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Unveiling Metal-Cage Hybrid States in a Single Endohedral Metallofullerene
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The local structural and electronic properties of individual metallofullerenes are studied using
scanning tunneling microscopy, scanning tunneling spectroscopy, and theoretical simulations. The
energy-resolved metal-cage hybrid states of a single endohedral metallofullerene Dy@C82 isomer I
have been spatially mapped, supporting a complex picture consisting of the orbital hybridization and
charge transfer for the interaction between the cage and the metal atom. The relative position of the
encapsulated Dy atom inside the cage and the molecular orientation on the surface have been inferred
by comparing the experimental results with theoretical simulations. The combined technique provides
promising applications in the fields of in situ characterization and diagnostics of metallofullerene-based
nanodevices.
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solvent in a dry box. The experiments were conducted in
an ultrahigh vacuum STM chamber with a base pressure

hybridization and charge transfer for the interaction be-
tween the cage and metal atom.
Endohedral metallofullerenes have been a subject of
intensive investigation in recent years, not only because
of their structural and electronic novelties but also be-
cause of their promising electronic, optical, and biomedi-
cal applications [1]. The location of metal atoms inside
the fullerene cage and the metal-cage interaction are two
central issues. Various diffraction, spectroscopy, and mi-
croscopy techniques have been used to characterize met-
allofullerenes [2–7]. Most of them require macroscopic
quantities of metallofullerenes and give either ensemble
averaged or spatially averaged results. It has been a chal-
lenging task to characterize the local properties of iso-
lated metallofullerene molecules [8–11]. Here we show
that scanning tunneling microscopy (STM) can be used
to detect the encapsulated metal atom inside a fullerene
cage. The energy-resolved metal-cage hybrid states of a
single endohedral metallofullerene Dy@C82 isomer I
have been spatially mapped using scanning tunneling
spectroscopy (STS). Compared with other states of the
metallofullerene, these hybrid states provide unique in-
formation on the location of metal atoms inside the ful-
lerene cage and the metal-cage interaction. The relative
position of the encapsulated Dy atom inside the cage and
the molecular orientation on the surface have been in-
ferred by comparing the experiments with theoretical
simulations.

The Dy@C82 isomer I is a metallofullerene in which
the Dy atom lies along a C2 axis on the six-membered
ring of the C2v-C82 cage [6]. Details for the preparation
and separation of Dy@C82 isomer I were described else-
where [12,13]. A small amount of solid powder of
Dy@C82 was obtained in a crucible by evaporation of
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of 3� 10�11 Torr. We first evaporated one monolayer Ag
onto a Si(111) surface to form a �
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and then a submonolayer of Dy@C82 molecules was
deposited on the Ag surface. All STM and STS measure-
ments were performed at 5 K using an OMICRON cryo-
stat GmbH STM with W tips that had been subject to
careful cleaning treatments. Figure 1(a) shows a typical
large scale STM image of submonolayer Dy@C82 ad-
sorbed on the Ag surface. Bright spots correspond to the
individual Dy@C82 molecules. Figure 1(b) is a higher
resolution image showing the internal patterns of two
Dy@C82 molecules. We found that there are several kinds
of internal patterns of the Dy@C82 molecules adsorbed on
the surface at the same bias voltage, indicating multiple
molecular adsorption configurations. Since a normal STM
topological image reflects the integrated local density of
states (LDOS) of the sample from the Fermi level to the
sample bias voltage V, a dI=dV spatial map is approxi-
mately proportional to the LDOS at the energy of eV
[14,15]. Our dI=dV spectra were measured by lock-in
technique with a modulation signal of 15 mV (rms) and
2000 Hz. dI=dV spatial maps were obtained by position-
ing the STM tip at each point at constant current and then
measuring dI=dV. Figures 1(b) and 1(e) are the spatial
maps of dI=dV for four Dy@C82 molecules taken at 2.1,
2.2, 2.0, and 2.1 V, respectively. One can clearly see from
these figures that there is an off-center bright spot in each
of the hollow carbon cages though these molecules have
different adsorption configurations.We will show that this
local bright spot is related to a metal-cage hybrid state.
The existence of metal-cage hybrid states will be a direct
evidence for the complex picture consisting of the orbital
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FIG. 2 (color). (a)–(c) STM images of a Dy@C82 molecule
taken at V � �1:3, 1.4, and 1.8 V. (d)–(f) dI=dV maps of the
same Dy@C82 molecule taken at V � �1:3, 2.0, and 2.1 V.

FIG. 1 (color). (a) A 500� 400 �A2 STM image of submono-
layer of Dy@C82 isomer I adsorbed on Si�111�-�
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surfaces. (b) A high resolution STM image (40� 40 �A2) re-
vealing the internal patterns of two Dy@C82 molecules. (c)–(f)
Scanning tunneling spectroscopy (or dI=dV) images (26:6�
26:6 �A2) of individual Dy@C82 molecules with different ad-
sorption configurations on the Ag surface taken at 2.1, 2.2, 2.0,
and 2.1 V, respectively.
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To systematically characterize the structural and elec-
tronic properties of individual Dy@C82 molecules, we
took one adsorbed Dy@C82 molecule as an example to
measure its STM images and dI=dV spatial maps with
different bias voltages, which are shown in Fig. 2. The
internal pattern of the STM images depends strongly on
the bias voltages. At the negative voltage, the molecule
appears as several slightly curved bright stripes
[Fig. 2(a)]. Such an intramolecular pattern has been ob-
served in STM images of other fullerene molecules such
as C60 and C70 adsorbed on different surfaces, and as-
cribed to the combined contributions of the fullerenes and
substrates [16,17]. The large positive bias STM images
[Figs. 2(b) and 2(c)] show some bright pentagon and
hexagon rings. These patterns are believed to be most
directly related to the cage structure of the fullerene
[18]. In contrast to C60, which has only one unique carbon
site, the Dy@C82 molecule has many nonequivalent sites
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due to its low symmetry. Thus, we cannot deduce the
orientation of Dy@C82 with these STM images alone as
done for C60. The dI=dV spatial maps of Dy@C82 at most
bias voltages we measured show either a fully dark hol-
low (not shown) or a bright mesh structure [Fig. 2(d)].
Only at certain positive bias voltages (2.0 and 2.1 V), we
observed a locally bright ring or dot [Figs. 2(e) and 2(f)].
These dI=dV maps reveal detail in the electronic struc-
ture that cannot be observed in topographs [14].

In order to understand qualitatively the above experi-
mental observations, we have studied theoretically the
isolated Dy@C82 molecule. Our calculations were carried
out using the density functional theory with local density
approximation (LDA) implemented with the Dmol3 pack-
age [19]. The Vosko-Wilk-Nusair local correlation func-
tional [20] and all-electron calculations with scalar
relativistic corrections were used. The basis set consists
of the double numerical atomic orbitals augmented by
polarization functions, i.e., functions with angular mo-
mentum one higher than that of the highest occupied
orbital in the free atom. The Dy@C82 molecule was con-
structed by placing a Dy atom into the cage of the
C2V-C82 isomer. In the optimized geometry, the Dy
atom lies along a C2 axis on the six-membered ring of
the C2V-C82 cage. The distance between the Dy atom and
the six nearest C atoms is 2:46 �A, in good agreement with
the experimental value of 2:48 �A [6]. To examine the
effect of the choice of the exchange-correlation func-
tional on the electronic structure, we performed a
single-point calculation of the Dy@C82 molecule using
the generalized gradient approximation (GGA) [21]. We
found that the GGA calculation gives almost the same
result as the LDA calculation within a few percent.

Figure 3(a) shows the energy level diagram of a free
Dy@C82 molecule. The calculated energy gap between
the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital is 0.23 eV which
agrees well with the experimentally estimated value of
185504-2



FIG. 3 (color). (a) The density of states and energy level
structure of a free Dy@C82 molecule. The zero of energy is
shifted to the HOMO. The lengths and colors of lines represent
orbital populations from different atomic orbitals. Inset: A
standard orientation of Dy@C82 in which the C2 axis defines
the z direction. (b) Isosurfaces of the electron density
with isovalue of 5:0� 10�4 e= �A3 for the orbitals at �0:9 eV
(I), �0:12 eV (II), �1:95 eV (III), and �2:05 eV (IV),
respectively.
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0.2 eV [7]. The orbital population analysis shows that the
molecular orbitals of Dy@C82 can be divided into three
types: cage-dominated [type I, Fig. 3(b)-I], metal-domi-
nated [type II, Fig. 3(b)-II], and metal-cage hybrid [type
III, Figs. 3(b)-III and 3(b)-IV)] orbitals. In the occupied
valence-band region, only types I and II orbitals exist,
supporting the previously experimental result that the
ionic character exclusively dominates the interaction be-
tween the encapsulated lanthanide metal atoms and the
fullerene cage [6,7]. In the unoccupied conduction-band
region, however, there are two metal-cage hybrid orbitals
at around 2 eVabove the HOMO. In these orbitals, there is
a strong hybridization between the Dy 6s orbital and the
2s and 2p orbitals of some specific C atoms. This kind of
hybridization can result in a very local distribution of the
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LDOS on the fullerene cage. As an example, the spatial
LDOS distribution of the second hybrid orbital at 2.05 eV
is presented in Fig. 3(b)-IV. The LDOS value at the two
carbon atoms in the six-membered ring of the cage
nearest to the Dy atom is much larger than that at other
carbon atoms.

Since type I orbitals are irrelevant to the encapsulated
metal atom, the LDOS of these orbitals show no direct
information on the metal atom position in the fullerene
cage. Type II orbitals belong to the metal atom, but they
are localized inside the fullerene cage, and the LDOS of
these orbitals cannot be detected by the STS. In order to
detect the metal atom in the fullerene cage, mapping the
metal-cage hybrid orbitals becomes the crux of the mat-
ter. According to Fig. 3(b)-IV, one can expect that the
dI=dV map of the hybrid orbital at 2.05 eV should be two
or one bright dot, depending on the orientation of the
molecule. This explains the observed off-center bright
spot in the hollow carbon cage at around 2 V for different
adsorbed Dy@C82 molecules. In principle, we can deter-
mine where the metal atom is in the cage and, hence, the
molecular orientation on the surface by matching the
simulated LDOS distribution of the hybrid orbitals and
STM images with the experimental dI=dV maps and
STM images. Figure 4 shows the simulated STM images
and dI=dV maps by assuming the Dy@C82 molecule
adsorbed on the surface with an orientation (
 �
168:9�, � � 96:0�, and � � 207:0�) relative to a standard
orientation [see the inset of Fig. 3(a)]. The agreement
between experiment [Figs. 2(b), 2(c), 2(e), and 2(f)]
and theory is quite good. We notice that to understand
all observed STM images and dI=dV maps, the molecule-
substrate interaction and STM tip trajectory should be
taken into account.

In all of the experimental dI=dV maps, the metal atom
is found to be on the side of the cage, suggesting that the
Dy@C82 molecule is found on the substrate in a small
subset of all of the possible orientations. This observation
could be understood by noting that, instead of a perfect
sphere, the C2V-C82 cage is actually an ellipsoid with a �
7:96 �A, b � 8:07 �A, and c � 7:45 �A with the Dy atom
being on the b axis. Because the c axis is shorter than the
a and b axes, the ellipsoid prefers the adsorption configu-
rations with the ab plane approximately parallel to the
surface of the substrate. As a result, only one of the two
bright spots due to the C atoms neighboring the Dy atom
can be seen. According to theoretical calculations [22,23],
the existence of the metal-cage hybrid states in metal-
lofullerenes is a universal phenomenon. Our experimental
observations of the metal-cage hybrid states support that
the orbital hybridization and charge transfer constitute a
complete picture for the interaction between the cage and
metal atom [3,13]. Detecting the energy-resolved metal-
cage hybrid states of a single endohedral metallofullerene
provides not only the information for the metal-cage
interaction, but also the geometrical and orientational
185504-3



FIG. 4 (color). Simulated STM images and dI=dV maps of a
Dy@C82 molecule. (a) Molecular orientation on the Ag surface.
The three Euler angles are relative to the standard orientation of
Dy@C82 defined in the inset of Fig. 3(a). (b),(c) Simulated
STM images for V � 1:4 and 1.8 V. (d),(e) Simulated dI=dV
maps at E � 1:95 and 2.05 eV.
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information about the metallofullerene. This technique
may find interesting applications in the fields of in situ
characterization and diagnostics of metallofullerene-
based nanodevices.
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