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Intermolecular processes offer unique decay mechanisms for complex systems to internally relax. Here,
we report the observation of an intermolecular Coulombic decay channel in an endohedral fullerene, a
holmium nitride complex (Ho3N) embedded within a C80 fullerene, between neighboring holmium ions,
and between the holmium complex and the carbon cage. By measuring the ions and the electrons in
coincidence after XUV photoabsorption, we can isolate the different decay channels, which are found to be
more prevalent relative to intra-atomic Auger decay.
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Endohedral fullerenes are unique three-dimensional
clusterlike molecular systems where atoms, molecules,
or other smaller clusters can be confined within a hollow
spherical carbon molecular cage (henceforth simply
“cage”). Discovered around the same time as C60 [1],
endohedral fullerenes with confined metal species [2,3]
have received broad interest in the field of condensed
matter physics (see reviews in Refs. [4,5] for details), as
well as in molecular physics due to their unique ionization
and fragmentation mechanisms upon single photon exci-
tation [6–10]. In particular, lanthanide-containing endohe-
dral fullerenes have been considered of interest as drug
delivery systems due to being excellent radio tracers [11],
and in the field of radio therapeutics due to the large
number of electrons they are able to release [12].
Additionally, endohedral fullerenes are predicted to

exhibit strong intermolecular decay channels [13] upon
inner-shell ionization through intermolecular Coulombic
decay (ICD) [14]; however, to date, it has not been
experimentally verified. ICD is an energy transfer process
in which a photoexcited atom relaxes by transferring its
excess energy to a neighboring atom. In the XUV regime,
the mechanism has been observed in a wide range of
weakly bound systems specifically when intramolecular
processes such as Auger decay are energetically forbidden.
For reviews, see Refs. [15,16]. For shorter wavelength light
where Auger decay becomes a competing process, ICD can
still play a prominent role in cascade-type ionization
processes [17–20]. In particular, such mechanisms could
play a role in biological systems where electronic relax-
ation of and charge transfer to metal absorbers drives

intermolecular decay causing and propagating radiation
damage to the surrounding molecular framework [21]. In
this regard, endohedral fullerenes can serve as model
systems for observing complex intermolecular host-dopant
interactions. Due to the presence of electron correlation in
the excited states, ICD is expected to provide an efficient
pathway for relaxation of the guest species via cage
ionization, producing stable multiply-charged states of
the parent molecule as predicted in [13].
In the present work, we report on the inner-shell

ionization of gas-phase Ho3N@C80 complexes (where @
indicates that Ho3N is contained within the C80 cage). We
show that between the metal holmium ions and the C80 cage
such relaxation pathway exists, and is primarily responsible
for charged parent molecular complex. Schematics of the
formation of doubly charged parent molecule through
Auger and ICD decays are shown in Fig. 1. At photon
energies above the 4d resonance threshold of Ho3þ, the
carbon cage is effectively transparent, due to low photo-
absorption cross sections [22], while the holmium atoms
have a relatively large photoabsorption cross section. From
the electron kinetic energy (eKE) distribution in coinci-
dence with different parent and fragmented ions, we
observed the signatures of the predicted ICD [13] between
the holmium and the cage, and cascade Auger-ICD
between the holmium ions. In particular, we observe that
these processes occur with higher efficiency than individual
Auger decay mechanisms in the formation of multiply
charged Ho3N@C80.
The experiment was performed at the beam line 10.0.1 of

the Advanced Light Source at Lawrence Berkeley National

PHYSICAL REVIEW LETTERS 124, 113002 (2020)

0031-9007=20=124(11)=113002(6) 113002-1 © 2020 American Physical Society

https://orcid.org/0000-0002-1759-4752
https://orcid.org/0000-0002-0641-1279
https://orcid.org/0000-0001-8607-2328
https://orcid.org/0000-0002-5758-6917
https://orcid.org/0000-0003-3231-1164
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.124.113002&domain=pdf&date_stamp=2020-03-17
https://doi.org/10.1103/PhysRevLett.124.113002
https://doi.org/10.1103/PhysRevLett.124.113002
https://doi.org/10.1103/PhysRevLett.124.113002
https://doi.org/10.1103/PhysRevLett.124.113002


Laboratory. We use ion-electron coincidence spectroscopy
combined with the velocity-map imaging (VMI) technique
[24], which measures the kinetic energy of the detected
particles. The details of the double VMI spectrometer are
described elsewhere [25]. For the present experiment, we
evaporated Ho3N@C80 in its gas phase at about 900 K using
an effusive oven giving a target density of ∼108 cm−3.
To form a stable complex, each holmium atom in the

neutral Ho3N@C80 system donates 1 electron to the N and
2 electrons to the surrounding C80 cage, producing the
following charge distribution: ðHo3þÞ3 N3−@C6−

80 [4,26].
The high Ho-N bonding energy prevents the formation of
the complex without this effective 3-electron donation from
each of the holmium atoms [27]. The resulting electronic
configuration of Ho3þ (4d105s25p64f10) has a partly filled
4f orbital. The large overlap between the 4d and 4f orbital
wave functions leads to the appearance of atomiclike
4d10 4f10 → 4d9 4f11 transitions in Ho3þ, which are
characterized by large transition strengths and produce
the so-called “giant resonance” [28] around 160 eV. In the
molecular complex of Ho3N@C80, the distance between
the two neighboring holmium ions in the equilibrium

configuration is about 3.5 Å, and the separation between
one of the holmium and the neighboring carbon atoms are
estimated between 2 and 2.5 Å [29].
Figure 2 shows the eKE distributions obtained by VMI

image reconstruction using pBasex [30] in coincidence
with different charge states of the parent molecule, at
different photoexcitation energies. 149.0 eV is below the 4d
threshold of Ho3N@C80, and hν ¼ 156.9 and hν ¼
158.9 eV are near, but below the 4d threshold and have
4f − 4f transitions in the holmium ions [28]. The photon
energies of 163.3 and 168.8 eVare above the binding energy
of the 4d orbitals of Ho3þ [31]. As discussed later, the
signatures of ICD in Ho3N@C80

2þ and Ho3N@C80
3þ are

present in Figs. 2(b) and 2(c), and shown in 2(e) and 2(f).
Figure 2(a) shows the eKE distribution in coincidence

with Ho3N@C80
þ. In this case, the endohedral fullerene is

singly ionized, thus decay mechanisms (e.g., Auger, shake-
off, and thermal [32]) resulting in higher charged states are
naturally excluded. From the peak maximum at the differ-
ent photon energies, it is clear that the peaks (i) are broad
(about 40 eV FWHM for hν ¼ 168.8 eV), and (ii) show
characteristics of direct photoemission due to photon-
energy dependent shifts. Electrons from direct photoioni-
zation of singly charged ions originate from 5s (binding
energies, BE ¼ 50.4, 52.6 eV), 5p (5p1=2;3=2 BE ¼ 32.5,
26.8 eV), and 4f (4f5=2;7=2 BE ¼ 11.1, 8.0 eV) [31] states
of the Ho3þ atoms, or from the valence orbital of the cage
(IP ¼ 6.5 eV [33]). Additionally, as observed for other
lanthanides [34–36] due to 4d − 4f Auger resonances, the
intensity of the 5s and 5p electrons are known to be
significantly enhanced.
In order to explain the distribution of the eKE spectra,

we fit the distribution of hν ¼ 168.8 eV with multiple
Lorentzian functions, as shown in Fig. 2(d). Here, we show
that, without overfitting the data, three peaks reproduce the
eKE distribution with R2 ¼ 0.981. The peaks at 107.9�
4.2 eV (FWHM ¼ 42.1 eV), 133.7� 0.9 eV (FWHM ¼
21.3 eV), and 147.3� 0.3 eV (FWHM ¼ 13.8 eV) are
identified as photoelectrons originating from the 5s, the
5p1=2, and a combination of peaks from 5p3=2, 4f, and
the cage, respectively. As observed in Figs. 2(a) and 2(d),
the broadening of the photoelectron peaks is due to a fast
decay via vibronic coupling which follows from other
highly excited states being populated so that no secondary
electrons are emitted [37–39].
Figures 2(b) and 2(c) show the eKE distributions in

coincidence with the Ho3N@C80
2þ and Ho3N@C80

3þ,
respectively. In this case, the electron distributions can
originate from autoionization mechanisms which were
excluded for the case of Ho3N@C80

þ. To better understand
the multitude of electron distributions for Ho3N@C80

2þ,
we focus our discussion on hν ¼ 168.8 eV. As done
previously, we fit our data with another set of multiple
Lorentzian functions as shown in Fig. 2(e) (other eKE
distributions and the corresponding fit for different photon

(a)

(b)

(c)

FIG. 1. The schematic of some exemplary ionization and ICD
pathways to form Ho3N@C2þ

80 are shown above. The binding
energies of the orbitals shown are given in the Supplemental
Material [23], Table 1. (a) The two-step process of photoioni-
zation, with the removal of a photoelectron (PE), and Auger
decay (N4;5O2;3N6;7) of a single Ho3þ to form Ho5þ. The ICD
channels between holmium and the C80 cage, and between two
holmium ions are given in (b) and (c), respectively.
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energies can be found in the Supplemental Material Figs. 2
and 3). Altogether six Lorentzian peaks reproduce the eKE
distributions at hν ¼ 168.8 eV, with R2 ¼ 0.961. The peak
with kinetic energy around 123.1� 5.0 eV (FWHM ¼
16.6 eV) corresponds to direct Auger decay of holmium
ion initiated by the removal of a 4d electron followed by
4d95p64f10 → 4d105p54f9 þ e− (N4;5O2;3N6;7). At the
4d → 4f photon energy or below, a resonant Auger decay
ensues from the excitation to 4f orbitals in the form of
4d95p64f11 → 4d105p54f9 þ 2e− (N4;5O2;3N6;7). This
peak resulting from the local Auger decay in Ho3þ was
previously observed in elemental holmium [40], and is
shown in the schematic of Fig. 1(a). The electron kinetic
energy in the Auger decay is calculated by: Ek ¼
EA − EB − EC −UeffðBCÞ, where UeffðBCÞ is the Coulomb
interaction between the two vacancies in the final state, and
EA, EB, EC are the binding energies of the three partici-
pating electrons (see Supplemental Material [23] Table 1).
For the case of Ho3þ,UeffðBCÞ is between 1.5 and 6 eV [40].
In addition to the Auger decay, photoionization of 5p
electrons of Ho3þ (eKE: 136–142 eV at hν ¼ 168.8 eV)
(Supplemental Material [23], Table 1) also gives rise to
this peak.
The neighboring peak centered around 110.3� 6.8 eV

(FWHM ¼ 13.6 eV) originates from another direct Auger

transitions of the form of N4;5O1V, where V is the valence
orbital of the cage. At photon energies below or at the
4d → 4f, the resonant Auger process is again initiated
by the excitation to a 4f state in the form of
4d95s24f11V→4d105s14f11V−1þ2e− (N4;5O1V). Inter-
estingly, the Auger decay of N4;5O1V is not detected in
metal holmium photoemission spectra [40], but is promi-
nent in Ho3N@C80 due to the presence of excess valence
electrons from the carbon cage, as well as three additional
electrons from the center nitrogen atom. Additionally, the
photoionization of a 5s electron (BE ¼ 50.4, 52.6 eV) can
also contribute to this peak. Note that photoionization of
5p=5s would also have to have an additional step where a
second electron is emitted.
The next peak at around 100.6� 14.7 eV (FWHM ¼

22.6 eV) arises due to the removal of a 4d electrons,
contributing to the low kinetic energy electrons in ekE
spectrum. The 4d hole eventually decays by producing a
Coster-Kronig type transition where two electrons from
the 5p orbitals participate to form the Auger decay of
N4;5O2;3O2;3, as was also observed in Refs. [40,41]. Near
the 4d → 4f, the peak originates from 4d94f11 excited
state, where the excited 4d electron acts as a spectator.
Since, in the 4d → 4f resonance, there exists resonant
enhancement of the 5p photoabsorption cross sections for

(a) (b) (c)

(d) (e) (f)

FIG. 2. The electron kinetic energy (eKE) distributions at different photon energies, in coincidence with various charge states of the
parent molecule [plots (a),(b), and (c)] for photon energies below and above the 4d threshold. (d),(e), and (f) The fitted data for electrons
detected in coincidence with Ho3N@Cþ

80 (top), Ho3N@C2þ
80 (middle), and Ho3N@C3þ

80 (bottom) at a photon energy of 168.8 eV. Lorentz
functions, y ¼ y0 þ ð2A=πÞfw=½4ðx − xcÞ2 þ w2�g are used to fit the peaks, where w, xc, and A are the full-width at half maximum
(FWHM), the center, and the area, respectively.
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lanthanides [34–36,42,43], the resonantly excited 4d elec-
tron eventually decays by producing the Coster-Kronig
transition of N4;5O2;3O2;3. The formerly spectator 4d
electron then undergoes tunneling and is detected as a
low kinetic energies [44] shake-off electron. The low
kinetic energy electron peaks between 0 and 8 eV are
the photoelectrons from 4d ionization or those following
shake-off of the spectator 4d electron participating in the
4d94f11 excited state as discussed earlier for the case of the
resonant Auger decay of N4;5O2;3O2;3 or N4;5O1V.
We attribute the large peak at 23.8� 0.8 eV (FWHM ¼

23.7 eV) to ICD, which follows from the photoionization
of the resonantly enhanced 5s and 5p orbitals of one of the
three Ho3þ at or around the 4d → 4f. The eKE from the 5s
and 5p vacancies are similar to the one for the N4;5O1V and
N4;5O2;3O2;3 decays, and thus the peaks from these should
appear superimposed with the peaks at 110 and 123 eV.
Following this initial step, the states then either decay with
the cage (eKE: 20–47 eV) or with another holmium (eKE:
14–45 eV) as shown in Eqs. (1) and (2). The expected peak
positions of the ICD were calculated from the energy
difference between the orbitals of holmium ions with initial
5p and 5s vacancies, followed by the 4f orbital vacancy
created in one of the neighboring holmium ions, or the
valence orbital of the cage at the ICD step. Without this
ICD step, the electron kinetic energy distribution is not
expected to show any peak in this energy range, as
previously calculated and measured for lanthanides
[45,46]. To our knowledge, there are no other mechanisms
that can give rise to electrons in this kinetic energy range
for photo-excitation between hν ¼ 149 and hν ¼ 170 eV.
Following the ICD step, an electronically stable doubly
charged parent molecular complex is formed. Otherwise, an
additional decay step will ensure formation of a triply
charged complex. Additionally, the ICD of these states
competes with the nonadiabatic decay we discussed in
relation to the Ho3N@C80

þ spectrum. The presence of the
5p photoelectrons in the latter and the ICD peak in the
current spectrum indicate that the vibrational relaxation and
the ICD have comparable decay rates.

Ho4þ�ð5s−1=5p−1ÞC6−
80 ⟶

ICD
Ho4þC5−

80 þ e− ð1Þ

Ho4þ�ð5s−1=5p−1ÞHo3þ ⟶
ICD

Ho4þHo4þ þ e− ð2Þ

The ICD pathways are also prominent for the eKE
distributions in coincidence with Ho3N@C80

3þ, as seen in
Fig. 2(c) [also Fig. 2(f) for hν ¼ 168.8 eV]. Here also the
shake-off and autoionization states below 10 eV are
dominant channels as was the case for the eKE distributions
for Ho3N@C80

2þ as discussed above. Only now, the 5p−1

decays further through the 4f−1 cascade removing an
additional electron with kinetic energy between 3 and
6 eV, as is seen in Fig. 2(f). Furthermore, a weak yield

is observed for electron kinetic energies between 60 and
120 eV due to Auger decay from N4;5O1O2;3 and N4;5O1V.
However, the most prominent decay channels are seen to be
cascade decay from the 5p−14f−1 states of one of the
holmium ions forming Ho5þ followed by the emission of an
electron from a neighboring Ho3þ (with the 4f−1 state
initiating an Auger-ICD cascade). A detailed schematic of
this process is shown in the Supplemental Material [23],
Fig. 5. Instead of the neighboring Ho3þ with its 4f−1 state,
the cage can also participate with its valence electrons,
yielding electron with kinetic energies from a few eV
to 25 eV.
For the case of producing both Ho3N@C80

2þ and
Ho3N@C80

3þ by multiply ionizing the holmium ions,
we observe that the ICD process is more prevalent over
individual local Auger decay processes. In some non-
endohedral covalently bonded system such as XeFn, the
expected decrease in Auger linewidth with increasing
number of fluorine atoms (n) [47] is not observed due to
strong intermolecular decay [48]. However, such observa-
tion of ICD processes being more efficient compared to
Auger decay in endohedral system has not been previously
made. Additionally, the multiply charged states of the
parent molecule are also stable in terms of fragmentation.
This was also previously predicted in Ref. [13] for
Ne@C60, since the stability is ensured by the higher cage
dissociation energy [49] following the inclusion of the
inner species undergoing ICD. Far below the 4d threshold,
at hν ¼ 149.0 eV, Ho3N@C80

3þ can be produced by an
ICD-ICD cascade, as was discussed in Ref. [13]. This is a
two-step process, in which the first step is initiated by a 5s
vacancy in one of the holmium site filled by a 5p electron,
while an electron is emitted from a neighbor, such as
another Ho3þ or the cage. In the second step, the 5p
vacancy in the original holmium ion is filled by a 4f
electron causing the emission of an ICD electron from the
same holmium ion. Supplemental Material [23], Fig. 6
shows an illustrative stepwise schematics of the ICD-ICD
cascade. The stepwise relaxation of 5s vacancy on Ho3þ
can also be accompanied by the emission of ICD electrons
from the C80 cage. The expected eKE for this process is
between 14 and 22 eV.
To further explore any photon energy dependence of the

ICD electrons originating from the different species, we
also examined the ICD peak positions. Figure 3 shows the
different ICD peaks extracted from the Lorentzian fitting of
the eKE distribution for different photon energies. The ICD
peak width for Ho3N@C80

2þ and Ho3N@C80
3þ are about

23.96� 0.75 and 17.34� 0.92 eV, respectively. The ICD
eKE distributions for Ho3N@C80

2þ is centered around
23 eV for photon energies between 158.9 and 168.8 eV,
while for hν ¼ 149.0 eV, it is around 18 eV, indicating that
the mechanism involves photoionization of the 5p1=2

(BE ¼ 32.5 eV) and 5p3=2 (BE ¼ 26.8 eV) orbitals in
the first step. From Refs. [40,43], it is known that below
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the 4d − 4f resonance, the 5p1=2 cross section is smaller
than the 5p3=2. Across the resonance, they become of
similar strength. Additionally, an ICD electron originating
from the decay of the 5p1=2 state should have higher kinetic
energies. This, together with the increasing contribution of
the 5p1=2 state as the photon energy is increased, shifts the
ICD peak to higher energies. For Ho3N@C80

3þ, the peak
position around 4d excitation is about 16 eV, while for
149.0 eV, the peak lies around 14 eV, supporting the
mechanisms Auger-ICD and ICD-ICD cascade for the
different photon energies.
In conclusion, we have observed intermolecular

Coulombic decay in endohedral fullerene, Ho3N@C80,
through the use of coincident ion-electron spectroscopy.
We have shown that these ICD processes, subsequent to
inner-shell ionization, are much stronger than local, intra-
atomic Auger decay by forming multiple charge states of
ðHo3þÞ3 N3−@C80

6− around the 4d → 4f transitions.
Furthermore, we observed the dominance of 5s=5p photo-
electron lines in the Ho3N@C80

þ spectrum. Because of the
4d − 4f resonance, the 5s=5p orbitals are resonantly
enhanced, opening the ICD channels at around 30 eV.
Additionally, cascade type ICD also plays an important role
in the formation of triply charged complexes. These
cascade processes warrant further investigation at higher
x-ray photon energies for metal-cage complexes, which can
act as a prototypical system to study radiation induced
damage in the high-intensity regime accessed by free-
electron lasers.
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