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Correlation of Work Function and Conformation of C80
Endofullerenes on h-BN/Ni(111)
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Matthias Muntwiler, and Thomas Greber*

Change of conformation or polarization of molecules is an expression of their
functionality. If the two correlate, electric fields can change the conformation.
In the case of endofullerene single-molecule magnets the conformation is
linked to an electric and a magnetic dipole moment, and therefore
magnetoelectric effects are envisoned. The interface system of one monolayer
Sc2TbN@C80 on hexagonal boron nitride (h-BN) on Ni(111) has been studied.
The molecular layer is hexagonally close packedbut incommensurate. With
photoemission the polarization and the conformation of the molecules are
addressed by the work function and angular intensity distributions. Valence
band photoemission (ARPES) shows a temperature-induced energy shift of the
C80 molecular orbitals that is parallel to a change in work function of 0.25 eV
without charging the molecules. ARPES indicates a modification in molecular
conformations between 30 and 300 K. This order–disorder transition involves
a polarization change in the interface and is centered at 125 K as observed
with high-resolution X-ray photoelectron spectroscopy (XPS). The temperature
dependence is described with a thermodynamic model that accounts for
disordering with an excitation energy of 74 meV into a high entropy ensemble.
All experimental results are supported by density functional theory (DFT).

1. Introduction

Fullerenes are archetypal molecular building blocks in
nanoscience. Correspondingly, carbon shells like C60 have
been studied in detail on surfaces.[1–3] Like found in 3D[4] the
freezing of rotational degrees of freedom also causes phase
transitions in 2D systems.[5–7] A peculiar phase transition of a
monolayer of C60 on a single layer of h-BN on Ni(111) showed a
temperature dependent charge transfer onto C60 that is triggered
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by a change in conformation of the
molecules with respect to the substrate.[8]

Endohedral fullerenes are carbon cages
that contain atoms.[9] Species with a
similar robustness as C60

[10] open more
opportunities for the exploitation of
molecular functionality, such as single
molecule magnetism.[11] The first sur-
face science experiments focused on the
electronic properties of multilayer C80
endofullerenes,[12,13] and soon monolayer
systems were prepared and observed with
scanning probes.[14–17] At low tempera-
tures, the orientation of the endohedral
unit is not random[15] and is related to
the magnetization.[17–19] The orientation
of the endohedral units may even be
changed by magnetic fields.[20] On the
other hand, the incomplete screening of
the anisotropic electrostatic potential of
the endohedral cluster[21] bears a handle
for accessing the magnetization of the
endohedral clusters with electric fields.

Here we report on a phase transi-
tion of a 2D interface system consisting

of one monolayer Sc2TbN@C80 on h-BN/Ni(111) centered at
125 K. h-BN/Ni(111)[22] takes the role of a weakly bonding sub-
strate leaving the adsorbates many degrees of freedom.[23] The
phase transition is visible as a change in work function that is
considered to reflect the order parameter and is accompanied
with a modification in molecular conformation which is seen
in a disappearance of the angular dependence of the photoe-
mission from C80 molecular orbitals. A temperature induced
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Figure 1. Sc2TbN@C80 on h-BN/Ni(111). a) Sketch. b) STM image of a
monolayer preparation recorded at 77 K. (Area = 25 × 25 nm2, It= 1 nA,
Vt= −5 mV). c) LEED pattern (E = 30 eV) recorded at room tempera-
ture. An ordered C80 (1 × 1) structure with a lattice constant of 1.09 ±
0.05 nm is discerned. d) Parallel component of the LEED scattering vec-
tor of Sc2TbN@C80 from panel (c) (red) and h-BN/Ni(111) (gray) from
Figure S1, Supporting Information, versus reciprocal lattice vectors GNi
and GC80

. The C80 and the Ni lattices are aligned and incommensurate,
where one C80 fits on ≈4.3 × 4.3 substrate unit cells.

change of work function was also observed in the case of C60 on
h-BN/Ni(111).[8] Changes in work function indicate a modifica-
tion in the surface dipole and the related electrical fields. In the
present case we find no charge transfer onto the molecule but
polarisation of the interface between C80 and h-BN.

2. Results and Discussion

Figure 1 depicts the investigated 2D interface system: A mono-
layer of Sc2TbN@C80 on h-BN/Ni(111), with low temperature
scanning tunneling microscopy (STM) and room temperature
low energy electron diffraction (LEED) experiments. The STM
image shows hexagonally close packed molecules with a lattice
constant of ≈1.1 nm, and LEED indicates large scale ordering
along the high symmetry directions of the substrate. While C60 on
h-BN/Ni(111) forms a commensurate Ni (4× 4) superstructure,[8]

the C80 molecules are about a factor of
√

80∕60 = 1.15 larger and
thus may not accommodate in 4 × 4 Ni(111) unit cells. For the
present case the analysis of the LEED spot positions in Figure 1
indicates an aligned but incommensurate ≈4.3× 4.3 super struc-
ture of Sc2TbN@C80 on h-BN/Ni(111). In the following we refer
this structure as C80 (1 × 1). The alignment of the molecular lat-
tice with that of the substrate and the relative lattice constant are
inferred from the LEED pattern in Figure 1c and Figure S1, Sup-
porting Information. The C80 lattice constant and a low lateral
energy landscape corrugation for an incommensurate structure
is confirmed by DFT (see Supporting Information), while the ori-

Figure 2. LEED (E = 26.4 eV) from Sc2TbN@C80 on h-BN/Ni(111) at two
different temperatures. a) C80 (2 × 2) phase at 83 K. b) At 170 K the C80 (1
× 1) phase dominates as at room temperature (see Figure 1c).

entation of the incommensurate molecular lattice is likely guided
by atomic steps in the substrate that run along high symmetry
⟨11̄0⟩ directions, as it was found for Dy3N@C80 on Cu(111).[15]

Figure 2 shows the formation of a C80 (2 × 2) low tem-
perature superstructure in the incommensurate monolayer of
Sc2TbN@C80 on h-BN/Ni(111). The structure forms between
80 and 170 K. Such low temperature ordering or freezing of
fullerenes is known from C60 films, where below 100 K a C60
(2 × 2) structure was established[5,6] and for C60 on h-BN/Ni(111)
a (

√
3 ×

√
3) phase was found below 160 K.[8] This indicates

that like in 3D,[4] intermolecular forces lead to ordering of the
fullerenes below room temperature in 2D systems. The interac-
tion between Sc2TbN@C80 molecules is, however, expected to
be more involved than that between C60 because the icosahe-
dral symmetry of the C80 cage is broken by the endohedral unit,
which is reflected in their appearance as ellipsoids that are weakly
distorted from spherical shape, and their permanent dipole mo-
ments (see Supporting Information).

The experimental proof for molecular order below 100 K
provided angular resolved photoelectron spectroscopy (ARPES).
Figure 3 displays He I𝛼 excited valence band photoemission data

Figure 3. Angular resolved He I𝛼 excited valence band photoemission
from Sc2TbN@C80 on h-BN/Ni(111). The temperature induced shift Δ =
0.26 ± 0.02 eV of the molecular orbital-peaks labeled as HOMO, HOMO-
1, and HOMO-2 is parallel to the shift of the secondary electron cut off
(left panel) that indicates a work function increase from 3.95 eV at 30 K
to 4.20 eV at 300 K. At low temperature the molecular orbitals display
anisotropy with polar emission angle 𝜃, while at room temperature they
do not.
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Figure 4. XPS from Sc2TbN@C80 on h-BN/Ni(111) (photon energy
h𝜈 = 600 eV). a) Spectrum in the binding energy range of the N 1s and the
Sc 2p3/2 core levels. At low temperature the endohedral nitrogen species
has a 1.42 eV lower binding energy than the nitrogen of h-BN. b) Tem-
perature dependent XPS between 30 and 300 K. c) Two level model for
the temperature dependence of the molecular core level energy shifts. The
excitation energy ΔE and the degeneracy N1 are the only thermodynamic
parameters. d) Endohedral Sc 2p3/2 (gray) and N 1s (light blue) binding
energies as a function of the sample temperature with a fit of the two level
model—solid lines.

and the corresponding secondary electron cutoff of Sc2TbN@C80
on h-BN/Ni(111) at 30 and 300 K. The work function increases
with temperature from 3.95 to 4.20 eV. As the highest occu-
pied molecular orbitals (HOMO’s) shift in the same direction
and by the same amount as the secondary cut off, this indicates
vacuum level alignment of the Sc2TbN@C80 molecular orbitals,
which is expected for a weak bonding to the substrate.[22] No-
tably, the work function shift has the same temperature trend
for C60/h-BN/Ni(111),[8] but in the present case, it is twice as
strong and it is not related to a charge transfer that would be re-
flected in an onset of occupation of the lowest unoccupied molec-
ular orbital (LUMO). The HOMO peak of Sc2TbN@C80 on h-
BN/Ni(111) occurs at relatively high binding energies of 2.30 and
2.04 eV at 30 and 300 K. They are larger than the optical gap of
Sc2YN@C80 in toluene of 1.72 eV[24] and indicative for a strong
on site Coulomb interaction U.[1,25] In multilayer Sc3N@C80 the
HOMO was found at ≈1.73 eV binding energy.[12] The valence
band data show significant angular anisotropy of the molecular
orbital intensities at low temperature, while it is much smaller
at room temperature. Such intensity variations are known as ul-
traviolet photoelectron diffraction (UPD) effects[26–28] and signal
orientational order of the molecules at low temperatures. As the
LEED data in Figure 2, this confirms a picture where the confor-
mational order of the C80 molecules increases at low temperature
and furthermore that this is accompanied with a decrease of the
work function.

Figure 4 shows X-ray photoelectron spectroscopy (XPS) of
Sc2TbN@C80 on h-BN/Ni(111) between 30 K and room temper-
ature. The phase transition is reflected in core levels assigned

to the molecular layer with a maximum rate of change that is
centered at 125 K. The N 1s and the Sc 3p3/2 core levels are ob-
served. The N 1s level of the endohedral unit and the h-BN sub-
strate are chemically shifted. Relative to the N 1s levels of the h-
BN substrate they display at lower binding energy, and sharper.
This is in perfect agreement with calculated N 1s spectra (see
Supporting Information). The N 1s orbitals of the atoms in the
molecules follow the work function, that is show the same en-
ergy shift as the secondary cut off and the HOMO molecular or-
bitals in Figure 3 while the h-BN N 1s orbitals of the substrate
have constant binding energy. This means that the h-BN N 1s en-
ergy does not follow the temperature dependence of the vacuum
level, while the one of the molecular layer on top of h-BN does.
Besides the endohedral N 1s and Sc 2p3/2 also the C 1s carbon
cage core levels shift parallel to the work function (see Support-
ing Information). As no charge is transferred into the LUMO, the
work function change must be due to polarisation of the molec-
ular layer and the h-BN. Since all core levels of the molecule shift
parallel to the work function, the molecules act as entities with
a common dipole moment. The observed behavior of the work
function is assigned to the onset of molecular rotation and dif-
ferent resulting dipole components pz along the surface normal.
The work function and dipole component change ΔΦ and Δpz
are connected via the Helmholtz equation ΔΦ = − n e

𝜖0
Δpz, where

n is the areal density of the dipoles, e is the elementary charge,
and ϵ0 is the vacuum permittivity. Taking the calculated gas phase
dipole moment of Sc2YN@C80 of 0.25 D (see Supporting Infor-
mation) we would get a work function increase of 92 meV with
the dipole density n of the C80 layer in going from a configura-
tion where the dipole points antiparallel to the surface normal to
an isotropic configuration with a zero average dipole moment.
Calculations of 120 different conformations of Sc2YN@C80 on√

19 h-BN/Ni(111) show a larger variation than 92 meV. The full
width at half maximum (FWHM) of the work function distribu-
tion is 190 meV (Figure S7c, Supporting Information), which is
closer to the experimentally observed effect of 250 ± 5 meV. This
suggests that the polarization response of the h-BN interface in-
creases the effect significantly. Reasons for the remaining differ-
ence between theory and experiment may be the incommensu-
rability and the (2 × 2) molecular ordering at low temperature.

The temperature dependence of the core level binding en-
ergies is parallel to the work function. This allows to extract
thermodynamic properties of the Sc2TbN@C80 on h-BN/Ni(111)
phase transition. As seen in Figure 3, at higher temperature
more molecular conformations are populated because there is
no angular anisotropy of the molecular orbitals observed. This
does not lead to an important broadening of the spectra, be-
cause the bonding of the molecules is relatively weak, and the
energy reference is the vacuum level. Therefore, the core level
binding energy shifts reflect the global order parameter or work
function as a measure for molecular arrangement. To model
we consider for the molecular conformations two energy lev-
els that are separated by an excitation energy ΔE = E1 − E0.
As the experiment is not sensitive to the absolute degeneracy
N0 is set = 1 and the degeneracy of E1 is N1 (see Figure 4c).
From the calculations (see Supporting Information) it is seen that
the assumption of two conformational energies is a simplifica-
tion, though the data in Figure 4d do not allow for the reliable
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fitting of more than four independent parameters. At thermal
equilibrium we obtain the occupation 〈n0〉 of the lowest energy
state E0,

⟨n0⟩ = 1
1 + N1 exp (−ΔE∕kBT)

(1)

and the occupation of state E1, 〈n1〉 = 1 − 〈n0〉. The measured
core level binding energies EB(T) are taken to express the order
parameter that is, the weighted sum EB = 〈n0〉 EB0 + 〈n1〉EB1.

E B0 describes the system at T = 0 or 〈n1〉 = 0 and EB1 is the
core level energy if all molecules were excited, that is, 〈n1〉 = 1.
From EB(T) the thermodynamic model parameters ΔE and N1
are determined. The solid lines in Figure 4d show the fits of the
N1 degenerate two level model for the N 1s and the Sc 2p3/2 core
levels. The parameters from both fits are ΔE = 74 ± 6 meV, EB0
−EB1 = 310 ± 40 meV and N1 = 1300 ± 700 for the degeneracy of
E1. The excitation energy ΔE has the order of magnitude of the
standard deviation of the calculated conformations (68 meV; see
Supporting Information). This means that the excitation energy
in the phase transition has the energy scale of different molec-
ular conformations of Sc2YN@C80/h-BN/Ni(111). EB0 −EB1 is in
line with the work function shift and confirms that the observed
work function shift is about three times larger than what would
be expected from the molecular dipole moment in the gas phase.
This emphasizes the importance of the interface if a large effect
shall be obtained. The degeneracy N1 reflects the large C80 (2 × 2)
unit cell at low temperature and points to a strong contribution
of the entropy to the free energy of the system above the order-
ing temperature.

3. Conclusion

In conclusion, we observed a temperature induced work func-
tion shift of Sc2TbN@C80 on h-BN/Ni(111) centered at 125 K.
This shift is related to the disappearance of a Sc2TbN@C80 (2
× 2) LEED structure. The transition is an order disorder transi-
tion with onset of rotation of the endohedral clusters. DFT cal-
culations, figure out the lattice constant of Sc2YN@C80, a per-
manent dipole moment, describe the N 1s XPS spectrum in the√

19 Sc2YN@C80 (1 × 1) phase and propose different conformers
with an energy distribution that is in line with the model for the
temperature dependence of the molecular core level binding en-
ergies. With these findings we put forward the converse effect i.e.
that the molecular orientation may be controlled with an electric
field as found in the surface dipole. This would allow the mag-
netism of endohedral units to be remotely controlled with electric
fields, and a magnetoelectric system would become available.

4. Experimental Section
Experimental: Sc2TbN@C80 molecules with icosahedral Ih symmetry

of the carbon cage were synthetized and purified as described in ref. [29]
and sublimated onto h-BN/Ni(111),[22,30] with the substrate kept at 470 K.
In order to handle the small quantities of available molecules LoTnE,
a home built low temperature nanogram evaporator with small copper
Knudsen cells that can be approached close to the sample was used.
The photoemission data were recorded at a photon energy of 600 eV or
He I𝛼 (21.2 eV).[31] The coverage was determined with a layer by layer

growth model, with an electron mean free path of 1 nm and from the in-
tensity ratio of the N 1s core levels of the molecule and h-BN.[21] The low
energy electron diffraction (LEED) patterns were calibrated with the (0,1)
spots of the h-BN/Ni(111) substrate (see Supporting Information). Scan-
ning tunneling microscopy (STM) images were recorded at liquid nitrogen
temperature.[31]

Theory: Density functional theory (DFT) calculations were performed
on the Sc2YN@C80 endofullerene because it is chemically very similar to
Sc2TbN@C80 but easier to treat accurately.[21] The incommensurate sys-

tem was simulated with a h-BN/Ni(111)-(
√

19 ×
√

19)R23° substrate unit
cell that accommodated one molecule. This structure was abbreviated as√

19. More details are given in the Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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