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Core-level and valence-band photoemission studies of films of La@ C;, and Cg, demonstrate charge
transfer from La to the fullerene cage and the formation of a nonmetallic solid with the uppermost band
centered 0.64 eV below the Fermi level. Comparison to results for Cg, demonstrates that there are
modifications to the electronic-state distribution throughout the valence band. Bonding of the molecular
radicals in the pure solid is found to be significantly stronger than in empty fullerene solids which sub-
lime at much lower temperatures. Detailed calculations for isolated La @ Cg, molecules allow compar-
ison with the experimental results. They show the tendency of the La ions to move from the center of
the molecule toward the cage. Comparisons of calculations for La@ C;, based on C;, and C, structures
show that much of the energy difference between the two structures is lost upon La incorporation.
Bond-length analyses allow comparison with extended x-ray-absorption fine-structure data for the
metal-carbon coordination which has been measured for Y@ C;,. They show sizable La-induced effects
on the structure of the carbon cage in the proximity of the La ion.

INTRODUCTION

Early studies of the fullerenes demonstrated that metal
atoms can be trapped within these closed carbon cage
structures to form endofullerenes.! The fact that the
internal voids of most fullerenes are large enough to ac-
commodate any element of the Periodic Table has led to
speculation about the properties of solids derived from
endofullerenes.>®> Some have suggested, for example,
that a trivalent metal atom, such as La, within C¢, would
donate its valence electrons to the cage, partially filling
the lowest unoccupied molecular orbitals of C¢,. By anal-
ogy to the fullerides of K and Rb, this might give rise to
conducting and superconducting materials.®> Endoful-
lerene lasers, ferroelectrics, and capsules for transuranic
materials have also been suggested.’ In general, it has not
been possible to test most of these ideas experimentally
because the production and separation of the endoful-
lerenes has proven to be exceptionally difficult. Very re-
cently, however, sufficient amounts of several endoful-
lerenes have been prepared so that some of their proper-
ties could be examined in solution,>* in mixed-fullerence
solid state environments,” and in phase-pure solid-state
form.®

From a theoretical perspective, the difficulty of investi-
gating the endofullerenes is evident from Fig. 1 where we
show the structures of two isomers of La@Cg,, as dis-
cussed below. To undertake a reasonable calculation of
the electronic states of the undoped cage, it is necessary
to know the geometric arrangement of the carbon atoms.
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Without experimental guidance as to the isomer that is
actually produced, it is prohibitively time consuming to
categorize the many possibilities. This difficulty is exa-
cerbated for the endofullerene because not only the cage
structure must be optimized but also an optimization of
the location of the entrapped atom is required for each
cage. The ultimate goal, of course, is to determine the
electronic properties of the solid-state lattice adopted by
the endofullerenes.

In this paper, we discuss theoretical and experimental
investigations of La@Cg, and Cg, with emphasis on the
geometric and electronic structures in isolated molecular
form (theoretical) and in solid-state form as solvent-free
thin films (experimental). Comparisons demonstrate siz-
able La-induced modification of the orbital distribution
and of the C-C bond lengths of the Cg, cage. In particu-
lar, calculations show that the cage center is an unstable
position for the La ion and that its relaxed position is
close to the carbon cage. This gives rise to strong La-
fullerene bonds and to a large dipole moment. Both ex-
periment and theory demonstrate La*t character. This
leads to a singly occupied molecular orbital (SOMO) in
the isolated molecule. In the solid, there is a splitting of
the SOMO-derived band and spectroscopic results show
that the occupied portion of this band is centered 0.64 eV
below the Fermi level. Hence, the material is nonmetal-
lic. This suggests that an important rearrangement of the
electronic structure takes place in the solid, likely due to
the formation of chemical bonds between the molecules.
Such bonding would account for the reduced vapor pres-
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FIG. 1. Calculated structures of La@ Cj, relaxed from the (a)
C, and (b) C,, cage geometries of Cg,. In (a), the La atom (open
circle) is offset from the center along the C, axis which is verti-
cal in this depiction. In (b), the molecule is shown with the
former mirror plane parallel to the page. In this case, the La
atom is also off center and is out of the plane.

sure (enhanced cohesive energy) of La@ Cg, compared to
empty fullerene solids.

THEORETICAL PROCEDURES

Calculations were performed for isolated molecules of
Cg, and La@Cy,. The first results were reported in Ref.
7. As explained there, we have used the local-density ap-
proximation (LDA) pseudopotential based on the Car-
Parrinello method, whose accuracy has been proved in
several calculations of fullerenes and fullerene-derived
materials.>® The LDA norm-conserving atomic pseudo-
potentials for C(4+) and La(11+) are from Refs. 10 and
11, respectively. The Bachelet-Hamann-Schliiter pseu-
dopotential for La was derived from fully relativistic all-
electron calculations. We retain scalar relativistic effects
in the pseudopotential description of the core-valence in-
teraction but neglect spin-orbit coupling. This approxi-
mation is common to all calculations performed to date
on La-doped fullerenes, but it is not expected to alter the
conclusions regarding the bonding character of these ma-
terials. The La 5s and 5p core electrons are allowed to re-
lax in the molecular calculations. Atomic calculations
show that the relaxation of these states is often crucial
for an accurate determination of valence state properties
because of the overlap of the 5d electron orbitals with the
other orbitals of the n =5 shell. For example, the energy
required for the removal of the 5d electron is underes-
timated by as much as 1 eV when electronic relaxation is
neglected.” We notice that the relaxation of the La n =5
core electrons is neglected in the calculations of Rosén
and Wistberg!? on La@ Cg,, where they constrained the
La atom to lie at the center of the molecule and predicted
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a (3+) charge state for La. The frozen-core approxima-
tion could, in part, explain the discrepancy between this
result and that of all-electron unrestricted Hartree-Fock
(UHF) calculations of Chang, Ermler, and Pitzer'
which, for the same system and for the same geometry,
predicted a (2+) charge state for La. As we shall discuss
below, our own result for the La-centered configuration
agrees with that of Chang, Ermler, and Pitzer and is in-
dependent of the specific fullerene, be it Cgy or Cg,. In
the molecular calculations, we expand the wave functions
in plane waves to an energy cutoff of 35 Ry and use
periodic boundary conditions with a fcc unit cell of edge
21.16 A. This separation renders negligible the interac-
tion between the molecule and its repeated images. The
atomic positions are relaxed for both the empty and en-
dohedrally doped molecules until the interatomic forces
become smaller than 1X10™* a.u.

Nagase and co-workers'*!> recently considered the
electronic state distribution for La@C;,. They used
effective core-valence potentials and allowed the outer-
most (n=5) core electrons of La to relax, as in our pro-
cedure. However, the present calculations differ from
those of Nagase and co-workers in three main points that
can alter the resulting physical picture. First, Nagase
and co-workers used the UHF method so that, while tak-
ing into account spin polarization (which we do not), they
neglected the effects of electronic correlation. The form-
er does not change the characteristics of the electronic
structure in a significant way, as also demonstrated by
the agreement between UHF (Ref. 13) and LDA in
Cw.9'16 Moreover, the UHF ground state is a doublet,
showing that mixing with states of higher spin multiplici-
ty is negligible and supporting the assumption of the
present LDA calculations. Electron correlation effects,
on the other hand, are crucial for a correct determination
of the bonding and structural characteristics of carbon
systems in general, and in particular of the bond-length
alternation pattern in fullerenes.® Second, although they
optimized the structure of the empty molecule, they did
not reoptimize the carbon positions in the presence of La.
Freezing the ionic system to the structure of the undoped
molecule amounts to neglecting its response to the relaxa-
tion of the electronic system due to doping. This implies,
a priori, that there are no deformations of the carbon-
carbon bonds such as those induced by charge transfer.
This assumption is rather unrealistic for carbon systems.
Third, while we use a plane-wave basis set for the expan-
sion of the electronic wave functions, their scheme makes
use of Gaussian orbitals. The set used for La is very lim-
ited and causes intrinsic limitations for the description of
the La-C interaction. The combination of the LDA ap-
proach and full structural relaxation gives us confidence
that a better description is obtained of the chemical
bonding in the La @ Cg, molecules.

EXPERIMENTAL TECHNIQUES

La@C,, and C;, were prepared and purified as de-
scribed in Refs. 17 and 18, respectively. For La@C;,
preparation, a carbon arc was struck between composite
rods of graphite and La,O; (Toyo Tanso Co, Ltd.) under
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200 Torr of He pressure. The fullerenes and endoful-
lerenes that were produced were first extracted from the
soot by dissolution in CS,. Thereafter, La@ Cg, was iso-
lated by a two-step high-performance liquid chromatog-
raphy process. It has been observed that at least two
species of La@Cy, can be produced by the carbon arc
method.'”?® The chromatography employed here ap-
pears to favor the major La @ Cyg, species, as indicated by
electron spin resonance (ESR) measurements.!” Howev-
er, we note that time and solvent dependences of ESR
spectra suggest that the amounts of minority species may
be underestimated and may even be dynamic.®

Ultraviolet photoemission spectroscopy (UPS) studies
were conducted in an ultrahigh vacuum chamber using
He I radiation (hv=21.2 eV, overall experimental resolu-
tion ~60 meV). These studies allowed comparisons of
electronic features within 12 eV of the Fermi level for
La@C;, and Cg,. This chamber was equipped with a
nonmonochromatic Al K, x-ray source (hv=1486.6 eV)
for parallel x-ray photoemission spectroscopy (XPS) in-
vestigations of core level signatures. Higher resolution
XPS measurements performed in a separate spectrometer
using monochromatized Al Ka radiation allowed an in-
vestigation of the C 1s and La 3d core-level emission
(resolution 0.6-0.8 eV). They also allowed comparison of
valence-band signatures measured at high photon energy
with those obtained at low energy. This offered the op-
portunity to assess any contributions from La-derived
levels and to examine the carbon s and p character of the
valence-band features. The resolution was 0.8 eV for the
XPS valence-band spectra. All of the measurements were
done at room temperature.

La@C;, and Cg, molecules were evaporated from
powders that were heated in alumina crucibles. These
molecules were condensed at room temperature onto
GaAs(110) substrates that had been cleaved in situ. The
films were ~ 150 A thick, based on the attenuation of the
XPS signal from the GaAs substrate. The XPS spectra
showed that these sublimed films were contamination free
with no evidence of oxygen, residual solvents, or other
species. After these measurements were completed, the
samples were characterized with UPS and valence-band
spectra were acquired. The samples were then
transferred through air to the higher-resolution XPS sys-
tem. Comparison of results before and after transfer
made it possible to assess the tendency to degrade due to
exposure to the atmosphere. While normal emission XPS
measurements showed O 1s emission for both La@Csg,
and Cg, after the transfer, measurements done at shallow
photoelectron takeoff angles indicated that the oxygen
was concentrated in the ~10 A surface region. Subse-
quent heating of the La@ Cg, film to ~400 °C in vacuo re-
duced the O 1s contribution to ~0.2 at. % We conclude
that weakly bound oxygen-bearing species, such as H,0O,
0,, CO,, or CO, were confined to the near-surface region.
No changes were observed in the C 1s emission spectra
after heating and no elements other than C, La, O, and
substrate GaAs were detected. Finally, there were
minimal changes in La 3d core-level spectra obtained be-
fore and after transfer and after heating to ~400°C.
This implies that the endofullerenes were stable under
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these conditions, an effect reported earlier for fullerene-
endofullerene mixtures.’

High-resolution XPS was also performed on two sam-
ples prepared ex situ. For one, some of the as-separated
La@ C;, powder was dispersed on an oxidized Al surface,
using CS, that was allowed to evaporate. The La 3d sig-
nature was slightly modified from that of the vacuum-
deposited sample and indicated the presence of some La
oxide. The carbon-to-lanthanum intensity ratio suggest-
ed a composition of about 500:1 instead of 82:1 for this
highly impure sample, even after annealing to 450°C. A
second sample was prepared by dispersing with CS, some
residue that remained in a tantalum boat after La@C,,
had been vacuum evaporated. The La signal was essen-
tially that of La,O; and the C to La ratio exceeded 800.
These results suggest that La @ Cg, degradation will occur
but also that sublimation separates the intact molecules
and facilitates the formation of pure films. We suspect
that heat and light generated during sublimation may in-
crease the rate of deterioration. Exposure to light, espe-
cially in the presence of solvents or other species, has
been observed to result in the degradation of empty ful-
lerenes.?!

RESULTS AND DISCUSSION

Molecular structures of Cg, and La@ C;,

Fowler and Manolopoulos®? enumerated nine isolated-
pentagon isomers of Cg,. '*C NMR of the Cy, material
chromatographically separated from the soot extract?
has revealed four isomers of C,, C,,, C;,, and C, symme-
try with ratios 8:1:1:1. For the La endofullerenes, ESR
has detected two isomers.!”?® We present here the
theoretical results for two isomers of Cg, and a study of
the La@ Cy, structures derived from them. We have op-
timized the atomic positions of empty C;, in two
geometries, one of C, symmetry and the other of C,,
symmetry.”* We find the energy of the C, isomer to be
lower than that of C;, by about 0.93 eV per molecule or
about 0.01 eV per atom. The bond lengths vary between
1.35-1.47 A in the C,, isomer and between 1.37-1.47 A
in the C, isomer. The relative energy stabilization of the
structure of lower symmetry is accompanied by a larger
gap (0.74 vs 0.13 eV) between the highest occupied and
lowest unoccupied molecular orbitals (HOMO and
LUMO). This is in agreement with predictions of Hiickel
calculations.”? The HOMO-LUMO gaps are much small-
er than in Cg, and C,, for which the LDA value is about
1.7ev.%

Starting from these optimized structures for the empty
molecules, we allowed a relaxation in response to La in-
corporation. The resulting relaxed structures are shown
in Figs. 1(a) and 1(b). As first demonstrated in Ref. 7,
configurations with La in off-center positions are strongly
preferred energetically and the off-center displacement is
accompanied by a change in the charge state of La from
(2+) to 3+). Inboth C,- and C,,-derived structures we
find that La donates two electrons to cage states when it
is confined to the cage center. Such configurations, how-
ever, are unstable. The HOMO lies in the quasifivefold
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degenerate “5d” La state. The transition to the quasi-
(3+) state is accompanied by a “repulsion” of the d states
to higher energy and a lowering of cage states to accom-
modate the unpaired electron. (The details of the result-
ing electronic structure are described in the following
section). Thus, endohedral doping with La changes the
electronic nature of the molecule from closed-shell to
radical and it induces sizable variations in the bond-
lengths for C atoms close to the La ion. This appears to
be independent of the specific fullerene since we find it in
both structures of Cg, and also in Cg,.”!® Here, we focus
on the isomer with the C,-derived structure. The Cj;,-
derived structure is also considered for the sake of com-
parison.

Following Nagase et al.,'* we considered a
configuration with La located on the symmetry axis of
the C, molecule, as shown in Fig. 1(a). We found that
there is a local energy minimum and did not search for
others of lower energy. This energy is lower by about 4
eV than the cage-centered configuration. This difference
amounted to 2.6 eV in the calculations of Nagase et al.
The distance of La from the cage center is 1.49 A or
about 0.17 A smaller than in the more recent calculations
of Nagase and Kobayashi.!* The closest shell of neigh-
bors is formed by an irregular hexagon with La-C dis-
tances ranging between 2.53-2.56 A. The second shell of
neighbors is formed by six atoms at distances of
2.95-3.02 A.

While no structural determination exists for La@ Cy,,
extended x-ray absorption fine structure (EXAFS) mea-
surements for Y in the Y@Cs, system were recently
made.?® These were fitted with a model of two carbon
shells around the metal ion, each containing 6i1 atoms,
at distances of (2.40+0.05) and (2.85+0.05) A, respec-
tively. Taking into account the difference of the ionic ra-
dii of Y>* and La" (Ref. 27), the fit is clearly consistent
with the above structure. However, as stated in Ref. 26,
the resolution of the data does not allow for a unique
determination of the structure.

Comparison of the empty cage to the La-doped one
shows a nontrivial displacement of the atoms that de-
pends primarily on their distance from the La ion. The
main result of La-doping is an enlargement (by 0.1 A) of
the closest hexagon as shown in Fig. 2(a). However, the
lengths of the carbon-carbon bonds involving atoms in at
least two shells are significantly modified. Figure 2(b) re-
ports such displacement A(C) as a function of the La-C
distance, d(La-C). The units are A and the results show
relaxation that extends throughout the cage structure.

In Ref. 7, we considered a few endohedral
configurations for La in the C;,-like cage of Cg,. Among
the off-center positions, we found that the configuration
with La on the symmetry plane was more than 1 eV
lower in energy than that with La near the symmetry
axis. Using molecular dynamics, we have now searched
for other low-energy configurations and found at least
one with an energy minimum that is ~0.5 eV lower than
the geometry described as “K” in Ref. 7. This structure
corresponds to a closest La-C coordination of 6, although
La is not ahgned with the center of a hexagon, the dis-
tances being in the range 2.45-2.63 A. The next shell is
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more diffuse and we can count eight carbon atoms in the
range 2.75-3.17 A from La. The changes in the carbon-
carbon pattern are similar to those of the C,-derived iso-
mer. We note that this structure is also compatible with
the EXAFS data for Y @Cy,.2° These results reflect the
local character of the La-C interaction and suggest very
similar chemistry in the two different cages.

More interestingly, the calculated energies of the two
isomers of La@Cy, are very close, with the C,-like one
lower by only 0.12 eV. This suggests that much of the
stability difference between the empty isomers is removed
by the presence of the endohedral ion. The nontrivial
electronic and structural rearrangements induced by en-
dohedral doping may even alter the energy ordering.
This implies that the most abundant carbon cage struc-
tures may vary for the endohedral species compared to
the empty fullerenes if such variations are allowed by the
kinetics of La@ Cg, formation. Within one type of cage,
several almost-isoenergetic positions may exist for La,
separated by low-energy barriers. On the other hand,
the barrier for the transformation between isomers hav-
ing different cage structures will be very high since this
would involve rearrangement of carbon bonds.
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FIG. 2. Distortion of the empty Cs, structure upon La incor-
poration. The calculated bond lengths (in A) of C,-derived
La@Cq; nearest the La ion are given in (a). The corresponding
bond lengths in empty Cj;, are given in italics. In (b), the dis-
placements of carbon atoms of La@ C;,, A(C), relative to atomic
positions in empty Cs,, are plotted as a function of their dis-
tance from the La ion, d(La-C).
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The large displacement of La from the center of the
molecule is expected to produce a large dipole moment.
We have estimated values of 3—4 D. This large dipole
moment, as well as the presence of higher multipoles,
may have an effect on the solubility of this molecule. Ex-
perimentally, it has been observed that La@ Cg, is soluble
in CS,, toluene, 1122-tetrachloroethane, and o-
dichlorobenzene.

Electronic structure

Figure 3 shows the results of the LDA calculations for
the two isomers of Cg, with and without La. The bottom
panel is a diagram of the Kohn-Sham eigenvalues for re-
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FIG. 3. Lower panel: the calculated eigenvalues for the two
Cy, isomers considered and for the endohedral molecules de-
rived from them. HOMO, LUMO, and SOMO levels are indi-
cated, abbreviated H, L, and S. The C,-derived structure of Cg,
shows a larger HOMO-LUMO gap and was found to be the
more stable isomer by 0.93 eV. Upper panel: broadened eigen-
value spectra for (a) the C,-derived empty fullerene, (b) the C,-
derived endohedral with La in the low-energy, off-center posi-
tion and (c) the C,-derived endohedral with the La constrained
to the molecular center. The broadening was done with a
Gaussian of 0.3 eV full width at half maximum. Filled and
empty state curves are overlaid in the vicinity of the SOMO.
For (b), SOMO is well separated from adjacent energy levels so
that the state density is that of a single electron in the occupied
and empty portions of SOMO. For (c), SOMO lies within a
group of closely spaced levels, some of which have La 5d char-
acter. The La 5d orbitals become less bound in the off-center
geometry (b) and their contribution is evident only at the edge
of the figure.
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laxed C,- and C;,-derived structures, while the top shows
broadened eigenvalue spectra for C,-derived species. We
include broadened eigenvalue spectra for Cg,, for
La@C,, with La off center, and for the highly improb-
able La-in-center position (curves a, b, and c, respective-
ly). We take this as a reference for comparison with the
experimental data discussed below.

Figures 4 and 5 provide an overview of the electronic
structure of La@C;, and Cg,. The spectrum in the
center of Fig. 4 is the valence-band region of La@Cg, as
measured with XPS and referenced in energy to the Fer-
mi level. The dotted curve overlapping this spectrum in
the binding energy range from 17 to 30 eV shows the
emission from Cg, to highlight the contributions from the
La 5p states in La@Cg,. Figure 5 compares the leading
portion of the valence-band spectra of Cg, and La@Cg,
measured by UPS. The two curves are offset for clarity.
The differences are emphasized by the bottom spectrum,
a curve obtained by subtracting data points for Cg, from
those for La@C;, after shifting the Cg, spectrum by
—0.18 eV to obtain the best overall agreement.

32‘3/2 3d -
La \'\
;

860 850 840 830

6 hv = 1486.6 eV

Intensity

25 20 15 10 5 Er

Binding Energy (eV)

FIG. 4. Comparison of the La@ C;, valence-band spectrum
measured with hv=1486.6 eV to the calculated eigenvalue
spectrum. The calculated results were broadened with a Gauss-
ian of 0.3 eV full width at half maximum. The dotted curve
overlying the XPS spectrum is a portion of the Cq, valence-
band spectrum that helps define the La 5p emission. This is em-
phasized because of the high 5p photoionization cross section.
The C 2s character of the valence band is similarly emphasized
over the C 2p character. The main features of the valence-band
spectra are numbered to facilitate comparison to the spectra of
Figs. 5 and 7. The lines relate measured and calculated
features. The inset shows the La 3d spectrum measured by XPS
which indicates a formal valence of + 3 for La.
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FIG. 5. Comparison of valence band spectra for Cg, and

La@ Cy, measured at 21.2 eV. The main features are numbered
as in Fig. 4. The difference curve at the bottom was obtained
after shifting the Cg, spectrum by —0.18 eV for the best overall
alignment. Significantly, the difference curve shows spectral
changes throughout the valence band. This is consistent with
theoretical results that indicate that La produces significant
rearrangement of the energy levels and not simply a rigid filling
of Cg, empty states. Feature 1 is attributed to SOMO-derived
levels centered 0.64 eV below the Fermi level. Its onset at 0.35
eV indicates insulating character for solid La@ Cy,.

Figure 4 shows that the valence-band width is ~24 eV
for La@Cg, and for Cg,, extending from the p-derived
states near the Fermi level through the deeper s-derived
states. The bandwidth is essentially the same as for other
fullerenes studied to date,?® as expected. This similarity
in bandwidth is also found in our LDA calculations, since
they predict the same valence bandwidth for Cg,, C,, and
Cy, to within a few tenths of an eV. The XPS results in
Fig. 4 are dominated by the s states because the photoion-
ization cross section for the s states is ~ 13 times larger
than that of the p states for 1486.6-eV photons.? Spectra
obtained at lower photon energy show much enhanced p
character. Comparison to equivalent results for Cg,
shows that much of the high orbital degeneracy of Cg is
lost in Cq or La@Cg, so that the sharp and well-
separated spectral features are broadened.

The presence of La in the endofullerene is obvious be-
cause of the contribution from the La 5p states. These
states overlap the carbon-derived valence bands. In XPS,
they are emphasized because of their very high relative
photoionization cross sections. From the molecular cal-
culations it is apparent that the 5p states of La mix with
the lowest cage state. The nature of such mixing is illus-
trated in Fig. 6 for one of these states, where a surface of
constant electron density is shown, corresponding to a
high value. The energies of the four hybridized states
span 1.2 eV in the calculation. The greater width of this
manifold in the experiment can be attributed to spin-orbit
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FIG. 6. Constant electron density surface [p=0.008 e/(a.u.)’]
corresponding to one of the four molecular orbitals of C,-
derived La@ Cg, that contains significant La 5p character. The
orbital is much more localized than the purely carbon-derived
orbitals and is clearly associated with the La ion. However,
much of the state density is found on the fullerene cage. The La
ion is positioned between the lobes of the La 5p —C 2s hybrids.

splitting (~2.5 eV, Ref. 30), lifetime broadening, and
solid-state broadening. In the calculations, the mean La
5s to La 5p separation was 14.6 eV. Experimentally, we
find a separation of 16.21+0.5 eV since the La 5s levels
appeared at 36.7-eV binding energy. The agreement be-
tween the broadened Kohn-Sham eigenvalues and experi-
ment is comparable with what has been found previously
with other fullerenes.?

Comparison of the valence-band spectra for Cq, and
La@C;g, in Fig. 5 makes it clear that both are rich in
structure, but also that the structure differs throughout
the leading 10 eV of the valence band. This is em-
phasized by the difference spectra shown in Fig. 5. Hino
et al.® recently showed a difference spectrum within ~2
eV of E that was obtained by normalizing the spectra to
the peak height of feature 3. In that case, they deduced
that there were spectral changes but that they were limit-
ed to the range between E and 2 eV, suggesting that the
Cs, and La@Cy, cage structures were identical. They
pointed out that the structure near the valence-band edge
is composed of two features with an intensity ratio of
about 1:2. These are labeled “a” and “b”’ in Fig. 5. They
attributed this to the three electrons transferred from La,
with two electrons filling an orbital 1.6 eV below Er and
one electron occupying an orbital 0.9 eV below Ep. The
origin of the difference between their spectra and ours
may reflect a cleaner sample in our case since our results
show sharper structure with greater distinction between
features. Moreover, we have been able to resolve more
spectral features. Indeed, our high-resolution results
show that La incorporation introduces more profound
changes than simple charge transfer to rigid electronic
states of the carbon cage, but we agree that there are two
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structures within 2 eV of Ez. We note also that the rela-
tive intensities of fullerene photoemission features vary
with hv because of dipole matrix elements’! so that the
1:2 area ratio may be fortuitous.

For La@Cyg,, the small but very important feature at
0.64-eV binding energy has no analog in the spectrum for
Cs, and, clearly, is due to states derived from the SOMO
of La@Cyg,. The parentage of this orbital, C or La de-
rived, was tested experimentally through a study based
on the strongly disparate photoionization cross sections
of La and C at UPS and XPS photon energies.’? In par-
ticular, the ratio of La 5d to C 2p intensities would range
from 0.7 at Av=21.2 eV to 76 at hv =1486.6 eV, making
it possible to amplify any La 5d contribution by a factor
of ~100. Comparison of the leading portions of the mea-
sured La@ C,, valence-band spectra in Fig. 7 indicates
that these orbitals are almost entirely C derived and con-
tain minimal La 5d admixing. This is fully consistent
with the results of our calculations for both isomers. In
fact, the La 5d states turn out to be ~1.2 eV above the
SOMO and the nature of the SOMO is that of a 7 state of
the cage. This is emphasized in Fig. 8 where we show a
constant electron density surface for the SOMO.

In their electrochemical investigation of La@ Cg,.
Suzuki et al.* found small reduction and oxidation po-
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FIG. 7. Leading valence-band features of La@ Cg, measured
at high and low photon energies. Any La 5d character should
be magnified by a factor of ~100 in the spectrum obtained at
1486.6 eV due to the relative photoionization cross sections of C
2p and La 5d electrons. The intensity of feature 2 relative to
feature 1 varies with photon energy, as demonstrated in Ref. 6,
and is near a maximum at hv=21.2 eV. After considering this
and the differences in experimental resolution, it is apparent
that there is essentially no La 5d character in the occupied
states of La@Cg,. This is consistent with the theoretical finding
that the La 5d orbitals are well above SOMO in the low-energy
La@ Cg, isomers.
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FIG. 8. Constant electron density surface [p=0.001 e/(a.u.)’]
of SOMO for the C,-derived structure of La@ Cg,. The SOMO
is delocalized over the carbon cage, attesting to its carbon 7
character and confirming that there is no La 5d admixing.

tentials compared to those of Cq,. This is consistent with
the fact that La@ Cg;, is a radical, in contrast to Cg,.

The delocalized character of the SOMO was first indi-
cated by ESR measurements that revealed, for the un-
paired electron, a very small hyperfine coupling (1.2 G) to
the **La nuclear moment.>* The measured g value of
2.001 is in the range found for empty fullerene radicals,
namely 1.95-2.001.3* This led to the conclusion that the
unpaired electron occupies an orbital primarily located
on the carbon cage. This was supported by a comparison
of the small La@ Cg, hyperfine coupling constant to the
observed value of 50 G for La*? substitutionally incor-
porated in place of Ca in a CaF, crystal®® and to the cal-
culated value of —186 G for an isolated La™? ion. How-
ever, as Nagase and Kobayashi pointed out,’® an un-
paired electron residing in a metal d orbital, with very lit-
tle s character, can also have small hyperfine coupling.
Furthermore, if the d-orbital degeneracy is lifted by in-
teraction with the cage, then the shift in the electron g
value can be small. Hence, the extent of metal-to-cage
charge transfer could not be ascertained conclusively
from the ESR data. Nonetheless, the original interpreta-
tion is supported by the photoemission experiments de-
scribed above.

Additional evidence for a La*3 charge state is provid-
ed by the La 3d spectrum (inset Fig. 4) because the 3d
line shape provides a clear indication of the electronic en-
vironment sensed by La in the Cg, cage.*® This is due to
the sensitivity of the 3d electrons to the distribution of
valence electronic charge surrounding the La atom, as
discussed previously in the context of an XPS study of a
mixture of La endofullerenes and empty fullerenes.’
Here, we find that the high-resolution La 3d core-level
spectrum for pure La@ Cy, is almost identical to that for
the mixture, suggesting either that the previous results
were dominated by a La@C;, contribution or that La
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bonding is always 3+ regardless of the cage size or
specific symmetry. The former possibility is supported by
observations that La@ Cg, is the dominant endofullerene
in air exposed mixtures.’’ The latter possibility is sup-
ported by theory since La takes on a formal valence of
three and resides off center in both of the La@ Cj, iso-
mers tested as well as in La@ Cg,.

The La 3d core-level spectrum shows two dominant
structures, each with weaker shoulders at lower energy.
These signatures are easily distinguished from those of
other La-bearing species, notably La,0; and La metal, as
examined in detail elsewhere.” Comparison of the La 3d
signature for La@Cyg, to that for the trihalides of La
shows very similar line shapes, supporting the picture
that the La ion within the cage is in a trivalent state of
charge.>* For these trihalides, the relative magnitude of
the lower-energy doublet has been shown to decrease as
the electronegativity of the halide decreases.’®* By com-
parison, we can deduce that the carbon cage environment
of La@Cg, has an effective electronegativity less than
that in LaBrs.

Carbon 1s spectra (not shown) were also measured for
Cg, and La@Cg,. A symmetric C 1s main line [full
width at half maximum (FWHM) 0.86 eV] was found for
Cg, while an asymmetric feature (FWHM 1.13 eV) was
found for La@Cg,. The widths of these spectra undoubt-
edly reflect the inequivalence of the carbon atoms within
each molecule. The larger width for La@Cg, suggests
greater inequivalence, probably due to the close approach
of the La ion to one side of the carbon cage. Unfor-
tunately, distinct peaks were not resolved that could be
assigned to carbon atoms that were La coordinated. A
clear m-plasmon feature was present in both materials,
displaced ~6.0 eV from the main line. Two clear m-7*
satellite peaks were also observed for Cg, at ~3.7 and
~1.4 eV. The m7-7* satellite intensity of La@Cy,, was
spread more evenly and individual peaks were not
resolved.

The fact that the SOMO of La@ Cg, is derived and is
centered 0.64 eV below the Fermi level has implications
as far as the conducting nature of the solid is concerned.
In a simple one-electron picture, the half filling of a single
band by one electron would result in a metallic solid.
However, the onset of emission at ~0.35 eV below the
Fermi level indicates insulating character for solid
La@C;,. This could be explained by a crystal structure
with an even number of molecules per primitive unit cell.
Crystal-field splitting of the band might then result.
Such a situation would be analogous to the dimerization
typical of a Peierls distortion. Unfortunately, solid-state
structural information for pure La@ Cg, is not available.
A cocrystal precipitated from CS, has been identified and
has been found to possess the space group 143d. It con-
tains 16 La@Cg, molecules and 24 CS, molecules per
unit cell.’® In contrast, recent transmission electron mi-
croscopy studies for Sc,®Cg, show a simple hcp lattice
with the c/a ratio expected for ideal spherical mole-
cules.** The observed nearest-neighbor distance, 11.2 A,
is the same value found previously for fcc crystals of
empty Cg,.*! The presence of solvent in the first case and
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the nonradical nature of the endofullerenes in the latter,
prevent an assessment of the implications for pure, solid
La@ Cy, as measured in our experiments.

Simple crystal-field splitting might be a questionable
explanation of the insulating nature of solid La@C;,
since a gap of at least 0.35 eV has been opened with the
occupied portion of the band exhibiting a spectral full
width at half maximum of only about 0.3 eV. Indeed,
Peierls distortions are generally found only in low-
dimensional materials due to the difficulty of opening a
gap throughout an entire three-dimensional Brillouin
zone. A possibility that should always be considered for
fullerene-based materials, where electron correlation
effects are found for pure or doped solids,? is that solid
La@ C;, may be a Mott-Hubbard-type insulator.

Finally, we note that sublimation of the fullerenes and
endofullerenes, as described above, made it possible to
form contamination-free thin films. To investigate the
sublimation characteristics in more detail, we used XPS
to monitor the thickness of the solvent-free La@ Cg, film
as a function of temperature. These measurements
showed no significant La@ Cg, sublimation after 1 h at
%10 °C. At 480°C, however, the desorption rate was ~22
A per h, corresponding to a vapor pressure for La@ Cg,
of approximately 5X 107 !° Torr. For comparison, the
vapor pressure of Cq, at 480°C can be estimated to be
3X 1073 Torr by extrapolation from results obtained at
lower temperature.*? This implies that the cohesive ener-
gy of the endofullerene solid is much higher than the
empty fullerene solid and that there are rather strong in-
termolecular interactions, probably dipole-dipole interac-
tions given the large predicted molecular dipole moment
for these endofullerenes. The vapor pressure disparity
has been used by Yeretzian et al.’’ to separate endoful-
lerenes and fullerenes from arc generated soot without
the use of solvents. They found that air exposed soot,
even when partially separated by gradient sublimation in-
stead of with solvents, had a higher abundance of
La@C;,, than other endofullerenes, suggesting that sol-
vent effects do not ““filter”” the endofullerene distribution
to make La @ C;, the most abundant.

CONCLUSIONS

In conclusion, the theoretical and experimental results
presented here for La@ Cg, help to establish the follow-
ing.

(i) There is strong bonding between La and the carbon
cage of the fullerence that leads to extensive differences
between the properties of the doped and undoped mole-
cules.

(i) There is a clear distinction in the electronic proper-
ties of configurations with La occupying on-center and
off-center endohedral locations. These can easily be
probed by photoemission experiments. The photoemis-
sion results confirm a formal 3+ valence state for La,
predicted by calculations and inferred from previous ESR
and XPS data.

(iii) The states occupied by the electrons donated by La
are m-cage orbitals that do not mix with the La 5d states.
Calculations for the molecules indicate that 5d states
remain localized on La and lie ~1.2 eV above the



49 ELECTRONIC AND GEOMETRIC STRUCTURE OF La@Cg, AND . ..

SOMO. This prediction awaits confirmation from inverse
photoemission or other empty state measurements.

(iv) The 5p core states of La are not passive spectators
of the doping process but, instead, mix to a considerable
extent with the lowest o state of Cg,.

(v) Solid state bonding in La@Cg, is considerably
stronger than in empty fullerenes as indicated by the
drastically reduced vapor pressure.

(vi) Solid-state effects split the molecular SOMO level
of La@ Cq, and produce a nonmetallic solid.

Because of the strong bonding between La and the
cage, and in contrast with the case of alkali-metal doping,
the La-induced changes in the C-C bond alternation are
localized and relatively large. This leads to variations in
the isomeric energy ordering such that the abundance of
the endohedral structures may well change with respect
to the empty fullerence distribution. Further work re-
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quires the establishment of the crystal structure as well as
explicit calculations of the solid-state effects.
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FIG. 2. Distortion of the empty Cg, structure upon La incor-
poration. The calculated bond lengths (in A) of C,-derived
La@ Cy, nearest the La ion are given in (a). The corresponding
bond lengths in empty Cg, are given in italics. In (b), the dis-
placements of carbon atoms of La @ Cy,, A(C), relative to atomic
positions in empty C,,, are plotted as a function of their dis-
tance from the La ion, d(La-C).



FIG. 6. Constant electron density surface [p=0.008 e/(a.u.)’]
corresponding to one of the four molecular orbitals of C,-
derived La@ C;, that contains significant La 5p character. The
orbital is much more localized than the purely carbon-derived
orbitals and is clearly associated with the La ion. However,
much of the state density is found on the fullerene cage. The La
ion is positioned between the lobes of the La 5p—~C 2s hybrids.



FIG. 8. Constant electron density surface [p=0.001 e/(a.u.)’]
of SOMO for the C,-derived structure of La@ Cg,. The SOMO
is delocalized over the carbon cage, attesting to its carbon 7
character and confirming that there is no La 54 admixing.



