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ABSTRACT: Ions inside of fullerene molecules are model systems for the study of the
electrostatic interaction across a single layer of carbon. For TbSc,N@Cg, on h-BN/
Ni(111), we observe with high-resolution X-ray photoelectron spectroscopy a splitting of

the C 1s core level. The data may be explained quantitatively with density functional

theory. The correlation of the C Is eigenvalues and the Coulomb potential of the inside
ions at the corresponding carbon sites indicates incomplete screening of the electric field
due to the endohedral ions. The screening comprises anisotropic charge transfer to the

carbon atoms and their polarization. This behavior is essential for the ordering of

endohedral single-molecule magnets and is expected to occur in any single-layer material. DET A/ \

ndohedral fullerene molecules are carbon cages such as

Cgo or Cg that contain atoms. In the case of encapsulated
paramagnetic atoms, long spin coherence times' and single-
molecule magnetism have been observed.” The answer to the
question of whether fullerenes match the picture of a Faraday
cage’ is important if, for example, the endohedral ordering is to
be understood or if the magnetism shall be addressed with
electric fields. Generally, electrostatic interaction with any
single layer, such as, for example, two-dimensional graphene,
affects the properties and performance of the material, and the
interaction may also propagate across a single layer, which is an
ultimate membrane that separates atoms in two volumes. For
example, in the case of fluorinated graphene,” one carbon atom
in the two-atom unit cell undergoes bond formation to fluorine
in volume A and the other one to fluorine in volume B. This is
due to a strong covalent C—F bond and the minimization of
steric repulsion. Interaction across a single layer is also
expected in the case of noncovalently bound ionic species if
their charge and magnetic moment are not completely
screened. In the following, we will investigate screening of
electric fields of ions inside of Cg,. The dielectric constant is a
descriptor of the screening of an electric field in a continuum
that results in polarization of its surface. In graphene, a
dielectric constant has been deduced from the cyclotron mass.
It depends on the char%e carrier density, and values from 2.2 to
4.9 have been inferred.” For bilayer graphene, theory predicted
a dielectric constant €, of ~3.° Strong local electric fields due
to a point charge of an ion near atomically thin layers and the
discreteness of the charges may, however, impose charge
transfer, i.e, charging of the layer at the nanometer scale,
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which is different from the concept of polarization of a
dielectric.

Endohedral fullerenes are model systems for the study of
electrostatic interaction across a single layer of carbon, where
the fullerene cage takes the role of the carbon layer and the
endohedral unit acts as a source of the electric field. The fact
that different endohedral clusters, such as Tb,ScN@Cyg, and
TbSc,N@Cyy, may be separated with high-pressure liquid
chromatography and the ordering of endohedral units in single
crystals prove that there is interaction across the cage.”*
Further evidence for interaction across the cage or recognition
of the interior and its conformation come from the observation
of the preferential orientation of endohedral units on copper’
and on rhodium, where concomitant magnetic ordering was
observed."’

For Cgy, it is known that nominally six electrons have to be
transferred to the carbon atoms for a stable molecule with a
large gap between the highest occupied (HOMO) and the
lowest unoccupied molecular orbital (LUMO)."" In Ry;N@Cg,
where R is a trivalent rare earth atom, this charge is obtained
from the R3*N®~ endohedral cluster. Here we show that
splitting of the C 1s core level of TbSc,N@Cg, in high-
resolution X-ray photoelectron spectroscopy (XPS) is related
to the presence of endohedral ions. The XPS data are
quantitatively explained with density functional theory (DFT)
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calculations that yield lower C 1s eigenvalues for carbon atoms
close to positively charged endohedral ions. The eigenvalues
are correlated with the Coulomb potential of the endohedral
unit at the carbon sites, which imposes an anisotropic
Coulomb potential outside of the carbon cages.

Figure la shows the Coulomb potential of a charge near a
dielectric (¢ = 3)."” The dielectric becomes polarized, though
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Figure 1. Electrostatic interaction across a dielectric interface. (a)
Charge (+) in the vacuum (e = 1) in front of a dielectric (¢ = 3). The
contours represent the isopotentials in equal steps. The potential of
the charge propagates into the dielectric and, if the latter is a layer,
across it. (b) Coulomb potential of YSc,N@Cg, on the plane given by
the YSc, unit. The field exceeds the sphere that contains all molecular
charge. The coordinate origin is set at the nitrogen nucleus (green).
The rare earth ions are colored orange and light blue, and the carbon
atoms lie on a perimeter with a 0.42 nm radius. The isopotential
contours are referred to the potential at infinity and given in meV.

some field of the ion propagates into the dielectric, as can be
seen from the electrostatic isopotential contours. In a metal,
where € — 0, the screening is complete and the situation of
an ideal Faraday cage is met. At this stage, it is not clear to
which extent this picture of a continuum model describes the
situation of a charge close to a single-atom layer material. The
discreteness of the charges and the atomic lattice may involve
polarization in the form of an induced dipole and different
charging of the carbon atoms that was predicted theoret-
ically."?

Figure 1b displays the map of the electrostatic potential of
YSc,N@Cg in the endohedral plane as calculated with DFT.
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We did the calculations with yttrium instead of terbium
because Y has the same valence, very similar size, and
electronegativity as Tb, but Y results are, due to the absence of
a partially filled 4f shell, more reliable (cf. the Methods
section). Yttrium and scandium produce a different electro-
static potential outside of the molecule. This information helps
to understand the crystallization behavior of the molecules®
and the interaction of the endohedral unit across the cage,
which opens ways to electrostatically influence or control the
endohedral orientation and magnetism."’

Figure 2 shows the comparison between the electrostatic
potential at the positions of the 80 carbon atoms (a) and the
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Figure 2. Comparison of the (a) Coulomb potential of the YSc,N
endohedral unit at the 80 carbon sites and (b) calculated C 1s
eigenvalues in YSc,N@Cg, (red, black, blue circles). Blue sites attract
electrons most. The size of the circles represents the z-coordinate and
renders a perspective. As in Figure 1, the endohedral atoms Y (Sc) are
depicted as orange (light blue) dots.

corresponding C 1s eigenvalues of YSc,N@Cg, (b). The
atomic coordinates are taken from the DFT calculation. The
Coulomb potential is calculated from three nominal +3 e
charges at the positions of the rare earth ions and one —3 e
charge at the site of the central nitrogen ion. From comparison
of panels (a) and (b) in Figure 2, it becomes clear that the
electrostatic potential shows the same trend as the eigenvalues:
the carbon atoms in the vicinity of the rare earth ions have a
lower electrostatic potential and lower eigenvalues. In order to
compare the Coulomb potential of the endohedral unit U at
the atomic carbon sites and the C 1s eigenvalues quantitatively,
they are plotted in Figure 3a, and the correlation is evident.
The eigenvalues have a spread AE of 1.01 eV. They reflect the
electrostatic potential after screening due to polarization of the
carbon shell from different charges on the carbon atoms and
possible variations due to the two different carbon species in
Cgo- The majority species (Css or corannulene carbon) is also
encountered in Cgp: 60 atoms sit on vertices where one
pentagon and two hexagon faces meet. The minority species
(Cees Or pyrene carbon) consists of 20 atoms that sit on
vertices where three hexagons meet (see inset in Figure 3a)."*
Both the Cg¢ and the Cgy eigenvalues follow the Coulomb
potential, where we find a slope AE:AU of 0.15. The Coulomb
potential variation AU of the nominal ionic charges in the cage
is stronger than that of the eigenvalues AE. As we see from the
Bader charge analysisb on all 84 atoms of the molecule, the
DFT results produce, on average, about 0.6 times smaller
char§ing than the nominal assignment (e.g., +3 for Sc or —3 for
N).'® Furthermore, the screening of the potential at the carbon
sites, i.e., the variation of the C 1s eigenvalues, is affected by
polarization and different charge transfer on the individual
carbon atoms. In Figure 3b, the Bader charge on the 80 carbon
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Figure 3. Correlation of the C Is eigenvalues (a), the Bader charges
on the carbon atoms (b), and the Bader dipole moments in atomic
units (c), with the nominal Coulomb potential U of the endohedral
unit on the positions of the 80 carbon atoms in YSc,N@Cgy. The
black dots represent the 60 corannulene carbons Cs4s and the orange
dots the 20 pyrene carbons Cgyg (see inset in (a)). (a) Eigenvalue
calculations predict an average chemical shift of 343 meV between
Cses and Cgygq. (b) Bader charges indicate different electron affinities
for corannulene and pyrene carbon. (c) The six corannulene carbons
with low Coulomb potential have relatively large dipoles and signal
the onset of chemical interaction.

atoms is plotted vs the Coulomb potential. The average Bader
charge of —0.045 e per carbon atom is scattered in an interval
of 0.2 e. This scatter indicates the significant electron
reallocation on the carbon cage, which is related to the
Coulomb potential of the endohedral ions. The offset between
the Csq6 and the Cgqq eigenvalues of 343 meV is a chemical
shift of different carbon species, where the lower eigenvalues of
Cees are connected to a lower energy of the planar (pyrene)
carbon. Although the lateral charge transfer on the carbon
atoms does not support a classical polarization picture, we are
able to estimate an effective dielectric constant of the cage
material from

ne Ap

€= —
2e, AE (1)

where 1 is the areal dipole density on the carbon sphere, e the
elementary charge, €, the vacuum permittivity, and Ap/AE the
slope of the dipole p vs eigenvalue data. We recall that this
assumes the eigenvalues to follow the true electrostatic
potential at the carbon cores, and from eq 1 and all carbon
atoms, we get an effective € of 2.0 + 0.2. The Bader dipole vs
eigenvalue data show two more things: (i) The dipoles of the
six carbon atoms (C.) closest to the endohedral ions do not
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follow the trend of the others because chemical interaction sets
in and (ii) the corannulene carbons without the C.’s have a
70% larger effective € than the pyrene carbons.

So far, we have discussed theoretical results of the electric
screening of the ions. Because the C 1s eigenvalues are
reflected as well in core level photoemission binding energies,
their comparison will test the theory. Figure 4 shows the C 1s
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Figure 4. Comparison between calculated C 1s eigenvalues of
YSc,N@Cyg, (gray bars and black line) and the high-resolution XPS
data of one monolayer of TbSc,N@Cg, on h-BN/Ni(111) (red dots).
The eigenvalues span an energy range of 1.01 eV and are grouped in
bins of 100 meV. The black line was obtained by convoluting the
eigenvalues with a Gaussian of 380 meV fwhm. The eigenvalues are
offset to the experimental binding energies (by 14.8 V), which
accounts for the C 1s hole in the photoemission final state.

eigenvalue spectrum of YS¢,N@Cy, and high-resolution XPS
data of the C 1s core level of a monolayer of TbSc,N@Cg, on
a hexagonal boron nitride nickel (h-BN/Ni(111))"” surface. In
the Methods section, we give arguments why Y and Tb are
considered to be equivalent for the present matters. Two peaks
with an approximate 1:1 weight ratio are observed. This does
not reflect the 3:1 ratio between Cg4 and Cgq as seen in
nuclear magnetic resonance'* but has its origin in the charge
distribution of the endohedral cluster. The eigenvalues were
convoluted with a Gaussian of 380 meV full width at half-
maximum (fwhm) to account for the finite C 1s lifetime and
the experimental resolution. This is in line with C4y where at
room temperature the C 1s level has a fwhm of about 350
meV.'® Furthermore, the theoretical energy scale is offset by
14.8 eV in order to match the experimental binding energies.
This value accounts for the hole on the C 1s shell, which is left
behind in the photoemission process but is not considered in
the present ground-state calculations. The agreement between
theory and experiment is excellent, in particular, the
experimentally observed C 1s splitting is quantitatively
reproduced. A posteriori this implies that Y and Tb must
produce very similar electrostatics and that there are no strong
additional energy differences among the 80 different photo-
emission final states. At this stage of comparison between
experiment at 300 K and theory at 0 K, the endohedral
rotation'” that sets in at around 50 K*° does not impose a big
change in the C 1s eigenvalue distribution. In order to support
this assessment, we show in the Supporting Information
eigenvalue spectra of three different endohedral conformations
that are expected to be populated at room temperature.
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The agreement between experiment and theory (Figure 4)
and the correlation betweenthe Coulomb potential and C 1s
eigenvalues (Figure 3a) demonstrates that the C 1s core level
energy contains information on the interaction potential of
ions in and across single-layer carbon membranes.

In conclusion, we traced back the peak splitting in the C 1s
X-ray photoemission spectrum of TbSc,N@Cg, on h-BN/
Ni(111) to the C 1s eigenvalue distribution as obtained from
DFT calculations. It was shown that the eigenvalues are
correlated with the Coulomb potential of the endohedral unit.
Analysis of the DFT results indicates laterally different charge
distribution on the cage, but an average effective dielectric
constant € of about 2 may be inferred, which identifies Cg, as a
nonideal Faraday cage. From these findings, we predict
significant nonisotropic electric fields outside of the molecule
or behind any single-layer membrane with finite € and with
adsorbed ions on one side. In the present case, the electric
fields are related to the endohedral cluster orientation, and
they may be used for detecting and possibly addressing the
endohedral orientation and magnetization.

B METHODS

Theory. Because Tb** and Y** have the same formal charge and
very similar Shannon ionic radii (0.923 and 0.9 A) and Pauling
electronegativities (1.2 and 1.36), the DFT calculations were
performed on the YSc,N@Cg, endofullerene”" rather than the
lanthanide-containing TbSc,N@Cy, because magnetic inter-
action may be neglected for the atomic structure and yttrium is
easier to handle theoretically and leads to more reliable results
with the present-day approximations to the exchange—
correctional term in the Kohn—Sham single-particle equations.
The calculations on the isolated YSc,N@Cg, cluster were
performed with the TurboMole code,”” and details are given in
the Supporting Information.'® They yield several possible
orientations of the endohedral unit with very similar energies.”
We checked the C;, C,, and C,;, in vacuum structures of
YSe,N@Cgo.'® In all three configurations, the endohedral
YSc,N unit is flat, i.e, the sum of the three pyramidal angles
Sca—N—Scp, Sca—N=Y, and Y—N—Scj is 360°."° In the main
text, we show the results for the lowest-energy C; structure.

Experimental Section. TbSc,N@Cg, with icosahedral I,
symmetry was synthesized and purified as described in refs 8
and 24 and sublimated onto h-BN/Ni(111)."” As for Cg,>
this substrate does not impose strong binding of the molecules
to the substrate. The normal emission XPS data were recorded
at room temperature and a photon energy of 600 eV. The
overall energy resolution was below 200 meV.”® The coverage
was determined with a layer by layer growth model with an
electron mean free path of 1 nm and from the intensity ratio of
the N 1s core levels of the molecule and the hexagonal boron
nitride substrate.'®
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