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Angle-resolved photoelectron spectroscopy and
scanning tunnelling spectroscopy studies of the
endohedral fullerene Li@C60†
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Gas phase photoelectron spectroscopy (Rydberg Fingerprint Spectroscopy), TDDFT calculations and low
temperature STM studies are combined to provide detailed information on the properties of the diﬀuse,
low-lying Rydberg-like SAMO states of isolated Li@C60 endohedral fullerenes. The presence of the encapsulated Li is shown by the calculations to produce a signiﬁcant distortion of the lowest-lying S- and
P-SAMOs that is dependent on the position of the Li inside the fullerene cage. Under the high temperature conditions of the gas phase experiments, the Li is mobile and able to access diﬀerent positions
within the cage. This is accounted for in the comparison with theory that shows a very good agreement
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of the photoelectron angular distributions, allowing the symmetry of the observed SAMO states to be
identiﬁed. When adsorbed on a metal substrate at low temperature, a strong interaction between the low-
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lying SAMOs and the metal substrate moves these states to energies much closer to the Fermi energy
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compared to the situation for empty C60 while the Li remains frozen in an oﬀ-centre position.

1.

Introduction

Shortly after the ground-breaking publication on the discovery
of C60,1 evidence was obtained for the possibility of capturing
metal atoms inside the fullerene carbon cages.2 Since then
endohedral fullerenes have been the subject of many studies
probing their formation, properties and potential applications.3,4 The most commonly studied endohedral fullerenes,
M@C2n, are formed by the carbon cage growing around the
metal atom(s) and in most cases the energetically favourable
fullerene cage does not have the same structure as the equivalent empty cage. It is e.g. challenging using this technique to
extract and purify macroscopic amounts of M@C60 with the
highly symmetrical Ih C60 fullerene cage structure. One alternative way to produce such species is to implant metal ions
inside the C60 cage. This method was used to produce
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Li@C60.5,6 Early experiments on the isolated material showed
the considerably higher reactivity compared to C60 with a tendency for the purified material to oligomerise.7 Thin films
were shown to exhibit metallic conductivity if kept under high
vacuum conditions.8 More recently, the production of Li@C60
has been upscaled and commercialised by using a related
plasma implantation technique.9 The purified material is
stabilised by forming a hexafluorophosphate salt.10 The availability of macroscopic amounts of the purified material in the
form of the salt allowed the predicted oﬀ-centre geometry of
the Li11,12 to be experimentally confirmed by X-ray diﬀraction9
and charge transfer between the encapsulated Li and the
carbon cage was confirmed by UPS and XPS measurements.13
Many characterisation studies have now been reported with
the strong electron-accepting nature of the Li+@C60 cation
compared to C60 being particularly interesting for potential
photovoltaic devices.14 The state-of-the-art with respect to
current studies of [Li+@C60]PF6− and the reduced “superatom”
Li@C60 have been recently summarised in a book.15
In this paper we combine, for the first time, gas phase
Rydberg Photoelectron Spectroscopy, TDDFT calculations and
low temperature Scanning Tunnelling Spectroscopy (STS)
studies on isolated Li@C60 to obtain information about the
diﬀuse low-lying Rydberg-like “Super-Atom Molecular
Orbitals” (SAMO) that have been studied in detail for empty
C60.16–21 This provides a direct probe of the influence of the
encapsulated Li on the electronic structure of the fullerene
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and, in particular, of these fascinating high symmetry “superatom” excited states that have been speculated to play an
important role in the electronic properties of the solid
phase.21,22 We show that the presence of the oﬀ-centre Li
strongly distorts the lowest-lying S- and P-SAMO states of the
endohedral fullerene. TDDFT calculations show the sensitivity
of the electronic binding energies on the position of the Li
that is expected to be highly mobile under the conditions of
the gas phase experiments.23 The low temperature STM/STS
studies, for which the Li is static, show a strong interaction
between the SAMO states and the metal substrate, moving the
binding energies for the S- and Pz-SAMO significantly closer to
the Fermi energy.

2. Methods
2.1.

Photoelectron spectroscopy

The photoelectron spectra and time-of-flight mass spectra are
obtained using a combined velocity map imaging (VMI) photoelectron spectrometer and a Wiley–McLaren type time-of-flight
ion mass spectrometer. The setup has been described in detail
previously.24,25
An eﬀusive molecular beam of Li@C60 was produced by
heating [Li+@C60]PF6− salt (Idea International Inc., >80%
purity) to a temperature of 620 K. The oven consisted of a
small quartz capillary placed inside a heated molybdenum
cylinder. Neutral Li@C60 molecules were evaporated from the
oven along with some neutral C60 that would appear to be produced via destructive reactions that occur within the oven (see
section 3.1 and ESI† for more details). The material was first
degassed at a temperature of ca. 590 K for at least 20 hours
until traces of solvent and other impurities from the oven were
no longer visible in the mass spectrum (ESI, Fig. S1†). The
neutral molecular target was ionised with ∼100 fs laser pulses
at a number of diﬀerent wavelengths (800 nm, 600 nm,
540 nm, 400 nm, 267 nm). The 800 nm light was produced by
the fundamental output of a regenerative amplified
Ti : sapphire laser system (800 nm, 120 fs pulse duration). The
400 nm and 267 nm pulses were produced by frequency doubling or tripling the output of the laser. All other wavelengths
were produced using a non-collinear optical parametric amplifier (NOPA). In all cases the laser, linearly polarised in the vertical direction, was focused into the interaction region using a
30 cm focal length fused silica lens and the overall intensity of
light was controlled using a neutral density filter. The laser
intensity was adjusted to ensure that predominantly singlycharged parent ions were observed in the mass spectra with no
significant contributions from fragment ions.
The produced photoelectrons were extracted at right angles
to the laser and molecular beam onto an integrated 40 mm
dual MCP/phosphor detector using a set of velocity map
imaging electrostatic lenses. The image was recorded using a
CCD camera controlled via a LabVIEW program. The VMI
images were recorded for 107–108 laser shots (depending on
signal intensity). The obtained images were inverted using a
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POP inversion algorithm that was modified to include
Legendre polynomials up to the 10th order.26 The energy scale
was calibrated using the well-known peaks from multiphoton
ionisation via Freeman-type resonances in Xe.27 Post-inversion,
any thermal (or non-resolved) electron background was
removed by fitting and subtracting a single exponential function. The C60 component (see section 3.1) was subtracted from
the signal by determining the ratio of C60+ to Li@C60+ from the
mass spectrum, obtained under similar laser and oven conditions, and subtracting the appropriate intensity of a pure C60
photoelectron spectrum obtained under identical conditions.
The SAMO peak structure in the resulting pure Li@C60 photoelectron spectrum was then fitted by multiple Lorentzian functions (see Fig. 4). The fit procedure was developed and
described in detail previously for the analysis of C60 photoelectron spectra.20
The photo-ions were extracted using a Wiley–McLaren set of
electrostatic lenses onto an MCP detector situated 42 cm from
the interaction region. The time-of-flight signal was recorded
using a 500 MHz oscilloscope. Each mass spectrum was
recorded for 200 000 laser shots and calibrated using the Xe
mass peaks or fragment ions from C60. The photoelectron
spectra reported here were all obtained for relatively low values
of the laser intensity where the mass spectra showed very little
if any contribution from multiple ionisation or fullerene
fragmentation.
2.2.

Scanning tunnelling microscopy (STM)

Experiments were performed in an ultrahigh vacuum (UHV)
surface analysis system, with a base pressure below 1 × 10−10
mbar, consisting of a preparation chamber allowing for standard sample preparation and molecular deposition, and a
microscope chamber housing a CreaTec low-temperature STM.
STM acquisition was performed at liquid helium temperature
(LHe, ∼5 K) with electrochemically etched W tips and applying
the bias to the sample (tip remains grounded). Imaging was
achieved using the constant-current mode, and spectroscopy
was achieved by recording constant-current dI/dV data
(measured by a lock-in technique with a superimposed modulation amplitude of 25 mV and frequency of 1470 Hz). The Au
(111) and Cu(110) crystals were cleaned by repeated cycles of
Ar+ sputtering at 300 K, and annealing in vacuum at 820 K and
770 K respectively. To produce the Cu(110)–(2 × 1)O reconstruction, molecular oxygen was deposited onto a sample held at
623 K at a partial pressure of 5 × 10−8 mbar for 45 s. A mixture
of Li@C60 and C60 molecules was deposited using a molecular
evaporator, consisting of a small quartz-glass capillary tube
containing the molecular sample ([Li+@C60]PF6− salt, >80%
purity, as above), surrounded by a heating element. The evaporator was degassed at approximately 570 K for several hours,
similar to the treatment used for the gas phase measurements.
The molecules were then dosed for 4 minutes at approximately
665 K at a partial pressure of 5 × 10−8 mbar. After deposition,
the Au(111) sample was either annealed to 570 K for 30 s in
order to form large hexagonally close-packed islands by mass
diﬀusion, or annealed only to 320 K for 1 h in order to reduce
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mass transport and ensure some fullerenes are found to be isolated. The Cu(110)–(2 × 1)O sample was also maintained at
320 K for ∼1 h after deposition, to avoid mass transport as the
fullerenes were to be studied when isolated. In all preparation
cases, the anneal procedure is needed to desorb unwanted pollution from the material in the evaporator. Both substrates
were then quenched down to LHe temperature for STM data
acquisition. The sublimation temperature used here (ca.
665 K) is compatible with what is reported for the sublimation
of unfilled C60 molecules in previous STM studies28 and
slightly higher than that used for the gas phase experiments.
2.3.

corrected CAM-B3LYP functional34 to account for the charge
transfer character of the SAMO state. For the TDDFT computations, we used the same basis as for the ground state but
augmented by five sets of s, p and d basis functions (with
exponent of 0.2095, 0.0810, 0.0110, 0.0027 and 0.001) centered
at the centre of the C60 cage. The eﬀect of the basis set and
functional on the excitation energies of the SAMO states has
been discussed in an earlier work.35 The photoelectron
angular distributions of the SAMO electronic states (accounting for the random orientation of the fullerene) were computed from the Dyson orbitals, as described earlier.17 The
Dyson orbitals for the S- and P-SAMOs are shown in Fig. 2a

Theoretical treatment

The electronic structure of neutral Li@C60 (open shell) was
computed for diﬀerent isomers at the unrestricted DFT level to
determine the most stable one. We used the B3LYP functional29 with the 6-31+G(d) basis set for the carbon atoms and
the 6-311+g(2df ) basis set for the Li atom. The conformer with
the Li atom lying at the centre of the cage is higher in energy
than oﬀ-centre isomers (up to 19 kcal mol−1).30 The Li is situated 1.58 Å away from the centre of the cage towards the centre
of a cage hexagon in the most stable conformer. Several oﬀcentre isomers with the Li atom at slightly diﬀerent positions
were found to be within 1 kcal mol−1, comparable to the
numerical accuracy. In agreement with previous theoretical
studies12,31–33 and X-ray diﬀraction measurements on the
(Li@C60+[PF6]−) salt,9 charge transfer in the neutral Li@C60
fullerene occurs between the encapsulated Li and the C60 cage.
The computed NBO natural charge of the lithium atom is +0.7.
The computed electrostatic potential of the most stable oﬀcentre isomer exhibits an electro-attractor character on the
side of the cage where the Li is located and an electro-donor
character on the side of the cage opposite the position of the
Li, Fig. 1. The anisotropy in the charge distribution is reflected
by the sign of the permanent dipole moment along z (the axis
passing through the centre of the cage and the Li atom) that is
negative (−0.7 a.u.), meaning the vector is going from the side
of the cage where the electrostatic potential surface is electrodonor to the side where the Li is located.
The electronic structure of the most stable isomer’s excited
states was computed at the TDDFT level with the long-range

Fig. 1 (a) Equilibrium geometry of the lowest energy isomer of Li@C60
computed at the DFT level with the B3LYP functional (see computational
details). (b) Electrostatic potential surface mapped on the electronic
density surface for an isovalue of 0.001 |e| Ås3.
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Fig. 2 (a) Dyson orbitals of the S-, P- and D-SAMO electronic states of
C60 and of the most stable isomer of Li@C60 computed at the TDDFT/
CAM-B3LYP level (see computational details for the basis set). (b)
Amplitude of the S-SAMO Dyson orbitals along the molecular axis z that
passes through the centre of the cage and the Li atom. The amplitude of
the 2nd S-SAMO has been multiplied by a factor −50 (c) Amplitude of the
Px–Py and Pz-SAMO Dyson orbitals along the z axis (taken at x = y = 0)
for the Pz component and along the x axis for the Px component of the
P-SAMO.
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along with those for C60 for comparison. The presence of Li
inside the cage clearly breaks the symmetry and significantly
distorts the orbitals. Note that the higher electron density lobe
in the distorted 2nd S-SAMO for Li@C60 is at the opposite side
of the cage to the Li+. This is in contrast to the distorted PzSAMO where the higher electron density lies close to the Li+.
These two SAMOs may look similar but there is a maximum of
amplitude at the position of the Li atom for the S-SAMO while
for the Pz-SAMO there is a nodal surface (Fig. 2c).

3. Results and discussion
3.1.

Li@C60 sample characterisation

When initially heated to a temperature of ca. 600 K, the
[Li+@C60]PF6− sample emits neutral species that produce
peaks in the positive ion mass spectrum on laser ionisation,
particularly around 300–400 u that can be attributed to tetrabutylammonium hexafluorophosphate and other impurities
(ESI.1 Fig. S1†). After heating for some hours, these signals
disappear leaving only the singly-charged Li@C60+ and C60+
species when ionisation takes place with low intensity pulses,
as can be seen in Fig. 3. As the laser intensity is increased, it
becomes possible to observe doubly-charged parent species
and a small amount of fullerene fragment ions. The appearance of a significant Li+ peak is correlated with the onset of
fragmentation, indicating a decay channel corresponding to
the loss of Li+ from the ionised fullerene cage as it fragments.
Note that the photoelectrons, discussed in section 3.2, are
emitted before the cage fragmentation can take place. For low
laser intensities, the relative intensity of the parent C60+ and
Li@C60+ mass peaks typically does not change during the

Fig. 3 Mass spectra obtained from ionising the eﬀusive molecular
beam at 620 K with 540 nm, 35 ± 10 fs, as a function of laser intensity
(increasing from bottom, 4.4 TW per cm−2, to top, 29 TW per cm−2). The
Xe+ peak is present for calibration purposes. The photoelectron spectra
discussed in section 3.2 were obtained for conditions corresponding to
the 3rd spectrum from the bottom (10 TW per cm−2).
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course of a measurement, but is slightly dependent on laser
intensity due predominantly to the diﬀerence in ionisation
energies of the two species (ESI.1, Fig. S2†).
The evaporation of neutral Li@C60 is in agreement with
UPS and XPS studies of evaporated films produced from the
same starting material.13 These studies showed the Li@C60
material was present in the neutral state when sublimed to
form a thin film at a temperature of 623 K, and that PF6 was
absent from the film.13 Furthermore, the authors could not
rule out the presence of neutral C60 in the film. As the sublimation temperature was increased to 823 K and beyond, the
UPS signal from the film attributed to the presence of endohedral Li@C60 decreased strongly and the UPS spectra near the
Fermi level for sublimation temperatures >820 K took on the
form obtained earlier in studies of films of exohedrally-doped
LiC60.36 Photoionisation experiments at 540 nm as a function
of oven temperature showed evidence of the onset of thermal
decay for temperatures >600 K (ESI.1, Fig. S3†). At our standard sublimation temperature of 620 K, there was a noticeable
decrease in the measured intensity ratio with age of the
material, and it was important to measure the mass spectra to
monitor the ratio throughout the photoelectron measurements. The results are also consistent with early photoionisation37 and thermal desorption spectroscopy studies38 of
Li@C60 produced by Li+ implantation. MALDI analysis of a
dichlorobenzene solution of the starting material used in the
current study showed only trace amounts of C60 in both positive and negative mode mass spectra, indicating that the C60
was formed via decomposition reactions within the oven at the
elevated temperatures used for sublimation.
The relative intensities of the Li@C60+ and C60+ mass peaks
are wavelength dependent, reflecting the diﬀerent excitation/
ionisation probabilities. The measured Li@C60+/C60+ ratio
ranges from 2.8 at 540 nm to 0.6 at 267 nm. In all cases
studied here, at least two photons are needed to ionise both
C60 (IE 7.6 eV (ref. 39)) and Li@C60 (IE 6.5 eV (ref. 13)). Due to
the reduced symmetry of the Li@C60, there are many more
transitions with significant oscillator strengths that will provide
a higher probability for laser excitation, particularly for the
first photon absorption. We thus expect the Li@C60+/C60+ ratio
measured by the mass spectrometer to overestimate the relative amount of neutral endohedral Li@C60 in the molecular
target.
The STM studies provide a more quantitative measure of
the relative amounts of C60 and Li@C60 that are sublimed
from the oven. Fig. 4 shows an image of a large hexagonally
close packed fullerene island on a Au(111) single crystal
formed by deposition from the evaporator at a temperature of
665 K for 4 minutes followed by a post-adsorption anneal to
573 K for 30 s. Fig. 4(a) was obtained for a bias voltage of
−2.5 V, thus imaging occupied states, while Fig. 4(b) shows
unoccupied states with a bias voltage of +2.5 V. Each distinct
feature is a fullerene. C60 has been extensively studied by low
temperature STM to provide information on the local electronic structure. Of particular relevance here are the studies by
Schull et al.40 and Gardener et al.28 of C60 adsorbed on Au

Nanoscale, 2019, 11, 2668–2678 | 2671

View Article Online

Paper

Nanoscale

compared to 2.24 eV). It was also shown that the most energetically favourable configuration had the Li displaced vertically
upwards from the centre by 1.54 Å, similar to the displacement
of 1.58 Å obtained in our calculations for the gas phase isolated Li@C60.
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3.2 Gas phase rydberg fingerprint photoelectron
spectroscopy
Fig. 4 STM images showing the same area of a hexagonally close
packed C60/Li@C60 mixed island on a Au(111) single crystal. (a): Filled
states imaging at −2.5 V, 0.1 nA; (b): empty states imaging at +2.5 V,
0.1 nA. Each distinct feature is a fullerene, the symmetries diﬀer because
of the orientation of C60 (trefoil and dumbbell signatures in (b)) and
presence of the endohedral Li@C60 (diﬀuse structureless signatures
corresponding to the S-SAMO in (b)). The circled features illustrate the
bias voltage dependence for these diﬀerent fullerene possibilities.

(111). These authors clearly showed the dependence of topographical appearance and dI/dV spectra on the orientation of
C60 on the Au surface. By comparing our results with these
studies, we can identify the majority of the fullerenes in Fig. 4
to be empty C60 oriented either with the cage sitting on a
hexagon (type 1, darker trefoil appearance in Fig. 4(b)); sitting
on a single bond between a hexagon and a pentagon (type 2,
asymmetric dumbbell appearance in Fig. 4(b)); or sitting on a
double bond between two adjacent hexagons (type 3, symmetric dumbbell appearance). A fourth type of fullerene
becomes apparent at the bias voltage of +2.5 V. Some of the
fullerenes appear to light up at this voltage, showing a diﬀuse
circular image with no apparent structure. As will be discussed
in section 3.3, these fullerenes can be identified as Li@C60. A
statistical analysis of images of large islands such as the one
shown in Fig. 4 revealed that ca. 13% of the deposited fullerenes can be attributed to Li@C60 and 87% to empty C60. A
more detailed analysis of the cage orientations is given in
ESI.2.† The results in Fig. 4 were obtained following the degassing procedure for ca. 100 hours, similar to the treatment
in the gas phase experiments to ensure “clean” mass spectra.
A significantly higher proportion (>90%) of Li@C60 could be
observed in the STM experiments when the degassing procedure was reduced to <10 hours.
Although we observe the three well-known orientations of
C60 on Au(111), it was striking that the endohedral Li@C60 was
always found to be oriented with the cage sitting on a
hexagon, indicating a significantly stronger interaction with
the substrate for this orientation compared to C60. These
results are consistent with the recent room temperature STM
measurements on films containing Li@C60, reported by
Yamada et al. where they also observed that a few percent of
the deposited fullerenes showed a similar anomalous bias
dependence for +2 V to +3 V that was interpreted to be due to
the endohedral Li@C60.41 DFT calculations, reported in the
same paper, gave a stronger binding energy for the Li@C60
compared to C60 for the hexagon-down orientation (2.91 eV
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Fig. 5 shows angle-integrated Rydberg Fingerprint spectra for 3
representative laser wavelengths. In all cases, the laser intensity was adjusted to ensure that there was no contribution
from multiply-ionised species in the mass spectra. The
Rydberg Fingerprint technique, as applied to the spectroscopy
of fullerene SAMOs and Rydberg states, has been described
previously.19 The advantage of the method is that the excited
states are rapidly populated via internal conversion processes
following multi-photon excitation and can be observed as
peaks in the photoelectron spectra independent of the laser
wavelength and the extent of vibrational excitation. Once populated, the SAMO states are eﬃciently ionised via absorption of
one additional photon from the same (35–120 fs) laser pulse.
The measured photoelectron kinetic energy (KE) is simply
related to the binding energy (EBind) of the SAMO electron via
EBind = hν − KE, where hν is the photon energy. The predominance of the SAMO peak structure is related to the very short
photoionisation lifetime of the SAMOs for ionisation with
photons in the visible range of the spectrum compared to the
much longer lifetime, and hence lower ionisation eﬃciency, of
excited valence states.17 Fig. 5 compares the photoelectron
spectra obtained from the Li@C60 sample with the known
photoelectron spectra from a pure C60 sample. The C60 component in the raw Li@C60 photoelectron spectra (cf. mass
spectra in Fig. 3) has been subtracted according to the relative
intensities of the corresponding mass peaks under very similar
ionisation conditions.
The photoelectron spectra for Li@C60 (after subtraction of
the C60 component) show similarities with the corresponding

Fig. 5 Angle-integrated photoelectron spectra obtained for Li@C60
shown for three representative wavelengths (blue lines). The corresponding C60 spectra (used to subtract the C60 component from the raw
Li@C60 spectra) are shown for comparison. The grey dashed lines indicate the Lorentzian ﬁt functions and the red lines show the sum of these
functions. In all cases the thermal background signal was removed.
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C60 spectra but with clear diﬀerences in the relative intensities
of peaks and also some small shifts in the position of the
peaks. The SAMO peak structure is clearly visible. It is particularly prominent for an excitation wavelength of 540 nm, similar
to the situation for C60 where the peak appearing at the lowest
photoelectron kinetic energy is attributed to the S-SAMO, followed by the P-SAMO and D-SAMO. More Lorentzian functions
are needed to fit the Li@C60 spectra indicating a splitting and
broadening of the SAMO peaks compared to C60. The Li@C60
spectrum obtained for a wavelength of 400 nm is more diﬃcult
to fit and shows more structure that is likely to be due to ionisation of excited valence states. The lowering of the symmetry of
Li@C60 broadens the band structure and leads to a breakdown
of the optical selection rules.42 Hence there are more optically
active excited states in Li@C60 than in C60.
Fig. 6 shows the photoelectron spectra obtained for Li@C60
and C60 using 267 nm. As reported previously,43 the SAMO
peaks are not visible in the C60 spectrum. For this wavelength,
just two photons are needed to ionise the molecules. The
photon energy is not high enough to access the SAMO states
after absorption of one photon (the excitation energy for the
lowest-lying S-SAMO in C60 is 5.7 eV) whereas absorption of a
second photon will lead directly to ionisation. The low intensity tail in the spectrum extending to ca. 4.5 eV indicates some
energy relaxation and ionisation from unresolved Rydberg and
high-lying excited valence states in a 3-photon process. Li@C60
has a much lower ionisation energy (6.5 eV (ref. 13)) and the
excitation energy of the lowest SAMO state (EBind ∼ 2 eV, see
below) is ca. 4.5 eV ( just below the photon energy of 4.55 eV.
Unlike the C60 situation where direct optical excitation of the
S-SAMO is forbidden, according to the TDDFT calculations
there is a small oscillator strength for direct optical excitation
of the SAMOs for Li@C60 (see Table 2). Although the data is
noisy, there is some very small intensity structure in the photoelectron spectrum in the 2–3.5 eV range that looks similar to
the SAMO peaks measured for longer wavelengths, but the
signal to noise ratio is not suﬃciently good to make a definite
assignment. The cut-oﬀ in both spectra lies at ca. 4.5 eV (i.e.

close to the photon energy), as is typically the case for Rydberg
Fingerprint photoelectron spectra.
We primarily base our assignment of the SAMO peaks on
the photoelectron angular distributions as they provide a fingerprint of the ionised states and strongly depend on the azimuthal quantum number l.16 As discussed previously for
C60,19 since the excited states are incoherently populated, the
final step in the photoionisation process can be considered to
be a single-photon ionisation from the excited states with energies within one photon below the IP. In this case, the photoelectron angular distribution for a random orientation of the
molecule can be described as44,45

Fig. 6 Photoelectron spectra obtained at 267 nm. Left: Li@C60. Right:
C60. No clear structure associated with SAMO states can be seen in the
C60 spectrum with only a slight, very low intensity indication in the
Li@C60 spectrum No thermal/unresolved background has been subtracted for this data.

Fig. 7 Representative data illustrating the determination of the anisotropy parameter β from the angular dependence of SAMO peak intensities. The data was obtained at a wavelength of 540 nm for peaks with a
photoelectron kinetic energy of 0.29 ± 0.02 eV (EBind = 2.00 ± 0.02 eV,
S-SAMO) and 0.87 ± 0.06 eV (EBind = 1.43 ± 0.06 eV, P-SAMO).
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where β is an anisotropy parameter and P2(cos θ) is the second
order Legendre polynomial. The anisotropy parameter varies
between +2 and −1, which corresponds to ionisation parallel
and perpendicular to the laser orientation. For the singlephoton ionisation from an atomic s-state (l = 0) in the absence
of electron correlations, β = 2.0, independent of photoelectron
energy. The situation is more complex for ionisation from
higher angular momentum states since exit channels (Δl = ± 1)
can interfere and the value of β varies with the kinetic energy
of the photoionised electron. The VMI data is divided into 9
angular segments, each with a width of 10° and within each
segment the photoelectron intensity is integrated as a function
of kinetic energy. Fig. 7 shows two representative examples of
angular distributions for data obtained at 540 nm. The data is
fitted using eqn (1) to extract the value of β.
We provide an assignment of the SAMO peaks in Table 1
based on the variation of the anisotropy parameter with the
kinetic energy of the photoelectron. The extracted values of β
for all data are summarised in Fig. 8 where they are plotted as
a function of photoelectron kinetic energy and compared with
the theoretical calculations. The experimental values determined for empty C60 are shown as empty black symbols for
comparison.17
The electronic states with experimental binding energies,
EBind, of 2.0 and 1.8 eV have anisotropy parameters that do not
vary significantly with the electron kinetic energy, suggesting
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Table 1 Experimental binding energies of peaks associated with excited Li@C60 SAMO states. The S-SAMO appears to be split into two and the
P-SAMO appears to be split into multiple peaks. The assignment is based on a comparison of the binding energies with those previously determined
for C60, and comparison with the angular distributions (Fig. 8) and theoretical binding energies (Table 2). Values previously reported for C60 (averaged over all investigated wavelengths) are shown in the ﬁnal column

Peak Nr

SAMO

400 nm

540 nm

600 nm

800 nm

C60/eV

1
2
3
4–7
8
9

P
S
S
P
P
D

2.17 ± 0.04
2.03 ± 0.02
1.84 ± 0.03
1.40 ± 0.15
1.13 ± 0.02
0.97 ± 0.03

2.22 ± 0.01
2.00 ± 0.02
1.82 ± 0.02
1.43 ± 0.06
—
0.95 ± 0.02

—
2.02 ± 0.03
1.83 ± 0.03
1.42 ± 0.08
1.14 ± 0.04
0.98 ± 0.05

—
—
—
1.37 ± 0.09
1.14 ± 0.02
0.91 ± 0.03

—
1.9 ± 0.1

Fig. 8 Experimental values for the Li@C60 SAMO β-parameters, full
symbols, compared with TDDFT calculations for the ground state Li
position within the cage (1.58 Å from centre), coloured lines. Earlier
reported values for C60 are shown for comparison (empty black symbols
and dotted black line).17 (a) S-SAMO. Full diamonds: Peak 2, full squares
Peak 3 (Table 1). Full red line: theoretical S2 state (Table 1). (b) P-SAMO.
Full circles: Peak 1, full triangles Peak 4–8 (Table 1). Full blue line: averaged over the entire P-band, blue dashed line: Pz, blue dotted line: Px,y.
(c) D-SAMO. Full squares: Peak 9 (Table 1).

S-like characters. However, the mean value of β is around 1.4,
lower than for C60, indicating a breaking of spherical symmetry of the excited state’s wavefunction. The Dyson orbitals
of the S-SAMO, which represent the wavefunction of the
ionised electron, are centred on the oﬀ-centred Li, which
breaks the spherical symmetry. Furthermore, for the second
band of S-SAMO for which most of the electronic density is
localized outside of the cage, the Dyson orbital exhibits a
strong asymmetry (see Fig. 2a and b) with a mushroom shape.
The anisotropy parameter is lower than 2 and oscillates
around 1.5, in good agreement with the experimental values.
Therefore, these bands are labelled as S-SAMO electronic states.
The two bands between 1.13 and 1.40 eV have an anisotropy
parameter that increases almost linearly as the photoelectron

2674 | Nanoscale, 2019, 11, 2668–2678

1.47 ± 0.02
1.02 ± 0.01

kinetic energy increases from 0 to 1.5 eV. This behaviour is
similar to the P-SAMO of C60,16 except for low kinetic energies
(<0.5 eV) where the dip is missing due to the symmetry breaking. The eﬀect of the Li atom on the P-SAMO Dyson orbitals is
the strongest for the Pz component that goes through the
centre of the cage and the Li atom. For the perpendicular Px
and Py components, the Dyson orbital is shifted toward the Li
atom and slightly distorted compared to the P-SAMO of C60
(Fig. 2a and c). As a consequence, the variation of the anisotropy parameter with the kinetic energy for Px,y is close to
the one in C60. For the Pz-SAMO, there is a stronger eﬀect of
the Li atom on the Dyson orbitals (Fig. 2a and c), which completely breaks the two-lobe structure of the P-SAMO. The PzDyson orbital has mainly one lobe outside the cage (Fig. 2a),
which results in an anisotropy parameter significantly
diﬀerent to the ones of the Px- and Py-SAMO (Fig. 8) without a
dip at low kinetic energies. As the calculated Px, Py- and PzSAMO states are close in energy (within 0.05 eV), we computed
the anisotropy parameter from the photoelectron angular distributions of these three SAMO states. Since there is a good
agreement with the anisotropy parameter of the bands at 1.13
and 1.40 eV, we assigned these bands to P-SAMO states. For
the D-SAMO states, the Li atom does not have a significant
eﬀect on the symmetry of the SAMO (Fig. 2a) and the anisotropy parameter is very similar to the one of C60 (Fig. 8c).
We assigned the band at 0.95 eV to the D-SAMO as the anisotropy parameter is close to the one of the D-SAMO of C60.
This confirms the very small influence of the Li on these orbitals where there is little electron density inside the cage.
We now turn to the binding energies of the SAMO states for
which the computed energies, Table 2, are oﬀ by several tenths
of eV compared to the experimental values. Several factors can
explain these discrepancies. Firstly, there is a large number of
isomers that could be accessed in the experiment (620 K). At
this high temperature the lithium atom can access diﬀerent
positions within the cage46 which can aﬀect the excited state’s
excitation energy. Earlier calculations indicated that for electronically excited states, including the S-SAMO, the potential
minimum can even be located at the centre of the cage.11,32 In
order to estimate the influence of the Li position within the
cage, calculations were carried out for 3 diﬀerent positions of
the Li along an axis connecting the centre of the cage with the
centre of a hexagon. The results are summarised in Table 2.

This journal is © The Royal Society of Chemistry 2019
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Table 2 Comparison of the computed binding energies of the SAMO
excited states at the TD-DFT/CAM-B3LYP level (see computational
details) for diﬀerent cage positions of the Li (distance measured from
the centre of the cage). The energetically most favourable position is for
a distance of 1.58 Å. The assignment to S, P or D-SAMO is obtained from
considering the symmetry of the associated Dyson orbitals (representing
the probability amplitude of the ionised electron). The SAMO transition
dipole moments for the most energetically favourable position are also
provided. For comparison with the experimental peaks of Table 1, the
peak numbers corresponding to the SAMO states are also shown

S1
S2
P1
P2
D

Binding energies/eV

Peak Nr

Transition dipole
moment/a.u.
1.58 Å

1.58 Å

0.8 Å

0Å

2
3
1
4–8
9

0.06
0.63
0.04
—
0.09

3.71
1.43
1.70
—
1.15

4.30
1.48
2.00, 2.23
1.87
1.16

4.63
1.53
2.63
1.30
1.18

Secondly, the Li atom’s partial charge could also aﬀect the
binding energies of the SAMO. For these reasons we will
mainly compare the experimental binding energies of Li@C60
to the experimental ones of C60.
In Li@C60, the experimental peak positions are close to
those of C60 but slightly shifted with a broader distribution
and a higher number of peaks for the bands that we associate
with the S- and P-SAMO states. A similar broadening and multiple-peak structure associated with the P-SAMO is observed in
the scanning tunnelling spectroscopy data, discussed in
section 3.3. The largest shift in binding energies is seen for a
peak that we have assigned as a P-SAMO on the basis of the
photoelectron angular distributions. This appears at a higher
binding energy (smaller photoelectron kinetic energy) than the
S-SAMO and has no equivalent peak in the C60 spectra. It is in
reasonable agreement with the theoretical binding energy for
the P1-SAMO (Table 2), calculated for a more central position
of the Li (0.8 Å from the cage centre). The S-SAMO seems to be
split with one component slightly but significantly shifted to a
higher binding energy by only about 0.1 eV and a second component shifted to lower binding energies by approximately the
same amount. The calculated Dyson orbital (Fig. 2a, second
S-band) shows that in this case the orbital is distorted by
having slightly increased electron density at the opposite side
of the cage from the Li position, thus leading to a reduction of
symmetry. The calculations indicate that the split in energy
levels observed in the experiment is due predominantly to
diﬀerent positions of the Li being probed in the hot, gas phase
molecule. The electron density for the D-SAMOs (Fig. 2a) lies
predominantly outside the fullerene cage and is only slightly
distorted by the presence of the Li. The observed binding
energy and peak width is very close to that of C60.16
3.3

strate. The name SAMO, for the low-lying diﬀuse Rydberg
states with electron density centred on the hollow fullerene
cage centre, was first coined in a paper that reported low temperature (77.3 K) STS and imaging experiments for C60 deposited on Cu(111) and partially-oxidised Cu(110)–(2 × 1)O surfaces where some peaks in the constant-current dI/dV plot
were associated with the S, Pz and Px,y SAMOs.21 A later, higher
resolution study of C60 on Cu(111) used iso-dI/dV mapping to
image the S- and P-SAMO states. They showed sharp resonances in the constant-current dI/dV plot for the S (l = 0) and P
(l = 1) C60 SAMOs at bias voltages of 4 V and 5.2 V, respectively.
They also showed that the l = 1, m = 0 state (Pz) is shifted by
0.2 V to lower bias voltage compared to the l = 1, m = ±1 peak,
showing that the interaction with the metal surface lifts the
degeneracy among the m states.47
In order to compare the STS of deposited Li@C60 with the
gas phase studies, it was necessary to prepare isolated molecules. Fig. 9 shows images of two isolated fullerenes on Cu
(110)–(2 × 1)O obtained for a sample bias of +2.5 V with Fig. 10
showing similar data but for molecules deposited on Au(111)
(see ESI.3, Fig. S5† for additional large scale STM images). The
contrast in the images of the isolated molecules is not as good
as for the island imaging (Fig. 4), but it is possible to identify
the fullerene on the left in Fig. 9 as being Li@C60 (diﬀuse
structureless image) and on the right as being C60 (trefoil
structure is just visible). Similarly, in Fig. 10, the left-hand side
fullerene is identified as Li@C60 and the right-hand side one
as C60. The corresponding constant-current dI/dV spectra are
shown below the images (see also ESI.3†). The spectra on the

STM

Scanning tunnelling spectroscopy (STS) provides an additional
means of obtaining information about the SAMOs and other
empty states of the neutral molecule coupled to a metal sub-

This journal is © The Royal Society of Chemistry 2019

Fig. 9 (a) Image of isolated fullerene molecules deposited on Cu(110)–
(2 × 1)O obtained for a bias voltage of +2.5 V and the corresponding
constant-current dI/dV spectra. Left: Li@C60. Right: C60. The assignment
marked on the C60 spectrum is identical to that of Reecht et al.47
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Fig. 10 Image of two isolated fullerene molecules deposited on Au(111)
obtained for a bias voltage of +2.5 V and the corresponding constantcurrent dI/dV spectra. Left: Li@C60; Right: C60. The assignment marked
on the C60 spectrum is identical to that of Reecht et al.47

bottom-right of both Fig. 9 and 10 confirm that these are isolated C60 molecules. The peak positions determined for C60
are close to those reported by Reecht et al.47 and Schull et al.40
The interaction with the metal substrate lifts the degeneracy of
the P-SAMO with the Pz-SAMO (m = 0) being shifted down in
energy by a few 100 mV compared to the Px–y-SAMOs.47 This
can be seen as a small peak or shoulder to the left of the main
C60 P-SAMO peak in Fig. 9 and 10.
The spectra obtained for the molecules identified as
Li@C60 on both substrates are very similar to each other and
clearly diﬀerent from C60 (see ESI.3† for a direct comparison).
The measured peak positions for C60 and Li@C60 are listed in
Table 3, along with the C60 peak positions that are reported in
the literature.
As has been observed previously for C60,40 the orbital energies for Li@C60 are shifted slightly upwards on Au(111) compared to the Cu surface but the main features are very similar.

Table 3

The sharp peak in the Li@C60 spectra that appears for a
voltage just above 2 V can be assigned to the S-SAMO. This is
the structure responsible for the bright, homogeneous image
of the Li@C60 that allows it to be clearly identified in Fig. 4 for
a bias voltage of +2.5 V. The broad peak structure in the range
4.5–5.5 V can be assigned to P-SAMOs possibly with some
underlying contribution from unoccupied valence states
(LUMO+x). The S-SAMO is clearly shifted much further down
in energy compared to the gas phase spectra (ΔES–P ∼ 0.6–0.8
eV for the gas phase compared to ΔES–P ∼ 3 V on Au or O/Cu)
and also compared to the situation for empty C60 (ΔES–P ∼ 0.6
V for the gas phase compared to ΔES–P ∼ 1.5 V on Au or O/Cu).
This can be related to the higher reactivity of the neutral
radical Li@C60 species with the metal surface, due to a combination of the diﬀerent charge distribution on the fullerene
cage and the asymmetry of the orbitals. The most energetically
favourable position for the Li inside the fullerene cage when
the molecule is sitting on a Au substrate is close to the centre
of the top hexagon, Fig. 11.41 In contrast to the gas phase
experiments, where the Li is expected to be mobile inside the
cage, the Li is expected to be frozen in position for the low
temperature STM experiments. The distorted S-SAMO (Fig. 2)
will therefore be oriented such that the electron density will be
maximised in the vicinity of the substrate, potentially leading
to a strong hybridisation of orbitals and correspondingly high
energetic stabilisation such as is observed in the STS. The
S-SAMO peak that we observe at ≿ 2 V is in very good agreement with the DFT calculations reported by Yamada et al. for
Li@C60 on Cu(111).41 They reported a sharp peak and greatly

Fig. 11 Illustration of Li@C60 on Au(111) showing the most energetically
favourable orientation. (a) Side view (b) top view.

Orbital energies (in eV relative to the Fermi energy) of C60 and Li@C60 measured by STS for Au and Cu(O/Cu) surfaces

C60/V

Li@C60/V
Au(111)48

HOMO
LUMO
LUMO+1
LUMO+2,3
S-SAMO
P-SAMO

−1.7 ± 0.2
1.0 ± 0.2
2.2 ± 0.2

Au(111)
this work

Cu(111)47

2.1
3.5, 3.8
4.2
5.4, 6.0

0.8
1.8, 2.2
3.2
4.0
5.4, 5.6
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O/Cu(110)21

O/Cu(110)
this work

1.4
3.2
3.8
5.2

0.8
1.8–2.1
3.2
4.0
5.0, 5.4

SOMO
Pz-SAMO/LUMO+1
S-SAMO
LUMO+2,3
P1
P2

Au(111)
this work

O/Cu(110)
this work

0
1.5
2.2
3.2
4.5
5.3

0
1.2
2.1
3.0
4.0
4.7
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enhanced LDOS for E − EF ≿ 2 V which they interpreted as
being due to an alteration of the LUMO+2 state. We believe,
based on our STS data, the comparison with gas phase results
and STM images that the S-SAMO interpretation is more
reasonable. The calculations of Yamada et al. also showed the
close similarity in the LDOS of the occupied states for Li@C60
and C60 in good agreement with the STM images for negative
bias potentials (Fig. 4 and ESI†).
Based on the comparison with gas phase data and TDDFT
calculations where a P-like orbital is observed to be shifted to
binding energies lying below that of the S-SAMO, we tentatively
assign the peak at ca. 1.5 V to the Pz-SAMO, possibly with
some underlying LUMO+1 valence state contribution. As for
the S-SAMO argument, we can consider that the interaction
with the metal substrate will be stronger for the Li@C60 PzSAMO compared to that of the C60, combining with the asymmetric electron density distribution to produce the large shift
to lower voltage observed in Fig. 9 and 10. The DFT calculations from Yamada et al. also show some structure at around
1 eV that looks significantly diﬀerent from the C60 LDOS and
may be partially attributable to the Pz-SAMO although this was
not discussed in that paper.41
In order to compare the SAMO orbital energies determined
from STS experiments with the gas phase SAMO electron
binding energies, we consider the LUMO-SAMO energy diﬀerences. Note that the orbital energies in Table 3 for Li@C60 are
measured with respect to the LUMO since Li@C60 is a radical
species with an unpaired electron. The HOMO–LUMO gap for
gas phase C60 was taken to be 1.6 eV (ref. 49) and the ionisation energy of Li@C60 was taken to be 6.5 eV.13 The energy
diﬀerences are summarised in Table 4 for both C60 and
Li@C60. For C60, the strongest shift down in energy when the
molecule is adsorbed on the Cu substrate is observed for the
S-SAMO (0.9 eV). The next largest shift is for the Pz-SAMO (0.5
eV) with the Px,y-SAMOs shifting only slightly due to the
weaker interaction with the substrate (ca. 0.1 eV). Li@C60
shows a similar but stronger trend. The S-SAMO shifts down in
energy by 2.4 eV, the peak we are tentatively attributing to the
Pz-SAMO by 3.1 eV and the Px,y by ca. 1 eV. The much larger
shift in energy for Li@C60 can be attributed to two main
factors: the higher reactivity of the radical Li@C60 with the
metal substrate and the asymmetry in the electron density distributions of the S- and Pz-SAMOs.

Table 4 LUMO-SAMO energy diﬀerences determined from STS and
PES for C60 and Li@C60. The gas phase HOMO–LUMO gap for C60 was
taken to be 1.6 eV and the ionisation energy of Li@C60 was taken to be
6.5 eV (ref. 13 and 49)

Conclusions
We have combined Rydberg Fingerprint Spectroscopy on gas
phase Li@C60 with TDDFT calculations and STS results for
Li@C60 on metal substrates under low temperature (5 K), UHV
conditions. The two complimentary experimental techniques
provide information on the properties of the diﬀuse Rydberglike SAMO states that have previously been reported for C60.
The asymmetric position of the Li inside the fullerene cage
strongly distorts the symmetry of the lowest lying S- and
P-SAMOs with calculations of the binding energies of these
states in the isolated molecule shown to be strongly dependent
on the position of the Li. When adsorbed on a metal substrate,
the S- and Pz-SAMOs shift much more strongly down in energy
compared to the situation for C60. The STS results presented
for Li@C60 are in good agreement with recent DFT calculations
although the interpretation given here is new.
The stable asymmetric position of Li in the low temperature
STM experiments combined with the strong interaction of the
asymmetric SAMO states with the metal surface provides
encouragement for the possibility of an experimental demonstration of the theoretically discussed31,32 molecular switch
involving the motion of Li inside the cage. This will be the
subject of a future publication.
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ΔE(LUMO-SAMO)/eV
C60/O/Cu(110)
S-SAMO
3.2
4.0
Pz-SAMO
Px,y-SAMO 4.4

C60 PES

Li@C60/O/Cu(110)

Li@C60 PES

4.1
4.53
4.53

2.1
1.2
4.0–4.7

4.5
4.3
5.0–5.4
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