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Proof for trivalent Sc ions in Sc,@ Cg, from high-energy spectroscopy
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The electronic structure and the valency of the Sc ions in the endohedral dimetallofullep@ € avith
D,q symmetry are probed using high-energy spectroscopy. Comparison of thp-S8@ x-ray-absorption
spectrum with calculated ionic multiplet spectra shows that the Sc ions are trivalent. Detailed multiplet calcu-
lations including covalency indicate that the effective valency of thélISéons can be described by a formal
charge transfer to the fullerene cage of 2@1. This illustrates that a purely ionic picture is not valid for the
electronic structure of S@& G4, and that a more complex picture including finite hybridization between the Sc
and the fullerene cage has to be applied.

I. INTRODUCTION dicted to be divalent®!” This prediction appeared to be
borne out by an analysis of the electron-density distribution
The ability of fullerene molcules to encapsulate one orof a Se@ G, microcrystal as measured by x-ray diffraction,
more metal ions inside their carbon cage has captured thehich suggested a charge density at the Sc atom 2212
imagination of many researchers. These so-called metalldn recent Raman measurements analyzing the valence force
fullerenes represent an interesting type of matter, which igonstant Sc-g; within a simple linear three mass oscillator
expected to display remarkable electronic and structuramodell* a charge transfer of slightly more than two electrons
properties in comparison to the empty fullerene cdgifier  per Sc ion to the carbon cage was also suggested.
the first observation of metallofullerenes in 198Several However none of these methods is a direct probe of the
different endohedral fullerenes were purified and isolated irvalency of the encaged ions and the effective charge distri-
macroscopic quantities. In the past, much work has been cabution within the cage. Therefore, the results from these
ried out on metallofullerenes of L3 Y,® and S&7 in which measurements have to be regarded with some caution. Pho-
Cg, and G, form the host cages. Among the dimetallo- toemission spectroscopy and x-ray-absorption spectroscopy
fullerenes, Sg@ Gy, received the most attention so far. After (XAS) were shown in the past to be well-suited site-selective
the first productiof and isolation of Sg@GC,, by high-  probes for the valency of transition-metal ions and rare-earth
pressure liquid chromatography, three different structuraions®®*In the case of the endofullerenes, x-ray photoemis-
isomers were identified by°C NMR.° From scanning tun- sion spectroscopyXPS) was shown to be an ideal probe of
neling microscop$f and transmission electron microscépy the valency of encaged rare-earth ions in metallofullerenes.
the endohedral nature of the metallofullerenes was sugFor La@ G, the comparison of the Ladcore-level spec-
gested. Recent x-ray-diffraction experiments confirmed thérum with those of various La trihalides showed that La is
endohedral nature of this dimetallofullerelfeln addition, trivalent, with (Gy)3~ providing an environment slightly
experiments measuring the spectroscopic and vibronitess electronegative than that in LaBf Further experiments
propertie$ 1314 as well as first measurements of the elec-using resonant photoemission at the LcitBreshold clearly
tronic structure using photoemission, were perforrred. showed a resonant enhancement of features in the valence
From quantum-chemical calculations the encagedand corresponding to Lad5states, thus pointing out the
transition-metal ions in these dimetallofullerenes were preexistence of finite hybridization between Lad5 and
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2p-derived states from the carbon c&dén the case of lan-
thanide metallofullerenes the characteristic Multiplets of
the rare-earth ion and thed4-4f absorption edges were
used as a fingerprint of the valency. For Tm@ én unusual
valency of two was observed, which is independent of the
symmetry of the host carbon caffe®®

Much less has been reported as regards the transition-
metal metallofullerenes. For §@ G4, only initial XPS ex-
periments of the Sc2lines on air-exposed samples of films
of the isomer withD,4; symmetry were carried out, and these
were interpreted in terms of divalent Sc iofiddowever, the
analysis of the chemical shift of the Sp Zine alone allows
no determination of the effective charge distribution in this
dimetallofullerene, pointing out the need for further, more
conclusive experiments.

In this paper we present a detailed investigation of the
valency of the Sc ions in the endohedral dimetallofullerene
Se@ G, using photoemission spectroscopy and Xx-ray-
absorption spectroscopy. We present conclusive proof for
trivalent S¢lll) ions encaged in &, which is in contrast to
theoretical predictions and to estimations of the valency from
earlier, indirect experiments on this material.
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Il. EXPERIMENTAL AND THEORETICAL BACKGROUND

. . . . FIG. 1. Photoemission spectra of thg, isomer of Se@ G, at
The preparation and separation of the three different isoy1 5_ 50. and 1486.6-eV photon energy and the K21.2 eV}

mers of Se@ Cg, was described previousfyAfter purifica- photoemission spectrum of;g(from Ref. 25. The inset shows the

tion by multicycle chromatograptythe Se@ Cgs Was put  sc 2p core-level doublets at 401.2 and 405.8 eV from XPS.
into an alumina crucible and degassed in an effusion cell in

ultrahigh vacuum at 160 °C for 48 h, and at 400 °C for 30
min. For the photoemission and x-ray-absorption experi-
ments, thin films of a thickness of about 200 A of the, As a first step we characterized our samples with regard to
isomer of Se@GCy, were prepared by sublimation onto pyrity and possible contamination using XPS. The spectra of
freshly evaporated gold films in UHV at 680°C. The the Sg@ G, film contained no contribution from the sub-
samples were then transferred under UHV conditions intatrate, the remaining solvent, or any other contamination
analysis chambers equipped with commercial hemisphericauch as oxygen. All photoemission lines could be attributed
electron analyzers, and a total electron yield detector, respegg either Sc or C. In the valence-band region, to a first ap-
tively. Ultraviolet photoemissiorfusing monochromatized proximation, the matrix-element-weighted occupied density
Hel radiation (21.2 eV}] and x-ray photoemissioflusing  of states of the metallofullerene and low-lying core levels are
monochromatic AIK,, radiation (1486.6 eV] were carried probed. A comparison of the valence-band photoemission
out with energy resolutions of 20 and 350 meV, respectivelyspectrum of theD,4 isomer of Se@ Gy, at 21.2, 50, and
The Sc D excitation edges and photoemission at different1486.6 eV to the photoemission spectrum gf, Grom Ref.
photon energies were measured at the high-resolution undis) at 21.2 eV is depicted in Fig. 1.¢&and Se@ Gy, are
lator beamline U125/PGM at BESSY Il with an overall reso- semiconductors with an onset of the h|ghest occupied mo-
lution at 400 eV of 100 meV. The photon energy was cali-lecular orbital at 1.3 eRefs. 25 and 26and 1 eV*® re-
brated using the Au 4, peak of the clean substrate. spectively. Taking into account that the transport gap is de-
Calculations of the Sc2 XAS lines were performed us- fined by the energy separation between the highest occupied
ing the multiplet approach. Both the crystal-field multiplet molecular orbital in photoemission and the lowest unoccu-
(CFM) model and the charge-transf@T) model were used. pied molecular orbital, as measured in an electron-addition
The CFM model is a single configuration calculation for SCexperiment such as inverse photoemission, the measured
ions. The atomic interactions are included for &'Scion  1-eV onset of the HOMO in S€s, gives a lower limit for
and the chemical surroundings are calculated using an eleghe transport gap of the metallofullerene. The observed semi-
trostatic crystal field. This method has been used fot'Sc conducting behavior of S@ G, is consistent with a closed-
ions with a 31° configuration simulating SO; and Sck.'*®  shell configuration, and thus with a charge transfer of two,
For a 3! configuration T3 ions which are isoelectronic to four, or six electrons to the carbon cage.
S¢* were calculated? The CT model extends the CFM A first hint of what the true charge transfer is can be
model by using multiple configurations, for example®3d found from an analysis of the photon energy dependence of
+3d'L, whereL stands for an electron transfer from the the fine structure in the valence band. Compared to pristine
surroundings to the central atd*hThe simplest way to ar- Cgs, two additional, pronounced structures at low binding
rive at the effective @ count is by mixing two configurations energy are observed in the metallofullerene that had not been
in the calculations. This approach will be used here. seen in earlier experiment3These comprise a peak at 1.6

IIl. RESULTS AND DISCUSSION
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eV and a shoulder at 1.3 eV. These structures can be related

either to charge transfer from the encaged Sc ions and the
concomitant occupation of the unoccupied molecular orbitals
of the G, cage withD,4 symmetry, or to photoemission
from remaining Sc @ states following the charge transfer of d
less than three of the Sc valence electrons. The ratio between
the atomic photoionization cross sections of g£&hd Sc 3l
is about 6:3 at 21.2 eV and 1:3 for 1486.6 €\VThus any
feature related to a Sad3photoemission should be enhanced
by a factor of 10 in intensity when going from Heo Al K, . 300K
which is not observed in the spectra. In a simple interpreta-
tion, the photon energy dependence of the valence-band
spectra would argue against the presence of electrons in the
50K

Normalized Intensity

Sc 3d levels—i.e., the Sc ions are trivalent. Although such a
simple analysis is most probably able to distinguish between
Scin 3! and A° stated(i.e., S¢° and S&°"), one should

bear in mind that direct photoemission does not always give

. . d
a full picture, and that resonant photoemisétfar core-level
excitation experiment§ are more sensitive to thielectron —_—
count, and therefore represent ideal methods with which to 395 400 405 410 415

investigate this question in more detail—a question to which Energy (eV)
we will return shortly.

Returning to the photoemission data, in the inset to Fig. 1 FIG. 2. Sc — 3d x-ray-absorption spectra of Sc2@ C84 mea-
we show the Sc @ doublet. For Sc B XPS we find a peak sured at room temperature and at 50 K. Below and above the spec-
at 401.2 eV for the B, line, in agreement with the previ- tra are the broad(_ened calculated multiplet distributions ford& 3
ously reported valu& However, the binding-energy shift of pr53d; absorption (st %do ground statk; as well as for the
1.8 eV to lower binding energy compared to the essentially?d’—2p°3d” absorption (St", 3d* ground state
ionic S60O5 cannot be explained unambiguously within an
initial-state charging model by a change of the Sc valency, awidth of the absorption lines. Once this point is clear, we can
the radically different screening environments in the finalthen compare the calculated and experimental XAS spectra,
state between the oxide and the metallofullerene will cercoming to the obvious conclusion that the calculatatf 3
tainly play a major role in the determination of the core-levelground-state configuration shows much better agreement
binding energy observed in XPS. with the observed spectra than thé*3ground state. There-

As discussed above, the charge state of ions with localfore, staying for the moment in a purely ionic picture,
ized electronic level§such as 8 and 4f systemg can be  Sc,@ Gy, can be described formally as (89,@ (Cgp)® ™.
extracted accurately from XAS experiments. For example, A more detailed inspection of the calculated and experi-
XAS at the Tm 4l edge of the metallofullerene TmM@L mental curves reveals, however, that the calculated multiplet
was successfully used as a direct probe of the Tm valency ispectrum for the 8°— 2p°3d*! excitation of S&* does not
this systenf??3 In the case of @ transition-metal com- completely explain all the details of the experimental XAS
pounds, XAS of the B edge (,3 XAS) can be used to spectra. For example, in addition to the main doublets at
easily identify different transition-metal valenci€s* In  401.5 and at 406 eV, there is a further fine structure in the
Fig. 2 we show the result of the Sp2-3d x-ray absorption specta with shoulders above thg andL; edges. Further-
of a clean thin film of Sc2@C84 measured both at roommore, the branching ratio is not exactly reproduced by the
temperature and at 50 K. Also shown are calculated multipletalculations, and the experimental data are significantly
distributions for the 8°—2p°3d* and 3'—2p°3d? tran-  broader than the theory, despite the fact that the latter are
sitions. These transitions represéintthe ionic limit) the Sc  broadened to account for the finite core-hole lifetifgving
L, 3 XAS for SG* and Sé”, respectively. The calculated a broadening of~200 meV) and resolutiof100 meVj.
multiplet distributions were broadened to take into accouniTaken together, these factors indicate that a purely ionic pic-
of lifetime and resolution effects. From Fig. 2 it is clear thatture is an oversimplification for this system, and that cova-
the XAS spectrum of ionic S¢ is simple, with two major  lent interactions betwen the Sc ions and the carbon cage have
peaks corresponding to the andL; edges. In contrast, for to be taken into account.

S, a more complex spectrum is predicted, which arises To investigate the amount of covalency of the(I8¢

from the interaction between the twal 2lectrons in the final ions, more extended multiplet calculations, including charge
state, leading to stronger multiplet splitting in the XAS final transfer, have been performed, as mentioned above. For
state. these calculations, a charge-transfer energy in the initial state

The experimental absorption spectra measured at roomy;s=2 eV and in the final staté.e., after relaxationArs
temperature and at 50 K closely resemble one another, bothO eV have been used. For the hopping tefimwhich
regarding their width, thé, to L5 ratio (called the branching gives a measure of the hybridization between the carlgon 2
ratio), and even the overall shape. From this we can concludand Sc &8 orbitals, the value used is 1 eV. This is signifi-
that vibrational broadening resulting from the perturbationcantly smaller than the the typical values used for calcula-
inherent in core ionization only has a minor effect on thetions of transition metal oxidegT~2 eV (Ref. 28]. This
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absorption spectrum measured at 300@&) (compared to the cal-
FIG. 3. Broadend calculated multiplet distribution for the Sc culated multiplet distribution that shows the best agreement with
2p—3d absorption edge including charge transfer usifigs the experiment. In the calculation the Sd!3admixture is 39%,
=1 eV andAgs=0 eV, and forT=1 eV. The numbers at the |eading to a formal Sc valence of 2:6
spectra give the percentage of ieadmixture in the calculations,

respectively. For details, see the text In detail, first the analysis of the Raman spectra in Ref. 14

was based upon a highly simplified mod#gie valence force
reduction is justified by the relatively weak hybridization mode) that treats the complex S@ C, molecule simply as
between the carbon cage and the Sc ions which follows botthree oscillator§two Sc and the ;). Second, the refinement
from the predictetf and experimentally observed structure of the synchrotron x-ray-diffraction data in Ref. 12 was cer-
of the dimetallofullerené? In these charge-transfer multiplet tainly accurate enough to elegantly prove the endohedral na-
calculations, the effective formal valency of the encaged Sc¢ure and the structure of the dimetallofullerene. However,
ions is given by the ratio of thel® and d® contributions, this refinement, using the maximum entropy method might
which represent trivalent and divalent Sc, respectively. Imot possess the resolution necessary to distinguish between a
order to better describe the envelope of possible cage-relatestuation in which each Sc ion has 0.8 or 0.3® &ectrons
electronic states which could donate charge to the Sc in thgiven the electron density “background” arising from all the
form of a covalent interaction, a finite bandwidth of the occupied C and Sc levels. Finaly, as discussed above, the
fullerene valence band involved in the hybridization was in-initial-state charge model for the interpretation of core-level
cluded by sampling five differentdL states, thus covering photoemission binding energi¢&hemical shifts”)® is too
an effective bandwidth of about 4 eV. This figure is reason-crude to allow a derivation of the Sc valence with any cer-
able in light of the observed significant perturbation of the Ctainty from a comparison of Sc systems with ligands of such
2p-derived electronic states of, for exampley, Gver about  different nature.

4-5 eV, resulting from interaction with the endohedral Laion  Following from the discussion above, it is apparent that
in La@ G,.%° the combined experimental and theoretical XAS investiga-
The results of the calculations are depicted in Fig. 3 fortions presented here give a direct probe of the effeative
differentd?® contributions, as indicated. As shown in Fig. 4, occupancy, as is evinced by numerous studies in the field of
in comparison to the measured absorption spectrum, the irthe transition-metal oxides. Thus, on the basis of these data,
tensity ratio between the, and L5 edges and the overall the effective charge transfer in the Sc dimetallofullerene is

shape is best reproduced for the spectrum wittit aoccu-  such to give a configuration (38"),@ G2.2°
pancy of 0.39 resulting in an effective valency of the en- The reduced formal valency of the (@¢) ions in
caged Sdll) ions of 2.6-0.1. SG6@ Gy, illustrates that, in contrast to the divalent mono-
As it is clear that this result differs significantly from the metallofullerene Tm@§g;, a predominantly ionic picture is
Sc valency derived from earlier experiments on®@¢;,  not applicable to this dimetallofullerene, and that covalent
using either synchrotron x-ray diffraction or XPS, and indi- interactions between the encaged Sc ions and thec&ye
rectly from Raman spectroscopy, we point out that the datglay an important role in the determination of the electronic
presented here are, to our knowledge, the first which directlystructure. This is more like the picture arrived at from high-
and site selectively probe the effective valence of the Sc ionenergy spectroscopic investigations of the trivalent mono-
in S6@ G, in @ manner enabling an unambiguous extractiormetallofullerene La@6§3, in which metal-fullerene hybrid-
of the effective Sc @ occupation number. ized states play an important role.



13 200 T. PICHLERet al. PRB 62

IV. CONCLUSION lency in Se@ Cg, opens the way for a comparative study of
gwe metal valency in the family of the Sc metallofullerenes.
In this way, using a combination of XAS experiments with
§harge transfer calculations, the possible changes of the
metal valency and in the covalent Sc-C interaction upon
varying the number of encaged Sc ions from one up to four

Salll). Furthermore, we have shown the applicability of the¢aN be studigd in detail, also enabli.ng a systematic investi-
charge-transfer multiplet model for dealing with the covalentd2tion of the influence of the Sc-Sc interactions on the elec-
Sc-C interactions. Upon using this model to analyze the extronic structure of these metallofullerenes.
perimental data, we find the best agreement foda&imix-
ture of 39% which allows us to pin down the effective va-
lency of the Sdll) ions to 2.6£0.1. Our results clearly point
out the importance of covalent interactions between the en- This work was funded within the “Training and Mobility
caged Sc ions and thegfcage in this dimetallofullerene. of Researchers” network FULPROPERBFMRX-CT97-
This is, for example, in contrast to the divalent monometal-0155 of the European Union. In addition, T.P. is grateful for
lofullerene TM@ G, . funding under the APART programme of the Austrian Acad-

Furthermore, the analysis presented here for the Sc vamy of Sciences.

In conclusion, we have presented a detailed study of th
valence of the two Sc ions encapsulated inlEhg isomer of
Cg, Using high-energy spectroscopy. The multiplet structure
in the Sc 2 x-ray-absorption spectrum prove unambigu-
ously that the Sc ions in the dimetallofullerene, @C;, are
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possibility of a covalent interaction between the Sc ions them-
selves[which, upon consideration of the large separation of the
Sc ions from one another (3.9 *A can be expected to play a
minor role compared to the Sc-C covalehcfhese factors,

which are beyond the scope of the present paper, are expected
mainly to lead to an additional broadening of the theoretically
calculated multiplet distributions, but not to significant changes
in the 3d count extracted from the theory.



