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Rare earth ions are the backbone of a wide range of optoelectronic applications, ranging from solid-state
lasers and fiber amplifiers to silicon photonics. So far experiments on single rare-earth ions have been elusive
because of the long excited state lifetimes and low absorption cross sections. Here we present the first single
molecule photoemission study of an endohedral metallofullerene (Y3N@C80). This molecule has a low intrinsic
photoluminescence quantum yield and a long radiative lifetime. We find that the Y3N species is rigidly attached
to the C80 cage, imparting a fixed absorption dipole moment to the molecule as a whole. To improve the
absorption and emission of light, we couple single Y3N@C80 molecules to single gold nanoparticles, which
results in a photoluminescence enhancement of 2 orders of magnitude. Such unexpectedly high enhancements
are a consequence of the low intrinsic quantum yield of Y3N@C80. Our work paves the way for applications
of rare-earth ions on the single emitter level.
Introduction
Y3N@C80 are a member of the larger family of endohedral
metallofullerenes.1,2 The Y3N@C80 molecule consists of three
yttrium and one nitrogen ion (Y3N) encapsulated inside a C80
fullerene. These molecules, which do not exist naturally, are
stabilized by a transfer of 6 electrons from yttrium nitride to
the C80 cage.1 To date, rare earth ions such as yttrium could
not be observed on the single ion level, which is due to their
long excited state lifetime and their low absorption cross-section.
Here we demonstrate that photoluminescence from fullereneincarcerated yttrium ions (Y3N@C80) can be readily detected
and imaged when coupled to a single gold nanoparticle.
The gold nanoparticle acts as an optical antenna. It effectively
converts propagating optical radiation to localized energy, and
vice versa.3 Noble metal nanoparticles (Au, Ag) offer a feasible
bottom-up realization of optical antennas because of their
localized surface plasmon resonances in the visible. Such
antennas are particularly well suited for single emitter photoluminescence (PL) studies because, unlike extended sharp
metallic tips, nanoparticles do not support the propagating
surface plasmons that can lead to severe PL quenching.4
Nanoparticles therefore offer a trade-off between desirable high
field enhancement and undesirable nonradiative losses (quenching). PL enhancements of 1 order of magnitude using gold and
silver particle antennas have been reported in recent years,5,6
establishing such antennas as a controllable and reproducible
choice for high-resolution PL imaging.7 The highest PL
enhancements occur for emission wavelengths slightly redshifted from the localized plasmon resonance of the antenna.
This finding has its origin in the different spectral dependences
of the excitation rate and nonradiative energy transfer rate to
the antenna.8
An optical antenna influences the excitation rate Γexc of an
emitter as well as its quantum yield Q. Because the intrinsic
quantum yield of good emitters is near unity, an optical antenna
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only decreases the quantum yield.6 On the other hand, for poor
emitters the antenna boosts both the excitation rate and the
quantum yield, resulting in much higher net PL enhancements
as compared to good emitters.9,10 In this work we demonstrate
PL enhancements of ∼100 for an yttrium nitride cluster encaged
in a C80 fullerene.
Confocal Studies of Single Y3N@C80 Fullerenes
A schematic of the structure of a Y3N@C80 molecule is shown
in Figure 1a. Y3N@C80 has been reported in literature to have an
absorption onset around 750 nm, corresponding to the first singlet
(HOMOfLUMO)0 transition. It also has a strong absorption peak
around 639 nm which is attributed to the (HOMOfLUMO)2
transition.11 A simplified energy level scheme for Y3N@C80 is
shown in Figure 1b (not all levels shown).11 From density functional
studies, the highest occupied molecular orbital (HOMO) is expected
to be localized on the C80 while the lowest unoccupied molecular
orbital (LUMO) is primarily on the yttrium nitride.12 Light
absorption in Y3N@C80 is therefore dominated by the cage, while
light emission (photoluminescence) arises predominantly from
the yttrium nitride cluster. In our experiments, we excite the
(HOMOfLUMO)2 transition with a 635 nm laser and collect the
PL from the (HOMOfLUMO)0 transition using a band-pass filter
centered around 700 nm.
Figure 1c shows the PL spectrum of Y3N@C80 in xylene
excited at 633 nm. The spectrum is characterized by the
(HOMOfLUMO)0 emission, represented by a peak centered
around 710 nm. The lifetime of this transition has been
determined by a pulsed laser source with center wavelength 625
nm. The resulting emission decay profile is shown in Figure 1d
revealing a lifetime of 240 ns. While this may appear long
compared to the lifetime of typical organic dyes (few ns), it is
surprisingly short compared to the lifetime of typical rare-earth
metal ions (Er3+, Yb3+, Y3+, and so forth) in solid state hosts,
which is typically in the range of microseconds to milliseconds.
This drastic reduction in lifetime is due to efficient electronic
or vibrational coupling between Y3N and C80.13,14
To perform measurements on single Y3N@C80 molecules we
first prepared a dilute solution and then deposited Y3N@C80 on
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Figure 1. (a) Schematic representation of the Y3N@C80 molecule consisting of a Y3N ion incarcerated inside a C80 cage. The blue spheres denote
the yttrium ions while the red sphere represents a nitrogen ion. (b) Energy level structure for Y3N@C80. (c) Photoluminescence spectrum of Y3N@C80
molecules in solution upon excitation at 633 nm. The kinks originate from the subtraction of the solvent Raman spectrum. (d) Lifetime measurement
for the transition centered around 710 nm. The decay is well-fit by a single exponential yielding a lifetime of 240 ns ( 10 ns.

Figure 2. Confocal photoluminescence images of single (a) Y3N@C80 molecules and (b) nile blue molecules. The excitation intensities are 60
kW/cm2 for Y3N@C80 and 2 kW/cm2 for nile blue. Typical photoluminescence counts for Y3N@C80 are around 7-8 kHz and for nile blue around
30 kHz.

a transparent surface by spin coating. The photophysical
properties of the Y-trimetaspheres were found to be very
sensitive to the local dielectric environment. For example, on
mica or on a clean glass surface, only a tiny fraction of the
Y3N@C80 gave any detectable fluorescence, and even that was
marred by severe blinking. This is not surprising given that both
mica and clean glass have a negatively charged surface, as does
the C80 shell of Y3N@C80. On the other hand, best results were
obtained when the Y3N@C80 were placed on top of a thin layer
of poly(methyl methacrylate) (PMMA); however, even then,
significant molecule-to-molecule variations were noticed. Some
molecules, apparently residing in “sweet spots” in the PMMA,
were remarkably photostable, while others blinked or photobleached. Therefore, all further studies used ∼10 nm PMMA
spincoated on a glass coverslip as the substrate of choice. Figure
2a shows a confocal PL image of single Y3N@C80 molecules
excited with a radially polarized laser beam with wavelength λ

) 635 nm. The image reveals typical dipole-like absorption
patterns15 from which we infer that the metal nitride rotor is
not free to rotate inside the C80 cage, but rather has a fixed,
stable configuration.
To estimate the intrinsic PL quantum yield (Qi) of Y3N@C80
we performed similar measurements on a reference sample with
dispersed nile blue molecules (cf. Figure 2b). The molar
absorptivity of Y3N@C80 at λ ) 635 nm is determined to be
∼9000 M-1 cm-1 while for nile blue it is 80 000 M-1 cm-1.16
Consequently, knowing the quantum yield of nile blue (∼0.8),
we can estimate the intrinsic quantum yield of Y3N@C80 to be
Qi <0.05. Therefore, the weak PL from Y3N@C80 is the result
of both low absorption and a low quantum yield.
Photoemission Enhancement
We next demonstrate that the PL efficiency of Y3N@C80 can
be enhanced by 2 orders of magnitude by coupling it to a gold
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Figure 3. Antenna-coupled photoluminescence from single Y3N@C80
molecules. (a) SEM image of a gold nanoparticle antenna (80 nm
diameter) with superimposed illustration of the experiment. (b) 2 µm
× 2 µm photoluminescence image of Y3N@C80 recorded by raster
scanning the sample underneath the nanoparticle antenna. Excitation
intensity is 2 kW/cm2 and the photoluminescence counts from the
brightest molecules is around 120 kHz. Without antenna the photoluminescence count rate drops to 1 kHz. Inset of (b): zoomed-in image
of one of the bright spots.

nanoparticle. The nanoparticle acts as a simple optical antenna
that increases the local excitation field and boosts the low
quantum yield of Y3N@C80. The PL increase of 2 orders of
magnitude makes the antenna-coupled Y3N@C80 as efficient as
ordinary dye molecules.
In free space and for excitation intensities below saturation,
the PL rate Γflo of a single Y3N@C80 molecule can be written
as8

Γflo ) Γoexc · Qi ) Γoexc

Γorad
Γorad + Γonr

(1)

where Γexc is the excitation rate, and Qi is the intrinsic quantum
yield of the emitter defined in terms of the intrinsic radiative
o
o
rate and nonradiative relaxation rate (Γrad
and Γnr
). The gold
nanoparticle increases Γexc due to local field enhancement, and
by reciprocity, this increase is roughly matched by an increase
in Γrad.3 However, the antenna also absorbs energy from the
emitter and leads to an increase in the nonradiative relaxation
rate Γnr (quenching).17,18 For good emitters, which have Qi ≈
1, it is not possible to increase the quantum yield further.6 On
the other hand, when Qi , 1, as is the case of Y3N@C80, it is
possible to increase the quantum yield by coupling the emitter
to an optical antenna, such as a gold nanoparticle.3 Thus, the
antenna boosts both the excitation rate and the quantum yield
in poor emitters, resulting in much higher net PL enhancements
as compared to good emitters.9,10
To validate these predictions we attach a single 80 nm gold
nanoparticle to the end of a glass tip19 and position it by using
standard tuning-fork based control6 over the sample with
dispersed Y3N@C80 molecules. This system is also used to raster
scan the nanoparticle antenna over the sample surface while
maintaining a constant particle-sample distance (typically ∼5
nm). Figure 3a shows a scanning electron micrograph (SEM)
of a typical gold nanoparticle antenna with a superimposed
sketch of the experimental configuration. A high numerical
aperture objective is used for exciting single Y3N@C80 molecules at a wavelength of λ ) 635 nm and for collecting the
emitted photoluminescence centered around λ ) 710 nm. PL
photons are detected by a single photon counting avalanche
photodiode. A representative near-field PL map is shown in

Figure 4. Photoluminescence from a single Y3N@C80 molecule as a
function of separation between molecule and gold nanoparticle. At short
separations the nanoparticle antenna enhances the photoluminescence
by a factor of ∼100. For a single nile blue molecule the enhancement
is in the range of 8-10. Dots are experimental data and the solid line
is a fit according to a dipole model.

Figure 3b. Each of the bright spots in this figure corresponds
to a single Y3N@C80 molecule. The single molecule nature of
these spots is confirmed by the intermittent blinking events.
During image acquisition, individual Y3N@C80 molecules tend
to attach themselves to the gold nanoparticle, which gives rise
to random bright spots and streaks seen across the near-field
PL map.
We next examine the dependence of the PL enhancement on
the separation between a single Y3N@C80 molecule and the gold
nanoparticle. For this purpose, we center the nanoparticle
antenna over a single Y3N@C80 molecule and record the PL as
a function of separation z. The experimental results are shown
in Figure 4 together with calculations based on a simple dipole
model.8 For comparison, similar measurements were performed
for a single nile blue molecule and the results are included in
Figure 4. For Y3N@C80 we observe a PL enhancement of ∼100
whereas for nile blue the enhancement is only 8-10, consistent
with previous observations.6 The giant PL enhancement of
Y3N@C80 cannot be explained by an increase in the excitation
rate Γexc alone, but is instead the consequence of both an increase
in the excitation rate and the low intrinsic quantum yield of the
molecule. From the measured distance-dependent PL rate we
estimate the intrinsic quantum yield of Y-TMS to be Qi ∼ 0.02
which is close to our estimate based on confocal measurements.
Interestingly, we do not observe any quenching from Y3N@C80
even as the antenna appears to touch the PMMA surface (cf.
Figure 4). Note that this reduction in quenching zone for low
Qi molecules compared to good emitters (like nile blue) is
expected and results from the interplay between Γexc, Γr, and
Γnr for short antenna-molecule distances.3 In contrast to a good
emitter whose quantum yield drops monotonically as the antenna
comes closer, the quantum yield of molecules such as Y3N@C80
is enhanced in the distance range of 5-20 nm, thereby pushing
the onset of net quenching down to very short distances (<2
nm). This regime is inaccessible in our experiments because
the most photostable Y3N@C80 molecules are most likely inside
nanoscale holes or depressions of the PMMA film.
Conclusions
Our findings indicate that optical antennas can be employed
to drastically enhance light absorption and emission from poor
emitters like rare-earth ions. The observed photoluminescence
enhancement of 2 orders of magnitude makes a single yttrium
nitride molecule as efficient as a typical dye molecule. The PL
enhancement can be further improved by optimized antenna
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geometries, such as gold nanorods acting as optical half-wave
antennas,3 gap antennas,20,21 bow-tie antennas,22-24 or multielement antennas.25 Our results have implications not only for
improving the efficiency of a novel class of photovoltaic devices
based on endohedral metallofullerenes26 but also for enhancing
the photoemission from low efficiency systems, such as nanocrystalline silicon or organic light emitting devices (OLEDs).
Furthermore, the possibility of observing and controlling the
photoemission from a single yttrium nitride molecule opens the
door for optoelectronic applications on the single rare-earth ion
level, ranging from single photon sources to biosensing.
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