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Time-resolved photoelectron spectroscopy of low-energy excitations
of 4×4 C60/Cu(111)
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Time-resolved two-photon photoemission is applied to investigate electron dynamics in multiple
monolayers (MLs) of ordered fullerite on a copper substrate. The experimental data are analyzed
assuming coupled excited state dynamics. Rate equations fitted to these dynamics yield lifetimes of
about 80 ps for the lowest unoccupied molecular orbital (LUMO), about 1.2 ns for the singlet exciton
and 22 μs for the triplet exciton at a surface temperature of 140 K. For trapped triplet excitons life-
times up to 200 μs are observed. An increased excitation fluence reduces the lifetime of the excitons
due to annihilation. An increased sample temperature slightly reduces the lifetime of the triplet exci-
ton. There is no evident dependence of the exciton lifetimes on the pump photon energy in the range
of hν = 2.9 to 3.3 eV. A dependence on the layer thickness (10–20 ML) is not observed as long as
more than 9 ML are prepared. © 2010 American Institute of Physics. [doi:10.1063/1.3524313]

I. INTRODUCTION

The properties of the low-lying electronic states in C60

thin films have important implications for the behaviour of
fullerene films in various applications, like photovoltaic de-
vices, transmission sensitive coatings, and molecular elec-
tronics. Here the energy transfer into acceptor states in func-
tionalized C60 is important.1, 2 Many experiments have been
devoted to clarify the energetic position of electronically ex-
cited lowest unoccupied molecular orbital (LUMO) states and
the lowest singlet and triplet excitons relative to the highest
occupied molecular orbital (HOMO) on various substrates.3, 4

Depending on the substrate the energetic position of the low-
est LUMO and those of the excitons in the first C60 layer is
below or above the Fermi energy, thereby changing the degree
of metallic character. This behaviour also has influence on the
ability to act as an electron acceptor for further adsorbates.
In particular the dynamics of these states influence the photo-
physical and photochemical response of bare and functional-
ized fullerene films after excitation in certain photon energy
bands.

Ordered C60 thin films or fullerite is a solid with only
weakly interacting van der Waals forces between the con-
stituents. Therefore, the electronic properties become to a
certain extent already apparent in gas phase or matrix isolated
entities. Of course, the solid features specific properties
not available for single C60 molecules, like a high electron
mobility by hopping,5 diffusion of excitons and, at high
densities, exciton – exciton annihilation.6 Further, for adsor-
bate covered C60 films a chemical interaction with electronic
states of the adsorbate may occur.

In ideal, nonvibrating and nondeformed C60 the elec-
tronic transition from the HOMO to the LUMO with a band
center energy difference of about 2.2 eV is electric dipole
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forbidden due to the symmetry of the states. At somewhat
higher photon energies the LUMO+1←HOMO and the
LUMO←HOMO-1 transitions become dipole allowed,
thereby enabling effective excitation with the second har-
monic of a Ti:sapphire (λ ∼ 400 nm),7–11 the third harmonic
of a neodymium laser (λ = 355 nm)12 and the radiation of a
XeCl excimer laser.13 However, in crystalline C60 the absorp-
tion of photons with an energy of 2.33 eV (λ = 532 nm)—
the second harmonic of a neodymium laser—and thus in the
LUMO ← HOMO transition, is significantly more effective
than in the gas phase or in a nonpolar matrix due to a symme-
try reduction by an initial state with non-zero wave vector.14

Further, the electron delocalization across the crystal causes
electronic band formation with a width of about 0.4 eV.15–17

Bound electron–hole pairs or excitons exist in fullerite as
well as in the gas phase or in matrix isolated C60 molecules. In
the latter case they are naturally localized, in fullerite excitons
may diffuse through the bulk, but may also appear at the sur-
face. Excitons can exist in singlet and triplet spin configura-
tions. Sawatzky and co-workers showed that singlet excitons
can resonantly be excited from the HOMO by photons with
about 1.826 eV energy (λ ∼ 679 nm),18 in agreement with an
earlier photoconductivity measurement.19 Using electron en-
ergy loss spectroscopy (EELS) Gensterblum et al. observed
the triplet exciton in fullerite at energies about 1.5 eV above
the HOMO state.20

Previously, several investigations were concerned with
the decay of electronic excitations, both in the single elec-
tron states as well as in excitonic states. However, a broad
variation of lifetimes and decay rates has been reported. It is
generally agreed that electrons in the LUMO+1 relax within
a ps or less into the LUMO state, depending on the thickness
of the film due to charge diffusion and on the substrate.7, 8,11

At a film thickness larger than 1 nm a classical dipole—dipole
damping mechanism prevails.21 Electrons in the LUMO then
decay with lifetimes between less than 20 ps in matrix isolated
C60

10 and 134 ps in fullerite7 into the singlet exciton.
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The singlet exciton relaxes by spin-orbit interaction
nearly resonantly into the triplet exciton state,22 because it can
not decay into the HOMO via electric dipole radiation. Us-
ing various methods and systems lifetimes between 33 ps and
1.3 ns have been reported.6, 7,21–23 Branching ratios for exci-
ton relaxation and free carrier generation between 35% and
100% are reported.6,24

Due to the necessary spin flip the lowest triplet exciton
relaxes into the ground state only at very low rates. In ul-
tracold, matrix isolated C60 molecules lifetimes of the triplet
exciton between 16 μs and 470 μs have been measured by
phosphorescence25, 26 or ESR.23,27 In gas phase experiments
lifetimes of the triplet exciton between 30 ns and 3 μs have
been observed.12,28 The lifetimes depend on the amount of
vibrational excitation and thus vibronic coupling with other
states. At temperatures of 81 K Kabler and co-workers re-
ported lifetimes of 15 μs for photopolymerised fullerite.6

They also observed that at laser fluences above 0.1 mJ/cm2

singlet exciton annihilation and above 1 mJ/cm2 triplet exci-
ton annihilation become major decay channels.

In the present investigation ordered (4 × 4) C60 layers are
grown on Cu(111). Previously, Osterwalder and co-workers29

observed with angle-resolved ultraviolet photoemission for
one monolayer (ML) of C60 on Cu(111) a transformation of
the Shockley surface state of Cu(111) into an interface state
between Cu(111) and fullerite. A second interface state de-
velops at about 1 eV below EF due to a hybridization be-
tween the six carbon atoms facing the copper surface and the
first few layers of copper atoms, as theoretical calculations
suggest. According to this calculation on average 0.8 elec-
trons are transferred from the copper to each C60 molecule
adsorbed in the first ML, whereas according to their experi-
ment on average 2.9 electrons are transferred from the cop-
per to each C60 molecule adsorbed in the first ML. Similar
results were found earlier by Tsuei and co-workers.30, 31 On
average between 0.8 and 2.0 electrons are transferred to the
C60 molecules of the first ML. Theoretical calculations of the
electron redistribution for the adsorption of one ML on noble
metals yield the conclusion that about one charge is localized
between the metal surface and the carbon atoms of C60.32, 33

Upon further growths of additional ML the film then shows
the properties of bulk fullerite. Employing two-photon pho-
toemission the energetic position of excitonic states and of
single electron excitations are measured. Introducing a time
delay between a wavelength tunable pump pulse and a probe
pulse reveals the excited state dynamics in both the time and
state energy domain.

II. EXPERIMENTAL

An ultra-high vacuum (UHV) chamber with a base pres-
sure of 5 · 10−10 mbar equipped with an internal μ-metal
shield is employed. A copper (111) single crystal with 10 mm
diameter is used as substrate. The crystal is introduced into
the chamber, sputter annealed, and checked for cleanness by
means of Auger spectroscopy, low energy electron diffrac-
tion (LEED) and PES. The C60 films are prepared by vapour
deposition. A molybdenum crucible containing C60 powder
(99.9%+ purity; Proteomics) is heated by an electron beam.

After outgassing the evaporator for one hour, the pressure in
the vacuum chamber stays below 10−9 mbar. At a temperature
of 700 K C60 shows a vapour pressure of 3.6 · 10−2 mbar.34, 35

The molecules evaporate through a hole in the crucible and
are guided by a metal tube to be deposited onto the copper
crystal held at a temperature of 363 K. Some molecules be-
come ionized by the electron beam and hit the tube. Moni-
toring this positive ion current allows to reproducibly prepare
C60 films. Typically, at a current of 0.5 nA one ML is grown
in 230 s. After deposition of a few ML the copper crystal is
heated to a temperature of 600 K which leads to desorption
of all but the first ML and induces a long-range order in this
first monolayer. Then further C60 is evaporated up to 20 ML
at a temperature of 363 K. This procedure ensures an ordered
growth of a (4×4) C60 film on the Cu(111) surface, as is veri-
fied by LEED.

For excitation and photoemission spectroscopy (PES)
a tunable OPO/OPA laser pumped by a mode-locked
Nd:YLF laser is used. The system has been described in
detail previously.36–38 At a repetition rate of 1 kHz pulse
energies of up to 500 μJ tunable in the range from 1460
to 1740 nm are available. Two consecutive LBO crystals
are used to generate the fourth harmonic, yielding radiation
tunable in the range from λ = 365 to 435 nm (hν = 3.40 to
2.85 eV) with about 20 μJ pulse energy. The pulses travel
over a translation stage to synchronize them with the probe
pulses, and are used to excite the C60 film. From the partly
depleted fundamental pulse of the Nd:YLF laser the second
(hν = 2.35 eV, λ = 526.5 nm), fourth (hν = 4.71 eV, λ

= 263.25 nm) and fifth (hν = 5.88 eV, λ = 210.6 nm)
harmonic are generated in consecutive BBO crystals to
generate the probe laser pulses. Further, the seventh harmonic
(hν = 8.24 eV, λ = 150.4 nm, 104 photons per pulse) of the
Nd:YLF laser is available by third order nonresonant differ-
ence frequency mixing in Xe gas (p ∼ 60 mbar) the fourth
harmonic with the fundamental pulse.39, 40 For time delays in
the microsecond range a second laser is used which permits
to adjust the delay electronically. The third harmonic of a
Q-switched Nd:YAG laser (hν = 3.49 eV, λ = 355 nm, pulse
duration 120 ns) is employed. P-polarized laser pulses of 9 μJ
energy focused to a fluence of 0.1 mJ/cm2 are applied to the
C60 film. Fig. 1 shows schematically the experimental setup.

In the present experiment a lens weakly focuses the
pump beam to an elliptic spot on the sample with an area of
0.25 mm2 leading to fluence of up to 0.1 mJ/cm2. The laser ra-
diation impinges under an angle of ϑ = 60◦onto the sample,
see Fig. 1. The probe beam spot size and position is adjusted
to be spatially within the pump beam spot. For this alignment
a camera is directed at a screen covered with fluorescent zinc
silicate temporarily replacing the sample. The laser pulses are
p-polarized incident on the sample surface. To separate the
time-resolved two-colour photoelectron spectrum from the
non time-resolved mono-colour one-photon PES (1PPE) and
two-photon PES (2PPE) spectra, synchronized choppers are
employed in both the pump and the probe beam, each block-
ing a quarter of the pulses. The choppers are time-shifted
with respect to each other. Thus, three different PE spectra
are recorded simultaneously, one produced by the pump, one
by the probe, and the third by both laser pulses. Laser pulse
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FIG. 1. Schematics of the experimental set-up, indicating the various fre-
quency mixing steps in both the pump and probe beams. The angle of inci-
dence of the p-polarized laser pulses on the sample ist 60◦.

intensities are recorded from the reflections of the entrance
window on a pulse-to-pulse basis. Photoelectrons emitted
from the sample in normal direction are detected in a time-
of-flight (ToF) spectrometer after a distance of 405 mm using
a multi channel plate detector. Their time-of-flight is recorded
by a time-to-digital converter (ACAM AM-GP1, 125 ps res-
olution) and stored in a computer. Typical spectra consist of
105 laser pulses per time delay setting. For optically delayed
probe pulses time delay steps of �t = 33.35 ps are used, for
the electronically delayed ones the step size is increased to
�t = 105.7 ns over a total delay range of more than 25 μs.

The two-dimensional time-delay spectra are cut at certain
energies to gain state dynamics, and vice versa the time-delay
spectra are cut at certain delays to gain dynamic spectra. For
the mechanical pulse delay line the states investigated are the
singlet exciton (E) and the electrons in the LUMO. The result-
ing state dynamics are then fitted by a set of rate equations:

d

dt
Ni (t) = 0, (1)

d

dt
NE (t) = RE,i (t)Ni (t) + −1

τE
NE (t) + RE,LUMO NLUMO(t),

(2)

d

dt
NLUMO(t) = RLUMO,i (t)Ni (t) + −1

τLUMO
NLUMO(t), (3)

d

dt
N f0 (t) = R f0,E (t)NE (t), (4)

d

dt
N f1 (t) = R f1,LUMO(t)NLUMO(t). (5)

Here Nare the numbers of electrons in the respective states.
In addition to the already mentioned states the theory of two-
photon photoemission contains the initial state [i , Eq. (1)] and
the final states [ f0 in Eq. (4) and f1 in Eq. (5)]. R are rates be-
tween the states, some of which depend on the time delay t
because they represent photo excitation by either the pump
[Eqs. (2) and (3)] or the probe pulse [Eqs. (4) and (5)]. Two
rates are replaced by the respective lifetimes τLUMO and τE .
In Eq. (1) the nondepletion approximation is applied. Some
rates in Eqs. (2) and (3) are time-dependent, because they de-
scribe the excitation by the pump pulse which is assumed to
be of Gaussian shape. Equations (4) and (5) describe photoe-
mission into the final states due to the probe pulse, which is
delayed with respect to the pump pulse. By writing this as a
matrix equation d

dt N (t) = R(t) · N (t) and transforming into
the frequency domain a good numerical approximation to the
solution can be obtained.

III. RESULTS AND DISCUSSION

A. Spectra

Figure 2 shows photoemission spectra in normal direc-
tion from fullerite films of different thicknesses on Cu(111)
at a temperature of 140 K recorded with a photon energy
of hν = 8.24 eV. The thickness is calibrated by comparing
the spectra to that obtained by annealing the film to the first
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FIG. 2. Normal photoemission spectra from C60/Cu(111) recorded for dif-
ferent film thickness; photon energy: hν = 8.24 eV, λ = 150.4 nm, TS
= 140 K. The red circles mark the Fermi edge and the high contrast between
HOMO and HOMO-1 for well-prepared films.
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spectrum denoted (3.27 eV + 5.88 eV) is a background-subtracted pump-
probe spectrum taken at zero delay. The position of the HOMO peak in the
solid (black) curve is taken as energy reference.

ML and assuming a constant sticking coefficient upon further
evaporation. The energy scale relates to the position of the
HOMO state at a thick fullerite film. On clean copper features
of the 3d band and the Shockley surface state at 0.4 eV be-
low EF can be recognized. The Fermi edge of Cu appears at
E = EHOMO + 1.9 eV. On the 1 ML thick C60 film an inter-
face state evolves at E – EHOMO = 1.0 eV, in agreement with
results of Osterwalder and co-workers.29 This weak peak be-
comes more visible upon annealing of the first ML, which
is metallic as indicated by the appearance of a Fermi edge.
At 2.5 ML C60 the Fermi edge vanishes. The HOMO-1 is
located at E – EHOMO = −1.2 eV, in agreement with previ-
ous results.8,41,42 It should be noted that the HOMO-1 state
is only partially observed due to the limited photon energy of
8.24 eV. The circle at 10 ML C60 marks the high contrast in
the spectrum between the HOMO and the HOMO-1, indica-
tive of a good preparation and the absence of photo polymer-
ization. It should be noted that over the course of this work
many samples with thicknesses between 10 and 20 ML have
been prepared. Only those which show the indicated deep sep-
aration between HOMO-1 and HOMO are considered here.
Upon C60 deposition the low energy cut-off in the spectrum,
and thus the work function, stays constant within 0.1 eV of
that of Cu(111) of (4.94 ± 0.03) eV,43 a result also observed
by Dutton and Zhu.44 The first ML exhibits a 4×4 superstruc-
ture in LEED in agreement with earlier observations by Tsuei
and Johnson.30 Figure 2 shows that after a deposition of
10 ML the C60 thin film is well-developed and exhibits a bulk-
like electronic structure.

Figure 3 shows combined photoemission spectra taken
on more than 10 ML C60/Cu(111) with different photon ener-
gies and one and two-colour excitations. They are placed on
a single energy scale by subtracting the respective probe pho-
ton energy. The solid (black) curve, the dash-dotted (black)
curve and the dashed (green) curve denote single-photon PE
spectra taken with photon energies of 8.24 eV and 5.88 eV,
respectively. The Fermi edge appears at 1.9 eV in agree-
ment with earlier studies.7,44 The solid (red) curve above
1 eV represents a 2-colour 2PPE spectrum taken with a
pump photon energy of 3.27 eV and a probe photon energy
of 5.88 eV from which the mono-colour (pump+pump and

TABLE I. Energetic positions (in eV) of excited states in C60 crystals refer-
enced to the highest occupied molecular orbital (HOMO). 2PPE: two-photon
photoemission, TR-2PPE: time-resolved 2PPE, EELS: electron energy loss
spectroscopy, AS: absorption spectroscopy, SFG: sum frequency generation,
PC: photoconductivity, PS: photoluminescence spectroscopy, TRPS: time-
resolved PS, IPE: inverse photoelectron spectroscopy. The Fermi energy
is determined to be at 2.18 eVa,b for C60 on copper, which is below the
lowest unoccupied molecular orbital (LUMO). The LUMO+2 is found at
4.0 eV.a, d The transition from the HOMO-1 to the LUMO is visible in AS at
2.7 eVs. In the present investigation the Fermi energy is found to be at
1.9 eV. The LUMO+2 is observed at 3.9 eV. The HOMO-1 is visible in PES
1.2 eV below the HOMO (see Figs. 2 and 3). The work function of thick C60

films on Cu(111) is 4.95 eVt.

Exciton

Triplet Singlet LUMO LUMO+1
Method,

Publication

1.9 2.2 3.0 TR-2PPEa

1.55 1.8 2.2 3.0 TR-2PPEb

1.54 1.87 2.0 TR-2PPEc

2.87 2PPEd

1.55 1.8 2.2 EELSe

1.54 EELSf

2.3 2.7 ASg

1.83 SFGh

<1.99 <2.36 PCi

1.85 2.5 PCj

1.6 2.25 PCk

2.35 3.5 PC, PSl

1.871 PSm

1.50 TRPSn

1.45 1.6 TRPSo

2.3 3.4 IPEp

1.30 1.58 2.5 theoryq, r

1.45 1.8 2.1 2.8 present work
0.4 0.7 0.5 0.3 energetic width

aReference 8.
bReference 7.
cReference 9.
dReference 11.
eReference 45.
fReference 46.
gReference 47.
hReference 48.
iReference 19.
jReference 49.

kReference 50.
lReference 51.
mReference 52.
nReference 53.
oReference 54.
pReference 41.
qReference 55.
rReference 56.
sReference 14.
tReference 44.

probe+probe) background is subtracted. Here the LUMO ap-
pears at 2.1 eV, just above the Fermi energy. The LUMO+1
can be discerned at 2.8 eV and the LUMO+2 appears at
4.0 eV (thin dashed magenta curve) in agreement with results
reported by Dutton and Zhu.11 The spectrum was taken with a
photon energy of 3.3 eV. The peak at 3.5 eV is a 2PPE replica
of the HOMO. Below the LUMO spectral signatures of the
singlet and the triplet excitons overlap. Their energetic po-
sitions are in agreement with observations of Eberhardt and
co-workers,7 who reported that the singlet exciton leads to a
peak in the PE spectrum at 1.8 eV above the HOMO, and
Kabler and co-workers6 reported that the triplet exciton is
located 0.33 eV below the singlet exciton. The dip around
1.3 eV is interpreted as noise, which is quite large due to the
large background subtracted. The dip does not separate the
triplet exciton from the singlet exciton. The spectral signa-
tures of the states observed are listed in Table I together with
earlier literature data.
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FIG. 4. (a) Energy-time delay plot of two-colour 2PPE spectra. Pump photon
energy: hν = 2.35 eV (λ = 527 nm), fluence = 0.044 mJ/cm2; probe pho-
ton energy: hν = 5.88 eV (λ = 211 nm), fluence: 1 nJ/cm2, film thickness:
14 ML. (b) Cuts through the plot at three different energy intervalls: 2.21–
2.04 eV representing the LUMO, 1.97–1.68 eV a mixture of LUMO and sin-
glet exciton (1E), and 1.58–1.36 eV showing the triplet exciton (3E). In the
middle trace the averaged signal is fitted by a superposition of two states
with lifetimes of 80 ps (LUMO) and of about 1020 ps (singlet exciton).
(c) Energy distributions at two different time delays. The upper one shows
the rapid population of the LUMO and the 1E, the lower one represents
the 3E.

B. Dynamics

Figure 4 shows an energy versus time-delay spectrum up
to delays of 97.5 ns taken with a pump photon energy of
2.35 eV (λ = 526.5nm) at a fluence of 0.044 mJ/cm2 and a
probe photon energy of 5.88 eV (λ =211 nm). The state en-
ergy above HOMO is plotted as a function of probe photon
delay time. The intensity is color-coded, as given by the in-
set. The probe photon energy of 5.88 eV is too small to di-
rectly emit electrons out of the HOMO or HOMO-1 states.
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FIG. 5. Measured singlet exciton lifetimes for different pump photon ener-
gies from 2.85 to 3.29 eV. An average lifetime of (1230 ± 100) ps is deduced.
Measurements with different fluences show that at high fluence the lifetime
shortens.

The spectrum extends from the low energy cutoff at about
1.3 eV to the pump photon energy at 2.35 eV. The LUMO
peaks at 2.1 eV, which is visible in the spectrum at short
delays (from −30 ps to 100 ps), and which is in agreement
with the reported observations for the LUMO in Table I. The
singlet exciton is centred at 1.8 eV, which also agrees with
reported values for the singlet exciton in Table I. The low-
est triplet exciton is centred at 1.45 eV and has a FWHM of
0.4 eV as is visible in the spectrum at large delays.

The signal averaged over the energy from 1.68 to 1.97 eV
is fitted by a superposition of state dynamics, one with a short
lifetime of 80 ps, which represents the LUMO state, and one
with a longer lifetime of about 1020 ps, which is interpreted
as the lifetime of the singlet exciton. The measured lifetime
of the LUMO is smaller than the value of 134 ps reported
by Eberhard and co-workers,7 but close to that observed by
Kuhnke et al.57 of 70 ps. Eberhard and co-workers8 found that
for well-developed C60 films the lifetime is unaffected by film
thickness. The lifetime of 25 ns reported by Kabler and co-
workers6 for the LUMO does not fit with other observations.
They investigated polymerized C60. In their spectra only the
singlet and triplet excitons are visible, and the LUMO lifetime
was concluded from rate equations set up to explain the ob-
served increased triplet to singlet exciton intensity ratio with
increased pump fluence.

For a deeper understanding of the singlet exciton lifetime
we performed experiments with other pump photon energies
between λ = 430 nm and 375 nm (hν = 2.88 and 3.30 eV).
Figure 5 shows the lifetimes observed for several different
preparations. No obvious variation of the lifetime is found.
This may be rationalized by the fact that after direct opti-
cal pumping of the LUMO the energy relaxes directly to the
lowest singlet exciton state. Therefore, the averaged value of
τ = (1230 ± 100) ns observed at different pump photon ener-
gies may yield a better estimate of the lifetime of the singlet
exciton. This average lifetime of the singlet exciton agrees
better with those reported by Kabler and co-workers,6 who
determined 1.3 ns, than with those of Eberhardt and
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co-workers7 who measured 998 ps. It is thus likely that in the
specific measurement shown in Fig. 4 the apparent lifetime
might be reduced by inelastic singlet-singlet collisions due to
the high fluence. And indeed varying the fluence, we observe
that for a pump photon energy around 3.1 eV (400 nm) at a
fluence of 0.05 mJ/cm2 half of the singlet excitons decay due
to inelastic singlet-singlet collisions, as discussed in detail by
Kabler and co-workers.6 A condensation into a free electron-
hole liquid, as, e.g., is observed at high excitation densities in
diamond,58 seems not to occur. This suggests that the excitons
remain rather localized on the individual C60 constituents of
the film. It should be noted that the peak signal of the singlet
exciton is delayed by 30 ps with respect to the LUMO, which
reaffirms that the lowest singlet exciton state is populated by
the decay of energetically higher states.

In Fig. 4 the lowest triplet exciton shows a lifetime which
is longer than the maximum delay of 97.5 ns achieved by opti-
cally delaying the probe pulse. Therefore, we employed a sec-
ond laser to achieve longer time delays by electronically de-
laying both lasers with respect to each other. Figure 6 shows
an energy versus time-delay spectrum which is obtained by
using a pump photon energy of hν = 3.49 eV (λ = 355 nm)
and a probe photon energy of hν = 5.88 eV (λ = 211 nm).
Again, the state energy above HOMO is plotted versus probe
delay of up to �t = 26 μs. The signal around 1.8 eV is due
to the singlet exciton. A state at 1.45 eV is interpreted as the
triplet exciton. The signal between 1.1 eV and 1.3 eV is in-
terpreted as trapped excitonic states of C60. The energetic po-
sition of this triplet exciton is in agreement with the reported
values in the literature, see Table I.

The state dynamics of the triplet exciton can be fitted
by a superposition of two exponential decays, one with a
lifetime of (720 ± 50) ns and one with a lifetime of (22.3
± 0.6) μs. The larger lifetime is in rough agreement with the
value of 15 μs reported by Kabler and co-workers.26 They
explained the appearance of a short lifetime by triplet-triplet
annihilation.

The thickness of the fullerite film is varied from 10 ML to
17 ML. From the measured small variation of triplet exciton
lifetimes we estimate that for these thicknesses most triplet
excitons decay spontaneously and less than every tenth triplet
exciton decays due to a collision with the interface to the sub-
strate. From a series of spectra taken on a sample while it
heats up from 140 K to 300 K we conclude that the triplet
lifetime depends only weakly on sample temperature as long
as the temperature stays below the phase transition temper-
ature of 260 K. In ordered films of C60 the triplet exciton
population decays thus significantly slower than is suggested
by ESR measurements on single molecules dissolved in
frozen solutions of benzonitrile.27

The energy distribution shows a feature between 1.1 eV
and 1.3 eV with a lifetime of up to τ = 220 μs, which is
interpreted as originating from trapped triplet exciton states
of C60. When increasing the sample temperature from 140 K
to 295 K a systematic decrease of the lifetime is found. In
Fig. 7 the decay rate is plotted as a function of inverse sample
temperature. The linear dependence suggests that an interac-
tion between the trapped triplet exciton and phonons leads to
a decrease of that lifetime. It may be justified to assume for
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FIG. 6. (a) Energy-time delay plot for two-colour 2PPE at long delay times.
Pump photon energy hν = 3.50 eV (λ = 355 nm), pump pulse duration
100 ns; probe photon energy hν = 5.88 eV (λ = 211 nm), probe photon
duration less than 100 ps. (b) The signal averaged over the energy from 1.4 to
1.6 eV is fitted by a superposition of two exponential decays with a lifetime
of (720 ± 50) ns and (22.3 ± 0.6) μs. (c) Energy distributions at certain delay
times show in the upper trace the excitation of the LUMO and fast population
of the 1E, in the middle trace the free 3E, and in the lower trace the trapped
3E. Note that the data shown in the lower trace represent delay times of nearly
1 ms.

the exciton-phonon coupling a similar mechanism as is ap-
plied to electron-phonon coupling, and which is described by
the Eliashberg formalism.59 In the high temperature limit this
leads to a phonon contribution to the spectral widths of a state
according to

�ex-ph = 2πkT λex-ph, (6)
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FIG. 7. Decay rate of trapped triplet excitons for various sample tempera-
tures. The slope yields an exciton-phonon coupling of λex-ph = 1.77 · 10 –10.
A cautious extrapolation to low temperatures yields a lifetime of about
360 μs.

where λex-ph is the exciton-phonon coupling constant. Trans-
posed to the interaction of excitons and phonons the decay
rate of trapped triplet exciton states increases linearly with
T. From the slope we obtain for the exciton-phonon coupling
constant λex-ph = 1.77 · 10–10. Although this value seems to
be very small, however, due to the long lifetime of trapped
triplet excitons it has a similar effect on a relative reduction
of lifetime as an electron-phonon coupling constant λe-ph of
the order of one commonly observed for electronic metal sur-
face states with lifetimes on the order of 10 fs.

These measurements on the phonon coupling constant
were performed on a sample with intentionally higher defect
density, as was indicated by a less deep separation between
HOMO-1 and HOMO in the 150 nm UPS (see Fig. 2). This
was desirable in this case to observe the trapped triplet exci-
tons with sufficient signal-to-noise ratio. Increasing the tem-
perature leads to an increasing decay rate of the excitons. The
lifetimes of the free excitons are reduced to around 10 μs at
T = 140 K and decrease even to a few microseconds around
room temperature. These short lifetimes are, however, not rep-
resentative for free triplet excitons in well-prepared samples,
as the other measurements have shown.

IV. CONCLUSION

Long lifetimes in the nanosecond and tens of microsec-
ond range for singlet and triplet excitonic states, respectively,
are observed in thin, ordered layers of C60 on Cu(111), fea-
turing bulklike properties. This compares well with lifetimes
found in isolated C60 molecules. Exciton diffusion to the sup-
porting metal surface turns out to be slow at TS = 140 K.
Increasing the temperature reveals a phononic coupling of
the excitons. The exciton population in the film decays at
higher temperatures much slower than suggested by earlier
ESR measurements on single molecules dissolved in frozen
solutions of host molecules.
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