76-MHz repetition rate. This m
maximized the number of SR photons per pulse (;5
3104/pulse) and hence maximized the number of phot
coincident with the exciting laser pulse. For pump-probe
periments, single-bunch operations also enabled the
time resolution, which was limited by laser jitter to60.5 ns.
In the second mode of operation, 25-bunch mode, the l
was desynchronized so that, in effect, SR served as a
source. In this mode, time resolution was limited to;12 ns
by transit-time dispersion of the various electron trajector
within the electron spectrometer.18 For times greater than
;50 ns after the pump pulse, this mode could provide
improved data rate because larger currents were stored i
ring and because longer gate times could be used with
distorting the slower decays in this time regime.

The picosecond laser setup at the Naval Research L
ratory ~NRL! used the Nd:YAG laser second harmonic (hn
52.33 eV) as pump and the fifth harmonic (hn55.84 eV) as
probe. The laser was mode-locked and simultaneouslyQ-

FIG. 2. Solid lines: background emission measured with pum
laser off. Symbols: total emission with pump and probe coincid
in time. ~a! Synchrotron radiation probe; count rate is normalized
100 mA of current in the storage ring, the maximum available in
special single-bunch operating mode best suited for maximiz
signal at high time resolution~Ref. 18!. Error bars give6one stan-
dard deviation from counting statistics.~b! Probe is the Nd:YAG
laser fifth harmonic.
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switched at a 2-kHz repetition rate. A Pockels cell pluck
for use the most intense mode-locked pulse from e
Q-switched envelope. The harmonics were generated
three crystals placed sequentially after the Pockels c
CD* A to produce the second, KTP the fourth, and BBO t
fifth in a 411 mixing scheme.25 A fused silica prism sepa
rated the harmonics. From autocorrelation measuremen
the plucked fundamental pulse, we infer FWHM durations
75 ps for the pump and 50 ps for the probe. Pump and pr
beams were independently attenuated and focused, res
tively, to 380 and 80mm FWHM. Pump-laser fluences wer
calibrated by measuring the power transmitted through a
hole of measured area. Spatial overlap was optimized
steering the pump beam for maximum excited-state sig
The relative timing of the probe was controlled with an o
tical delay line.

For both the SR and LR setups, C60 films were sublimed
in ultrahigh vacuum onto room-temperature substrates fr
powder26 outgassed at 100 to 200 °C for several hours pr
to each evaporation. The substrates were made of oxy
free high-conductivity copper polished to a mirror finish a
cleanedin situ by Ar-ion bombardment until a sharp Ferm
edge resulted. The deposition rate was typically 2 nm/m
Film thickness was varied from 42 to 84 nm as measu
with a quartz crystal oscillator. Films were polymerizedin
situ by exposure at room temperature to the pump-laser
diation at doses from 15 to 20 kJ/cm2, delivered with flu-
ences from 1.6 to 3 mJ/cm2 per pulse. At NSLS, polymeriza
tion was monitored by characteristic changes in the vale
band.27 At both NSLS and NRL similar doses were em
ployed and polymerization was verified by the insolubility
exposed spots in toluene. Because polymerization procee
too rapidly at room temperature to allow data to be obtain
from unmodified material, pristine films had to be studied
81–84 K, where polymerization rates proved undetectabl27

Polymerized films were investigated at both room tempe
ture and 81–84 K.

In both setups, photoelectron energy distributions w
measured with a double-pass cylindrical mirror analy
~CMA! operating with constant energy resolution. Reso
tion was determined by fitting the Fermi edge that was r
tinely recorded from the copper substrates. Resolution in
LR experiments ranged between 0.16 and 0.20 eV; in the
experiments, the pass band was increased to 0.18 to 0.2
because of the weaker signals. Samples were biased from25
to 210 V to ensure collection of the low-energy electron
spectral shapes were unchanged over this bias ra
Samples were oriented with the surface normal directed
the acceptance annulus of the CMA. Angles of inciden
relative to the normal for the probe~pump! beams were 33°
~35°! in the SR setup and 48°~55°! in the LR setup. All
beams werep polarized. Data acquisition with SR employe
a time-to-digital converter to histogram the time that ea
photoelectron arrived within a specified period around e
laser pulse.18 Concurrently, photoelectrons were also count
in a 100-ms window ending just prior to the laser pulse
order to acquire ‘‘laser-off’’ spectra. With the LR setup, ph
toelectrons were simply counted within a 500-ns windo
that bracketed the probe pulse to reduce dark counts.
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In the LR experiments, probe fluence was maintained
low 0.7 mJ/cm2 to prevent self-pumping, detectable as
weak superlinear dependence on probe fluence of a b
ground signal discussed below. For the SR experiments,
ear conditions prevailed because the incident probe flue
was orders of magnitude weaker~<43106 photons/cm2 per
pulse in single-bunch operations as calibrated from the p
tocurrent emitted from a sputtered gold foil28!.

Pump beams, and the probe beam in the LR setup, w
variably attenuated by using a half-wave plate to rotate
plane of polarization relative to the plane of transmission
a polarizing prism. Comparable pump fluences were e
ployed in both setups: 0.04 to 2.8 mJ/cm2 in the SR setup
and 0.017 to 1.6 mJ/cm2 in the LR setup. Temperature tran
sients in the films were calculated with a finite-eleme
code29 that incorporated the temperature-dependent ther
properties of C60 ~Refs. 30, 31! and the spatial profile o
volumetric absorption determined with thin-film optic
calculations.32 At the highest fluences, the maximum tra
sient temperatures for the SR data were calculated to be
and 117 K for initial temperatures of 295 and 84 K, resp
tively. For the LR data, the maximum temperatures were
and 185 K for initial values of 295 and 81 K.

Use of SR permitted checking the valence band for
presence of transient photovoltages.33 The pump pulse pro-
duced small photovoltages that varied among films fr
240 to 110 meV, but in the great majority of cases w
about220 meV. In Figs. 1 and 2~a!, ground state emission
from the valence band is shown at the energy it appea
during the pump pulse.

III. RESULTS AND DISCUSSION

A. Spectral features and assignments

Figure 1 summarizes ESPES spectra for C60 and photopo-
lymerized (pp-C60) films recorded with synchrotron radia
tion ~SR; main panels! and laser radiation~LR; insets!. Be-
cause of its higher probehn, SR produces emission from
both valence and excited states, so that a common en
axis obtains. The bottom axis of the plot has its zero
energy at the 0-0 photoemission transition of theT1 state,
located as described below. Included at the top is a sec
scale with its zero at theS0 origin, obtained by subtracting
from the T10-0 position an energy of 1.54 eV~discussed
below! for theS0→T1 transition. Laser-excited states appe
at energies above the HOMO. The strongest excited-s
emission occurs below the Fermi levelEF , which fell be-
tween 0.3 and 0.4 eV for all SR and LR experiments. F
nonequilibriumstates falling well belowEF , excitonic char-
acter is implicated.

The polymerization-induced changes in the C60 valence
band shown in Fig. 1 have been discussed previously.27 The
changes are consistent with calculations34 of the electronic
structure for a C60 dimer formed through a four-membe
ring, the bonding arrangement of the 212 cycloaddition re-
action believed to be responsible for photopolymerization35

In a three-dimensional film, multiple coordination becom
possible. For instance, analysis of C-1s photoemission line-
shapes in films identically polymerized suggest a mean
20541
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ordination of three in our samples.27 Given the statistical
process by which rotating C60 molecules come into prope
alignment for 212 cycloaddition,35 uniform coordination is
unlikely andpp-C60 should exhibit covalent intermolecular
bonding disorder that is absent in C60. Some additional in-
homogeneous broadening inpp-C60 is consequently likely.
In spite of the significant differences between the valen
spectra of C60 and pp-C60, the excited-state spectra a
markedly similar, as described below.

In Fig. 1, a weak background has been subtracted fr
each excited-state spectrum. The background was presen
both LR and SR probes acting alone, as illustrated in Fig
and has been subtracted in all other spectra reported h
Although the background has not been studied in detail,
remark on it as follows. At low temperatures, it slowly in
creased with ultraviolet~UV! exposure and so was recorde
periodically. That part of the background emission that gr
with UV dose could be substantially annealed away
warming the film to room temperature and may repres
metastable surface or bulk traps created by UV exposure
stabilized by low temperature. The emission often exten
aboveEF a few tenths of an eV and fell off more gradual
than expected for a Fermi cutoff. Emission aboveEF might
reflect slow equilibration times for some trapped electro
At low temperature, the background grew with UV exposu
more rapidly in C60 thanpp-C60, suggesting that some trap
might arise from light-induced disordering of the orient
tional order that freezes in at;90 K.36 Also, in contrast to
pp-C60, the background in C60 was transiently perturbed
during laser pumping with the LR setup. This effect is r
sponsible for negative features in the baseline of
background-subtracted, 200-ps spectrum in the inset of
1~b!.

Care must be exercised when regarding the lowest kin
energies of the excited-state spectra. The SR measurem
show that the HOMO emission slopes steeply with ene
where it merges with the lowest laser-induced emission@Fig.
2~a!# and this slope decreases slightly during laser pump
Below about20.7 eV in Fig. 1, this line shape change intr
duces additional sensitivity to small errors in accounting
the weak photovoltage shift when subtracting laser-off fro
laser-on spectra. In the case of LR, details at the lowest
ergies were affected by the vacuum cutoff. In spite of the
complications, line-fitting analysis indicates the presence
a third pumped component~in addition toS1 andT1! below
T1 which blends into the HOMO. This component may re
resent ground state molecules perturbed by nearby exc
states as discussed below.

The T1 exciton spectrum was identified by using SR
accumulate the excited state signal during the period 0.
10.3ms after the 5-ns laser pulse. These times far exceed
;1.3-ns unimolecular lifetime measured forS1 , so that only
triplets could possibly be present in quantity at energies
low EF . The unimolecular lifetime ofT1 was measured to be
;15 ms for our pp-C60 films at 81 K. As the inset to Fig
1~a! shows, an almost pureT1 spectrum was also obtainab
after only;1.5-ns delay with the LR setup if large enoug
pump fluences were used. This circumstance was brou
about by the enhanced production ofT1 over S1 at high
5-4
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concentrations, together with a much more rapidS1 decay at
high concentrations. The close similarity of theT1 spectra in
Fig. 1, whether photoemitted with 5.84-eV LR or 8.5-eV S
indicates that any differences in the photoelectron final s
do not materially affect our results.

It also proved possible to observe an isolatedS1 spectrum
if two criteria were satisfied. First was the need to pro
before intersystem crossing could populate the spectr
overlappingT1 population. Second, it proved crucial to u
small enough pump fluences in order to avoid t
concentration-induced production ofT1 during the 75-ps
pump pulse. For example, in Figs. 3 and 4, which were
corded at zero time delay, the spectra for incident fluen
below 0.05 mJ/cm2 are essentially pureS1 . However, from
the decomposition of the spectra intoS1 andT1 components
~obtained as described below!, it is evident in Fig. 4 that by
0.14 mJ/cm2 someT1 contribution occurs in the middle o
the spectrum. At 1.6 mJ/cm2 the T1 component is clearly
predominant~Fig. 3!.

IsolatedT1 andS1 spectra recorded at 300 K with LR ar
normalized and compared in the inset to Fig. 1~a! and again
in Fig. 5. Measurements at 81 K yielded identical shapes.
shifting the spectra for closest coincidence, we findT1 lies
0.33 eV belowS1 for pp-C60. This value is consistent with a
splitting of 0.34 eV determined for pristine films with optic
methods37 and is slightly more than the 0.28–0.30 eV i
ferred by comparing electron energy loss and opti
spectroscopies.38–40

FIG. 3. Symbols: background-subtracted excited-state spe
for various incident fluences of the 75-ps pump laser when coi
dent with the probe pulse (t50). Spectra are offset vertically fo
clarity. T1 predominance at high fluence is evident as the increa
peak at 0.5 eV.EF gives the measured Fermi level. The emissi
band aboveEF is located approximately at the LUMO. Curves: fi
of S1 andT1 contributions using an identical model line shape
both excitons as described in the text. Inset: Symbols give flue
dependence ofS1 andT1 from the fitted components. Curves giv
results of a rate-equation model~Ref. 17!.
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A fourth, weak, transient photoemission band cente
;0.5 eV aboveS1 was also observed~see Fig. 3, e.g.!. This
energy is near the lower edge of the LUMO, which is e
pected near 2.3 eV~Ref. 41! on thetop axis in Fig. 1. It is
likely these states originate from mobile or trapped electr
or from weakly bound charge-transfer excitons.37,38 The
weakness of this component in our data precluded a deta
characterization. Its magnitude suggests that the conce
tion of free or weakly bound electrons is significantly le
than that of excitons. This is consistent with the small e
ciency of photocarrier production in fullerene films, whic
has been explained42,43 within the context of the Onsage
model.3,44,45 However, a quantitative comparison must a
knowledge that the photoemission cross section for mo
carriers or charge-transfer excitons relative to Frenkel e
tons is unknown and may depend strongly on the degre
localization. For example, within a model based on hyd
genic wave functions, the optical-absorption cross section
polarons falls markedly as the electron wave function
comes delocalized;46 consequently the efficiency for photo
emission from mobile or weakly bound carriers may
smaller than from more localized excitons.

tra
i-

g

ce

FIG. 4. Background-subtracted exciton spectra of a polymeri
film at room temperature for various incident pump-laser fluen
~symbols!. Pump and probe were coincident in time. Spectra
offset vertically for clarity. Note similarity to behavior at 81 K, Fig
3. Curves give fitted decomposition intoT1 and S1 contributions
and an exponentially falling component~not shown for lowest three
spectra! that may reflect ground state molecules perturbed by a
cent excited molecules. The 0.017 mJ/cm2 spectrum is pureS1 .
5-5
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The individual S1 and T1 line shapes measured fo
pp-C60 are much broader than the;50 meV width predicted
for free excitons,38 even after considering our;200 meV
instrumental broadening. Inhomogeneous broadening sh
not be significant since vibrationally broadenedS1 photolu-
minescence from disordered C60 films47,48andpp-C60 ~Refs.
49–51! exhibit an excess broadening relative
crystals47,48,52that is minor on our energy scale. In additio
unlike ESPES spectra from semiconductors, which show
creasing signal to lower energies as electrons equilibrat
conduction or surface-state band edges,7 these frompp-C60
exhibit a distinct decrease to lower energy, indicative o
vibrationally broadened line shape.

As shown in Fig. 5, eachS1 andT1 photoemission spec
trum closely resembles the vibrationally broadened HOM
spectrum ofisolatedC60 molecules in a 0.2-monolayer depo
sition on graphite~that, in turn, closely resembles the spe
trum of gas-phase C60!.

53 The similarity demonstrates tha
the localized description of photoemission from C60 mol-
ecules also pertains to low lying excitons: the photohole
localized primarily on one molecule and broadening of
exciton’s photoemission final-state results primarily fro
coupling of the hole to intramolecular vibrations. The situ
tion is illustrated by the conventional Frank-Cond
diagram54,55 of Fig. 6, which schematically plots the tota
state-energies as a function of a generalized molecular
figuration coordinateQ. Photoemission from an exciton sta
uEx& leaves the system in one of a number of possible vib
tional final states, two of which are shown. In state~a! is
depicted the final state produced by a 0-0 transition. Here
hole is left on a molecule in its vibrational ground stateh0
and the outgoing photoelectron has kinetic energy«00. In
~b!, the hole is left on a vibrationally excited molecule a
the outgoing photoelectron, to conserve energy, has«0n
5«002\vn , where\vn is the vibrational energy. Nonzer
transition moments occur betweenuEx& in its vibrational
ground stateh0 and the vibrationally excited final states b

FIG. 5. Comparison of theS1 andT1 photoemission line shap
to that of the HOMO from a 0.2 monolayer deposition of C60 on
graphite~Ref. 53!. No scaling of the energy axes has occurred
spectra have been aligned by eye and theT1 spectrum is offset
vertically for clarity. Vertical fiducial at 0.95 eV marks the approx
mate 0-0 line determined for the gas-phase HOMO~Ref. 53!.
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cause lattice relaxation around the photohole offsets the fi
state inQ to Qh as drawn, giving finite vibrational matrix
elementŝ h0uhn&. In this way, a monochromatic probehnx
produces a vibrationally broadened exciton photoelectron
ergy distribution, as illustrated in the upper right corner
Fig. 6.

In Fig. 6, the total energy curve for the ground stateS0 is
also shown offset inQ from the exciton, as is known to b
the case for solid C60 because of vibronic structure in theS1
photoluminescence47–49,51,52and in the electron-energy-los
spectroscopy~EELS! of T1 .39,56–58The vibrational structure
observed in photoemission from isolated molecules53 ~hn0 in
Fig. 6! and its similarity to the exciton spectra~Fig. 5!, com-
pels the interpretation implicit in Fig. 6: both photoemissio
create a similar, final hole state that is localized around
molecule. If the exciton curve is displaced inQ by a small
amount relative to the photoemission final states, as sho
then the vibrational broadening can be approximately
same forS0 and excitons as experiment requires, Fig.
Furthermore, this arrangement, with (Qh2Qx)'(Qh2Q0)
.(QX2Q0), leads to a vibrationally broadened photolum
nescence~for which the 0-0 transition is forbidden! that is
much narrower than the vibrationally broadened photoem
sion, as observed for both disordered C60 films47,48 and
pp-C60 films.49 The arrangement inQ is also consistent with
the expectation that a relatively localized hole is mo
strongly coupled to nearby atoms than is a neutral excito

t

FIG. 6. Relevant transitions schematically represented by a c
ventional Frank-Condon diagram.Q is a generalized molecular con
figuration coordinate andhnx and hn0 are probe photon energies
Exciton stateEx is shown in its vibrational ground state, as ind
cated by the Gaussian nuclear wave function. Two of many poss
final photoemission states are shown as~a! and~b!. In final state~a!,
the photoholeh0 is left on a molecule in its vibrational ground sta
and the outgoing photoelectron has energy«00. In ~b!, the molecule
is left in vibrational staten ~n54 in the diagram! of energy\vn

and as a result the outgoing photoelectron has reduced kinetic
ergy«0n5«002\vn . In this way, a monochromatic probe produc
a vibrationally broadened photoelectron energy distribution
shown at the upper right.
5-6
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Among the final states available for photoemission fro
the HOMO in the solid state are those that dominate pho
emission from the exciton, i.e., a localized hole and an o
going photoelectron. Hence the exciton data support the v
that vibrational broadening contributes significantly to t
width of HOMO photoemission53,57,59in addition to any dis-
persive broadening from band structure.58,60,61

The evolution of the exciton spectra with pump fluen
and probe delay can be reproduced as a linear combinatio
identically shapedS1 and T1 components, as illustrated i
Figs. 3, 4, and 7. The component line shape was obtaine
fitting the isolatedS1 spectrum with a model functionf (E).
As a convenient means of introducing a suitable asymme
we basedf (E) on the low temperature theory55 of optical
transitions that are vibrationally broadened as descri
above in the context of the Frank-Condon picture, Fig.
f (E)5Sng$@E2(«002nd)#/W%Sn/n!, where g is the
Gaussian function of widthW, d is the energy of the vibra
tional mode,«00 is the 0-0 energy,S is the Huang-Rhys fac
tor, andn runs from 0 to infinity. The functionf (E), with
W!d, is sketched in the upper right corner of Fig. 6. No
that because the vibronic modes excited in C60 by a photo-
emission event are in fact more numerous53 than the single
mode contained inf (E), this model function, while usefu
for extractingS1 and T1 amplitudes with a justifiable line
shape, produces other parameters that are not intende
quantitative interpretation.

FIG. 7. Background-subtracted exciton spectra of a polymeri
film at 81 K for various probe delays after the pump. Spectra
offset vertically for clarity. Decomposition into components is
fitting as in Fig. 3. Collision interactions produce a significantT1

population even at 0 probe delay and lead to the loss ofS1 popula-
tion much faster than its unimolecular lifetime at low concent
tions of ;1.3 ns.
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Secondary electrons were also approximately included
f (E) by incorporating a ‘‘Shirley’’ background.62 When fit-
ting the full exciton band, the line shape parameters, incl
ing the relative strength of the background, were held fix
and only the amplitudes of theS1 andT1 components were
varied, except that a small~;20% maximum! additional
Gaussian broadening was allowed as fluence increased.
fitting could be improved by introducing an addition
fluence-dependent emission at the lower energies, mod
here as a falling exponential and shown in the highe
fluence traces of Figs. 4 and 7. Time-resolved data ta
with SR, where the entire HOMO was accessible, indica
this component could be ascribed to a fluence-depen
change in the shape of the upper limb of HOMO emission
discussed above. This change in shape is distinct from
small, rigid photovoltage. The association of this compon
with the tail of HOMO suggests it represents emission fro
ground-state molecules perturbed by proximal excited sta

Although low exciton concentrations in C60 have not been
investigated because of small signals, the high-fluence s
trum for C60 is essentially identical to that ofpp-C60, as
shown by Figs. 1 and 8. The pristine C60 spectrum in Fig. 8
can be satisfactorily fit with components shaped identica
to those used in fittingpp-C60 in Figs. 3, 4, and 7. The time
dependence of the C60 spectrum also shares general simila
ties with pp-C60. As in pp-C60, the higher energy compo
nent in C60 decays more rapidly, leaving a spectrum th
behaves asT1 , as shown for LR in the inset to Fig. 1~b!.
Similarly, the shapes of the exciton emission measured w
SR for C60 at 0.5 ns and 7.5 ns resembles those frompp-C60
at the same time delays~see Fig. 1; 7.5-nspp-C60 spectrum
is not shown!. We conclude that theS1 andT1 components
for C60 correspond closely to those forpp-C60. This corre-

d
e

-

FIG. 8. Similarity of exciton spectra~background subtracted! for
films of pristine~symbols! and photopolymerized~solid line! C60.
In both cases collision interactions have produced a significanT1

contribution at zero probe delayt. The Fermi level for both films
occurred atEF .
5-7
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spondence is consistent with the resemblance of photolu
nescence spectra, for whichpp-C60 shows a very similar
shape50,51 and only a;40 meV redshift~with comparable
broadening!51 compared to disordered pristine films. Ev
dently the states inpp-C60 responsible for broadening bot
the HOMO and LUMO to higher energy27,34 perturb the ex-
citon energies and splittings only slightly relative to our se
sitivity.

Note, however, that details of the exciton dynamics dif
in the two forms. In particular, at higher pump fluences
T1 population in C60 decays significantly faster than i
pp-C60. Our analysis indicates this is a consequence of m
effective interparticle annihilation collisions~see Sec. III C!
among excited species in C60 at high concentrations, consis
tent with a higher mobility.17 A higher mobility for excited
states in C60 compared topp-C60 may be attributable to
greater disorder inpp-C60, which exhibits varying intermo-
lecular coordination and consequent bond disorder as n
above. Smaller exciton-exciton annihilation rates inpp-C60
due to reduced exciton mobility may also explain why w
found excited-state signals to be larger inpp-C60 than in
C60.

B. Location of origin S0

Our combined valence and exciton spectra provide an
portunity to determine the energyE0 within the HOMO that
serves as the origin of transitions:E05«002DX0 , where«00
is the energy of the 0-0 photoemission line within the exci
spectrum, determined below, andDX0 is the 0-0 transition
energy for creating an exciton, which is available from t
literature. While the 0-0 photoemission line is spectrally u
resolved, the vibrationally broadened line shapes of the
citon spectra indicate it should occur near the high-ene
limb. Indeed, a detailed analysis53 of photoemission from the
HOMO of gas-phase C60 located the 0-0 line at the approx
mate midpoint of the upper limb, as marked in Fig. 5, a
reasons were given for suspecting that the 0-0 line m
actually be somewhat higher in energy. On the basis of
similarities in the shape and width of the exciton spec
compared to the HOMO spectrum from isolated C60, Fig. 5,
and the likelihood that excitons are localized primarily
one molecule, it is reasonable to expect the 0-0 line of
exciton to occur in the same relative position within its ph
toemission spectrum as does the 0-0 line for the gas-p
HOMO. We take this to be the case for bothS1 and T1 in
both pristine and polymerized samples. Hence the zero
energy employed in Figs. 1, 2, 4, and 7, which are referen
to «00 of T1 , is taken at the midpoint of the upper limb of th
T1 spectrum.

The 0-0 transition energyDS0 for S0→S1 is available
from a number of measurements for pristine C60 as crystals
and disordered films. One- and two-photon optical sp
troscopies giveDS051.846 eV for crystalline C60 at 10 K.40

Second harmonic generation in evaporated films givesDS0
that varies from 1.81 eV at 295 K to 1.83 eV at 27 K63

Analyses of fluorescence from films and crystals have a
yielded, respectively, 1.84 eV~temperature not reported!37

and 1.871 eV~Ref. 47! at low temperatures. While specifi
measurements ofDS0 appear not to have been reported f
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pp-C60, a magnitude near that of C60 is probable since, as
noted above, the fluorescence spectrum ofpp-C60 is similar
to that from disordered C60 films and is redshifted by only
;40 meV.50,51

There is greater uncertainty in the energyDT0 of the 0-0
transition for S0→T1 . ~A number of distinct triplet states
identified through magnetic resonance and phosphoresc
have been reviewed64 but are too closely spaced to be disti
guished in the present experiments.! Phosphorescence from
crystals at 1.2 K indicates triplet states at 1.44 and 1.50 e65

A DT0 of 1.50 eV has also been reported for phosphor
cence from films, presumably at room temperature.37 S0

→T1 transitions have also been identified in EELS.39,56,66–68

A DT0 of 1.55 eV was reported for films at room
temperature.39 A weak temperature dependence has be
noted for the~111! surface of ordered films, withDT0 in-
creasing from 1.53 eV at 300 K to 1.55 eV at 100 K56

Finally, for similar ordered films at 107 K, distinct energie
have been proposed for surface and bulkT1 states67 ~see
below!.

Given the range in reported values forDS0 andDT0 , it is
reasonable for present purposes, though somewhat arbit
to infer from the above measurements values ofDS0
51.87 eV andDT051.54 eV, with uncertainties60.05 eV.
These choices preserve our measuredS12T1 splitting of
0.33 eV. The resulting energy of the origin, i.e.,E05«00

T

2DT0 , is labeled in Fig. 1 asS0 . It occurs at21.54 eV since
we reference our energies to«00

T located in the upper limb of
the long-livedT1 spectrum as discussed above. The orig
falls on the high-energy side of the HOMO, which is emph
sized when the HOMO photoemission obtained with high
energy resolution is considered@see dashed data in Fig
1~b!#. ~A shift in the apparent position of«00

T , if exciton data
were taken with the same high energy resolution, is expec
to be small since the 0-0 line is taken near themidpoint of
the upper limb of theT1 spectrum.! The location ofS0 is
expected in the upper portion of the HOMO if significa
vibrational broadening in the final state, comparable to t
which broadens the exciton spectra, contributes to
HOMO photoemission.53 Our location ofS0 is inconsistent
with a recent interpretation of femtosecond ESPES dat11

This interpretation, by assuming an origin at thepeakof the
HOMO, rather than in itsupper limb, identified asS1 what is
actually the long-livedT1 spectrum.

Because ESPES is both bulk and surface sensitive, as
any photoelectron spectroscopy, the question arises a
whether surface and bulk excitons can be distinguished
van der Waals bonded materials, which generally lack str
one-electron surface states, several factors may still alter
surface exciton transition energyDsrf compared to that of the
bulk, Dblk .3 A tendency forDsrf to exceedDblk should ac-
company the larger surface band gap that is expected w
the decreased coordination at the surface narrows the HO
and LUMO widths.59,69 On the other hand, areducedDsrf
would accompany the increased exciton binding energy
pected for less effective screening at the surface.69,70 In van
der Waals materials studied with optical methods, vale
excitons have been reported with surface transition ener
5-8
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;0.04 eVgreater than the bulk~anthracene71! and;0.2 eV
lessthan the bulk~rare gas solids70,72!, as reviewed by Pope
and Swenberg.3 In the EELS experiment noted above,67 a
weak loss at 1.64 eV was attributed to a bulkT1 state be-
cause, at low primary beam energy~1.9 eV! where electron
penetration and escape depths increase, it exceeded in a
tude the 1.55-eV feature. However, such a large bulk ene
appears to be inconsistent withDT0'1.50 eV measured by
phosphorescence, which is bulk sensitive.

In photoemission, another shift occurs inherently betwe
surface and bulk features. The shift arises because the
tively charged photohole induces different electronic pol
ization energies in the sample depending on the hole’s lo
tion relative to the surface.73,74 Because of this polarization
difference, the electrostatic energy of any charged spe
insidea dielectric rises as the charge approaches the sur
much as the energy of a chargeoutsidea dielectric~or metal!
decreases as described approximately in terms of an im
charge.73,75 The surface polarization shift for C60 films has
been treated experimentally and theoretically by Rotenb
et al., who found that surface features shifted;0.1 eV to-
ward smaller kinetic energy, as expected.73 Note that ESPES
of unbound electrons~i.e., molecular anions! is subject to an
oppositeshift between surface and bulk. In this case,
final state of the material is neutral but the negativ
chargedinitial state possessed increased electrostatic en
at the surface. For surface sensitive ESPES, this energ
crease for electrons near the surface would have to be
sidered when comparing the relative energies of exciton
electron spectra. Note that this polarization repulsion aw
from the surface for charged species inside a dielectric m
decrease the sensitivity of ESPES to free electrons in
lecular materials and semiconductors. The degree depend
temperature, photoelectron escape depth, material diele
constant, and, in experiments that transiently pump the
face region, on dynamic parameters such as hopping ti
and mobility that control movement away from the surfa
Hence two effects may reduce ESPES sensitivity to bulk f
electrons: polarization repulsion from the surface, and
smaller cross section accompanying delocalization46 as dis-
cussed above.

The present data were acquired with photoelectron esc
depths that should emphasize bulk features over sur
ones. The combinedT1 andS1 exciton spectra acquired wit
LR were centered at a kinetic energy about 0.7 eV above
vacuum level, for which the photoelectron attenuation len
exceeds 2 nm according to measurements of the attenu
of substrate core levels76 and to measurements reported
Goldoni et al.56 Using a lower limit of 2 nm for an electron
attenuation length, and a 0.8-nm separation between~111!
planes77 as a gauge of the spacing between molecular lay
parallel to the surface, we find that surface molecules wo
represent less than13 of our signal if all other factors were
equal. However, we find no evidence of distinct surface a
bulk exciton components although the existence of s
components with small relative amplitudes or splittin
cannot be ruled out.
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C. Fluence and time dependence

In Figs. 3 and 4, the shapes of the exciton spectra
pp-C60 are shown evolving with increasing incident pum
fluence as measured with LR at 0 time delayt between pump
and probe. Fluence-dependent data were routinely chec
for irreversible laser-induced changes by periodically retu
ing to low-fluence conditions. Occasionally, changes in a
plitude up to;20% were observed over the course of seve
hours. Since these changes could be either positive or n
tive, experimental instabilities are a possibility. Systema
biases due to possible changes in sample condition were
duced by varying the pump fluence nonmonotonically in a
given series of measurements.

The similarity of the fluence-dependent spectra recor
at 81 K and room temperature is evident by comparing F
3 and 4.T1 andS1 components, obtained through line fittin
as described above, are shown as dashed and solid l
respectively. In Fig. 3, the intensities of these fittedS1 and
T1 components are plotted in the inset as symbols. In b
Figs. 3 and 4, the spectrum at lowest fluence is almost
tirely S1 . The concentration, in the low-to-mid 1018cm23

range, is too small for excited-state interactions to introdu
significant nonlinearities. However, as the concentration
nonequilibrium species increases, it is evident that a pre
ential conversion of incident energy to theT1 population
occurs until, at the highest fluence, theS1 population exhibits
a saturating behavior while theT1 population continues to
grow.

In the inset to Fig. 3, the measuredS1 and T1 fluence-
dependent intensities~symbols! are reproduced, respectivel
by solid and dashed curves. These curves give the flue
dependence as predicted by a model comprising three
equations to account for interacting populations ofS1 , T1 ,
and free carriers~F!. The model, which has been discussed
a letter format,17 will be elaborated elsewhere. In addition
reproducing theS1 andT1 fluence dependencies, the mod
also reproduces complex fluence-dependent transient de
of S1 and T1 that were recorded after the pump pulse. T
ability of ESPES to spectrally separate theS1 and T1 tran-
sientbehaviors is illustrated by the time-dependent series
spectra in Fig. 7, which was initiated by a relatively hig
incident fluence~1 mJ/cm2! that produced substantial triple
population even at zero delay.

The rate-equation model17,78 is also able to reproduce th
enhanced production of triplets observed at high fluen
Here we briefly note that this enhancement occurs thro
the spin-conserving manifolds of the interactions~i! S1S
→T1T or ~ii ! S1F→T1F. The former reaction~i! is
analogous to well documented singlet fission in polyacen
which differs in that one of the singlets is a ground sta
molecule.3 An enhanced production of theT1 population
may still ensue if the two triplets formed in close proximi
by interaction~i! subsequently annihilate through the chann
T1T→T1S0 .2 Reaction ~i! was previously suggested t
operate in C60 to account for a transient absorption sign
that decayed more rapidly as excitation fluence increased
that left a long-lived transient residue attributed toT1
absorption.19 Those experiments were carried out on film
5-9
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exposed to air and were unable to separate overlappinS1
andT1 contributions, as our ESPES results do. Interaction~i!
has also been invoked to explain increasedT1 production at
high excitation densities observed by transient absorptio
para-hexaphenyl films, in which separate absorptions fr
S1 , T1 , and polarons were followed.2

In reaction~ii !, S1F→T1F, a spin-12 mediated intersys-
tem crossing79 is induced by a free electron or hole. Th
interaction may be viewed as analogous to the~energetically
disallowed! back reaction of the annihilation interaction3 T
1F→S01F, which also results in an effective spin flip o
the free carrier. The reactionS1F→T1F is energetically
allowed, with energy conserved either by creation of vib
tions or by the free-carrier taking up the;0.3 eV of S1-T1
splitting. The back-reaction rates of~i! and ~ii !, S1S←T
1T and S1F←T1F, require;0.6 and;0.3 eV, respec-
tively, and are energetically unfavorable at our temperatu
The model finds that nongeminate recombination of el
trons and holes, for which spin statistics favor triplet form
tion asF1F→0.75T10.25S, contributes toT1 production
only slightly, in part because free carriers are formed ine
ciently in C60.

42,43 The slight contribution discounts the e
fect of any adjustment in the spin-statistical branching ra
that cross section effects may impart.80

Biparticle interactions also cause a rapid decay ofS1 at
high concentrations. This is clearly evident in Fig. 7 f
pp-C60 at 81 K pumped with 1 mJ/cm2. Only 10% of the
peakS1 population remains after 200 ps, a time much le
than the unimolecular decay time of;1.3 ns we measure a
low fluence. Very similar behavior was measured for films
room temperature. Contributing to the rapidS1 decay are the
annihilation interactionsS1S→S01S and S1T→S01T,
the latter of which drives theS1 population to low values as
the T1 population is enhanced at high excitation density.

IV. SUMMARY

By employing excited-state photoelectron spectrosc
~ESPES!, we have investigated laser-pumped exciton sta
in films of C60 and photopolymerized C60(pp-C60). Use of
both synchrotron and laser probes permitted time scale
extend from 10’s of picoseconds, much less than the uni
lecular lifetime of the lowest lying singlet exciton (S1), to
more than 10ms, when only triplet states (T1) remain.
Larger signals inpp-C60 enabled detailed studies, includin
the temporal isolation of each of the identically shapedT1
and S1 spectra and their identification that corrects a pre
ous assignment.11 Our assignments ofT1 and S1 spectra is
supported by~i! their widely disparate lifetimes being in ac
cord with general expectations and the literature,~ii ! a split-
ting in accord with the literature,~iii ! identical line shapes
and ~iv! location of both below the Fermi level.

The T1 state was measured to lie 0.33 eV belowS1 in
pp-C60 but the two spectra nevertheless overlap becaus
20541
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significant vibrational broadening in the photoemission fin
state. Vibrational broadening is verified by the close cor
spondence in shape and width between our exciton spe
and vibrationally broadened photoemission spectra from
lated C60 molecules.53 The correspondence guided our plac
ment of the 0-0 photoemission transition on the upper lim
of the exciton spectra.

For pump fluences that create exciton concentrati
*1019cm23, we found the unexpected result that theT1
population predominates over theS1 population on a time
scale faster than our 50-ps probe resolves. This time is m
less than the;2.5-ns intersystem crossing time we measu
at lower exciton concentrations. Similar behavior has be
previously suggested19 for incompletely characterized film
of C60 and has also been discovered in model compound
conjugated polymers.2 ExcessT1 production at high concen
trations may have ramifications for potential devices ope
ing at high concentrations, such as polymeric lasers. W
the separate dynamics of bothS1 and T1 populations are
followed over wide fluence and time regimes, we have fou
it necessary to adopt a more comprehensive rate-equa
model than previously applied, one which incorporates in
actions among all three primary excited species, namelyS1
andT1 excitons and charged carriers.

The weaker spectra from pristine C60 were examined at
our higher incident pump fluences where, as inpp-C60,
excited-state interactions led to the unavoidable predo
nance of triplets. The resulting exciton spectrum from C60
was indistinguishable frompp-C60 within noise constraints.
The two forms also exhibited similar transient behavior b
with faster bimolecular decays in C60, attributable to larger
mobilities and correspondingly larger interaction rates.
employing the reported transition energies for creatingS1
andT1 states in C60, and noting the similar spectral chara
teristics of excitons in the two forms, we are able to loca
the apparent origin of transitions in photoemission spectra
both C60 and pp-C60 to be within the upper limb of the
HOMO, rather than its center. This result is consistent w
vibrational broadening making a significant contribution
the width of the HOMO photoemission spectrum in additi
to any dispersive broadening.
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