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We have investigated the electronic structure of Ba-dopggfins with Ba concentrations of up t®
~12 (BgCgo) by applying valence-band photoemission and x-ray-absorption spectroscopy. A crystal orbital
(CO) formalism based on a semiempirical Hamiltonian of the intermediate-neglect-of-differential-overlap type
has been employed to derive solid-state results for the Ba-doggtil@rides. Using x-ray diffraction, we
show three distinct phases for the bulk,Bg, system with Ba concentrations of upxe=6. In all cases, the
experimental observations strongly indicate that fulleride formation leads to the occupation of hybrid bands on
both sides of the Fermi level. The theoretical data indicate that the alkaline-earth atoms are essentially monova-
lent and hybridize strongly with the-type functions of the g network. The Ba atoms in the B&g, fullerides
deviate from the limit of complete charge transfer as a consequence of the competition between covalent
Ba-Gy bonding and ionic contributions. Furthermore, it is shown that the calculated density-of-state profiles
reproduce the photoemission data in the extreme outer valence-band {&fit63-182607)05020-7

I. INTRODUCTION doped superconducting fulleride still seems to be dfdre-
cently, synthesis of a crystalline, stoichiometric Ba-doped

The interesting material properties of alkali- and alkaline-Ceo Superconductor, B& with T.=7K has been
earth-doped g fullerides such as low-temperature super-Teported:’ Naive electron counting, assuming divalent Ba
conductivity have been the subject of numerous research a@d the rigid KCeylike band structure, would suggest that

tivities. The corresponding results have been published irﬁ“'shlco'g]hp;rugg 1S %%Z—Ie\c/-?ap |g?]ultatorrnith;t r?onttl?érilssve][y
comprehensive review articlés? Experimental investiga- gnly ged & olecules. mhotoemission studies o

tions verified sizeable nonisoelectronic effects with respecf‘EXC60 fullerides (AE=Ca,Ba) have shown that doping be-

to the structural or superconducting behavibit has been yondx=3 resulted in the occurrence of electronic states of

. the alkaline-earth donors in the occupied band region within
demonstrated that most of the known superconducting alkaliy ..\ clectron volts of the Fermi level .51 Theoretical
doped G, fullerides have the stoichiometnA3;Cgy OF y

_ _ model$3* predict strong Ba-C hybridization near the Fermi
A2BCqo (A,B=alkali atom), form fcc lattices, and are con- |eye|  incomplete charge transfer, and an insulating

sidered to undergo essentially complete charge tra€fer  pand-structur® with a small gap within the local-density
from the alkali atomsA,B to Cgo within a rigid-band  approximation. In a recent photoemission study of the va-
model’® Therefore, all of these alkali-dopedsfullerides  |ence band of theAE fullerides SiCso and BaCq, it has
show similar electronic-structure properties. Their half-filledbeen found that these compounds are metallicA&r con-
valence band is mainly formed by thg4lerivedt,, orbital.  centrations up to 6 due to the formation of a hybrid conduc-
Superconductivity has also been observed in some alkalingion band*®

earth (AE)-doped G, fullerides, CaCq, (Ref. 9 and It is the purpose of this paper to investigate the electronic
BasCqo, -° for example. As a consequence these compoundstructure of the Ba-dopedggfullerides by applying surface-
have been most widely studié*?In contrast to the alkali- sensitive spectroscopic methods, namely, valence-band pho-
doped A3;Cso compounds, theoretical investigations of sto-toemission and x-ray absorption under clean ultra-high-
ichiometric CgCg, phases indicated that substantial hybrid-vacuum(UHV) conditions and, on the other hand, a band-
ization of carbon and calcium orbitals in the valence-bandstructure model based on an intermediate-neglect-of-
region occurred®'* The exact stoichiometry of the Ba- differential-overlap (INDO) Hamiltonian'® From detailed
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experimental studies it is well known that alkali- and Ba tends to react with the ampoule material to form silicides
alkaline-earth-doped fullerides are in the neighborhood ofind oxides at temperatures above 650—700 K. At still higher
metal-insulator transitior®:?: Therefore, we have also stud- temperatures, barium carbides are also formed. These pos-
ied a Mott like insulating configuration in B&g. sible reactions determine the applied-temperature limit dur-

The outline of the present paper is as follows. In Sec. I1ing the preparation of the bulk samples. After this high-
the preparation conditions of the filtSec. 1l A) and bulk  temperature and long-term treatment, the new fulleride phase
(Sec. Il B fullerides are given. A short description of the exhibited metallic luster and was brittle. Using x-ray diffrac-
experimental techniques applied is made in Sec. Ill C. Thdion, the main compounds were determined to be@g
computational conditions of the CO calculations are de{main component BaCq; an additional phase of unspeci-
scribed in Sec. Il D. The crystal structures based on the x-raged stoichiometry(Ba,Cqo phase, see Sec. Jlland small
diffraction (XRD) results are commented on in Sec. Ill. A BaO contaminations {1%). Therefore, the Bglqs com-
representation and discussion of the experimeri@éc. Pound was used as a precursor material for Ba concentrations
IV A) and theoreticalSec. IV B results is given in Sec. Iv. ©0f X<<6. For this purpose B&g, was mixed with the desired

The contribution ends with some concluding remarks in Sec@mount of pure g, powder and was afterwards treated in the
V. same manner as described above.

C. Experimental methods
Il. EXPERIMENTAL AND THEORETICAL DETAILS . .
Valence-band and core-level photoemission, ultraviolet

A. Preparation of thin films photoemission spectroscogyP9S and XPS, as well as x-ray

The Gy, powder was prepared by the electric-arc method@PSOTPtion spectroscopyXAS) were carried out in a
purified by column chromatograph§oluene-active carbon- Vacuum-generatdv/G) df)ﬂ)ble-chamber UHV system with a
silica gel-alumina and checked for phase purity by Uv- Pase pressure 6£1Xx 10" “"mbar. The XPS source was the
visible and infrared(IR) spectroscopy and analytical high nohmonochromatized Mé« line (1253.6 ey and the in-
pressure liquid chromatography. It was then sublimed from Strumental broadening is estimated to be 0.9 eV for XPS. A
Knudsen cell furnace onto clean Pt-substrate surfaiosls VG CLAMIO00 electron-energy analyzer was used for the
99.95% purity held at 300 K in a UHV preparation cham- photoemission experiments and a_part|al—ele§:tr_on-y|eld de-
ber. Subsequently, the,gfilms were exposed to a flux of Ba {€Ctor for XAS. In the UPS studies, Heradiation (v
at 300 K substrate temperature, which was also sublimed 21-2 eV) was used. The UPS measurements were done at
from a Knudsen cell furnace in the preparation chamber300 K, giving an overall resolution of 200 meV, as deter-
After thorough degassing, Ba deposition could be done afined from the Fermi edge of a clean polycrystalline Pt
pressures below 210 ° mbar. After Ba deposition, the surface. The energy positions and_the intensities of the
films were heated to 620 KPt-substrate temperatyréor valence_—band structgres were Qeterm|n9d by fitting eaqh vy|th
~15 min in order to enhance the Bag@nixing. The amount & combined Lorentzian/Gaussian function. The zero bmdmg
of material deposited was determined with a quartz-crystal€n€rgy (BE) of the UPS data was referenced to the Fermi
thickness monitor. The Bag stoichiometries were deter- ©dg€ of a clean Pt foil.
mined by monitoring the Bad,, and the C & core-level The_ XAS measurem_ents were performed z_;\t _the SX-700l
intensities with x-ray photoelectron spectroscdiPS) us- beamline of the Berliner sy_nc_hrotron radiation source
ing the nonmonochromatized MgKa radiation v (BESSY). The synchrotron-radiation photon energy ranges
=1253.6 eV). Surface compositions were determined afteppm 10 to 20_00 eV and the monochromator was operated
substraction of a Shirley-type background using the cros¥/ith @ resolution of 0.5 eV at the & edge. The photon
sections from Ref. 22. Since the mean free path for thesENergy was calibrated to an gccuracyin@.S eV with ref-
electrons was-15 A in the BaCq, films, about 95% of the ~ €rence to the Lad— 4f transition of a LaA} sample at 836
signal came from within~45 A of the surface. The stoichi- e\_/. The XAS data were collected in the.partlal-y|eld mode
ometry uncertainty, approximately 15% in these studies, With aretarding voltage of200 V. To avoid problems with
reflects systematic errors in determining the intensities of thé€ Spectral artifacts of carbon contamination of optical com-
C 1s and Ba &ls;, main line and satellite structures and un- PONenNts, the spectra were divided by the spectrum from a
certainties related to the electron mean free path ifCRa clean C110 surface recordeq under the same conditions
These XPS measurements allowed us to calibrate the stoiclﬁ‘nd were subsequently normalized to the edge jump.

; : ; ; ; . X-ray diffraction was carried out with CH« radiation
ometries of the films obtained under identical growth condi- . ) . .
tions in photoemission and x-ray-absorption studies. using STOE STADI P diffractometefslouble circle diffrac-

tometer equipped with a GELL)-primary monochromatdr
_ High-resolution data were collected in the focusing Debye-
B. Preparation of bulk samples Scherrer transmission geometry with samples sealed in Lin-

The G, starting material was purified, dried, and after- demann tubes in a glove box under Ar.
wards transferred into an Ar-filled glove box together with
Ba lumps. These lumps were filed to obtain Ba powder, sinc®- ©
commercially available Ba powders contain oxidic contami- The theoretical background of the crystal-orbit&lO)
nations. Stoichiometric amounts of Ba angh@owder were  method employed has been described in Ref. 19. The method
mixed, pelletized, and sealed in an evacuated quartz ampouie based on a semiempirical Hamiltonian of the INDO type.
to enhance the grain contact during the solid-state reactioWVe have approximated the atomic parameters of Ba using Ca
which was carried out at 700 K for five days. Unfortunately, elements that have been inserted into the present CO Hamil-

omputational conditions of the crystal-orbital calculations
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TABLE I. Number ofk points considered in the irreducible part in Table I. The labels of Miller and Love have been used to
of the Brillouin zone(BZ) and the total BZ in the crystal orbital classify the symmetry directions and symmetry points in re-

calculations of BgCq fullerides. ciprocal space. A standard histogram technique has been
: - used to evaluate the DOS profiles. In this step, we have
System k-grid 1BZ k-grid BZ adopted a width of 0.2 eV. In a second step, the DOS histo-
Ba:Cep 10 240 grams h_ave been smoothed by_ _Gaussian fur_1ctior_15 with a
mean width of 0.35 eV. To stabilize the SCF iterations we
Ba,Ceo 54 216 . .
BaC.O(1) 29 264 have adopted a Hartree damping of the bond-order matrices.
Ba5C6 2 56 216 In most of the BaCg Systems considered, we have found
60 insulating (semiconducting electronic configurations with a
BasCeo 14 168

gap between filled and empty dispersion curggk). Only
in the case of B&gy(1), i.€., in the solid-state geometry

tonian. To simulate the effect of the larger atomic radius ofVhich has been extrapolated fromCg, (see Sec. I, did
Ba relative to Ca, we have adopted the screening coefficieni§® INDO CO approach converge to a metallic solution with
¢ of K. Note that the covalent and ionic radii of Ba and K are @ partially filled conduction band. From detailed experimen-
roughly the same. In contrast to the majority of solid-statd@l investigations, it is weII-k.nown that. alkali- and alkaline-
electronic-structure investigations of fullerenes and ful-€arth-doped fqll_er|doe§1 are in the neighborhood of metal-
lerides, which are based on variants of the density-functiondnsulator trans_mon%.* With these materials one has a
method, the present CO formulation corresponds to an apstr_ong competition between metallic configurations and insu-
proximation to the Hartree-Fock equations. For earlier applilating configurations of the Mott type, where the number of
cations of the present CO method to fullerenes, refer to Ref$ingly occupiedk states corresponds to a maximdfrEx-
23-26. The capability and also the limitations of the methodth@nge of the alkali- or alkaline-earth donor for another one
in connection with nonfulleride solids with large unit-cell @nd the accompanying changes in the unit-cell dimension are
dimensions have been shown in a series of cgPften sufficient to cause a transition from a metal to a Mott-
investigation€’ -3 The application of the INDO CO ap- tyPe insulator or vice versa. Therefore, we have studied a

proach makes it necessary to divide the total crystal volumdott-like configuration in BaCeq(1) as well. In recent con-
into two types of spatial domains | and Il. tributions, we have demonstrated that the present INDO CO

Domain | defines an atomic sphere with radRiswhich ~ @Pproach is a rather useful tool for dsiggussing this problem in
has to be defined for any atomic site. In these spheres tOne-determinantal approximatitt.>*’For INDO CO cal-
self-consistent-fieldSCP equations in a basis of Bloch or- culations, treating the competition between metallic and
bitals are solved exactly in the given theoretical degree oMott-like states in fullerides, see Refs. 24 and 25. The theo-
sophistication. In the remaining crystal volume, i.e., domainretical background of CO calculations of Mott configurations

II, the two-center interaction is approximated by the classicaf'@s been described in Ref. 37. The CO computations have
Madelung potential. Model calculations as a function of theP&en performed on the SNI S400/40 supercomputer at the
atomic-sphere radiuRs have shown that Rg value of 7.0 A Rechenzentrgm of the _Technlsche_ Hochschule Darmstadt
is a reliable compromise between numerical accuracy of th@"d on a silicon graphics workstation of the type Power
method on the one hand and computer time and storage d&nyX. For BaCg with z=2 about 8 hs of CPU time are
mand on the othe® In the numerical integration of the necessary on the SNI 400/40 supercompiestands here
charge-density bond-order matrices, we have used the dier the number of formula units per unit cellThe CPU time
crete summation. The convergence properties of different nudémand at the work station for the same?2 solid exceeds
merical integration techniques in CO calculations have beeg4 hs. The other CO calculations of &z, fullerides with
investigated in Ref. 32. For the generation of kherids,k is ~ Z=1 required roughly one hour of CPU time on the SNI
the conventional wave vector in the electronic theory of sol-400/40 computer. The space demand of the INDO CO pro-
ids, we have adopted a generalization of the so-called largé}fam is about 1 Gbyte. Finally we want to mention that we
unit-cell method®® The present approach makes use of thehave 126 atoms corresponding to 504 atomic orbitals per unit
Patterson Symmetry in reciproca| Spaédz_or most of the Ce” in the B%C(;O CalC-U-latior!. In the basis of Bloch orbitals
Ba,Cq solids studied in this work, by crystal-orbital calcu- this leads to a Hermitian eigenvalue problem of dimension
lations, the Patterson symmetry coincides with the spacel008<1008. To the best of our knowledge, band-structure
group symmetry. An exception is By, Where the space- c_alculatlons on the SCF Igvel for such large unit cell dimen-
group symmetry is PmB(see Sec. I)l while the Patterson Sions have not been published up to now.

symmetry is Pm@. It is the conceptual advantage of the

pres.entk integration_that the underlying spatial domains are Ill. CRYSTAL STRUCTURE

of simpler geometric structure than those of the standard

Brillouin zones(BZ'’s). In Table | we have summarized the  Three phases have been observed with XRD for the
number ofk points considered in the irreducible part of the Ba,Cgq System as shown in Fig. 1: for<Ox<<3 the material

BZ and in the total BZ. Thé& arrays employed in the present has been a mixture of & and simple cubic BCq, *° For

CO calculations exceed the dimensionlkofarrays used in  3<x<6 we observed a mixture of B, and BaCg, (Ref.
many previous band-structure calculations of fullerides. In38) and found strong evidence for another new phase in this
the post-SCF part, i.e., in the construction of the energyange of composition. The largest abundance of this new
bandse;(k) and the electronic density-of-statd30S) dis-  phase has been been observed for a nominal composition of
tribution, we have enlarged thegrid relative to those given Ba,Cqp.
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FIG. 1. X-ray diffraction data
of the Ba-doped g bulk phases
with Ba concentrations of=2, 3,
4,5, and 6.

TABLE II. Space group$SG), Bravais latticegBL), unit-cell dimensiora,b,c (in A), and Ba positions
in fractional coordinates in B&g,. BaCgy has been calculated with=2 formula units per unit cell. For
BasCg two different solid-state geometries, i.e.,sBgy(1) and BaCqy(2), have been considered. The lattice
constants of the fullerides with Ba concentrationsxef3, 4, and 6 are determined by XRD.

System SG BL a b c X y z
BasCqo Pma sc 11.343 0.25 0.00 0.50
0.50 0.25 0.00
0.00 0.50 0.25
0.75 0.00 0.50
0.50 0.75 0.00
0.00 0.50 0.75
Ba,Cqo Immm bco 11.250 11.600 10.900 0.22 0.50 0.00
0.50 0.28 0.00
0.50 —0.28 0.0
. -0.22 0.50 0.00
BasCqo(1) Fm3 fcc 14.198 0.25 0.25 0.25
0.40 0.40 0.40
—0.40 —0.40 0.40
—0.40 0.40 —0.40
0.40 —0.40 —0.40
BasCqo(2) Immm bco 11.171 11.171 11.171 0.50 0.28 0.00
0.50 —0.28 0.00
0.28 0.00 0.50
—0.28 0.00 0.50
o 0.00 0.50 0.28
BagCso Im3 bcc 11171 0.50 0.28 0.00
0.50 —0.28 0.00
0.28 0.00 0.50
-0.28 0.00 0.50
0.00 0.50 0.28

0.00 0.50 —0.28
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the CO calculations. In the following they are denoted as
BasCso(1) and BaCgy(2). Let usstart with a short descrip-
tion of the BaCgy structure. In contrast to alkali-doped
A;Cqo fullerides which crystallize in a fcc lattice with two
tetrahedral () and one octahedral of interstitial site,
BasCqo forms an A15 structure with three equivalent
alkaline-earth position® The unit cell is primitive cubic
(see Fig. 2 In Sec. Il D, we have mentioned already that
two formula units of BaCqy are required to define the unit
cell. The centers of thedgmolecules form a bcc lattice. The
Ba atoms are tetrahedrally coordinated by the five-membered
rings of the Gy soccer balls. An orthorhombic Bravais lattice
with space-group Immm has been selected for the phase
Ba,Ceo (Ref. 39 (see Fig. 2 Note that this space-group
symmetry coincides with the one realized in alkali-doped
A,Cqo fullerides?®** Ordered G, molecules in BgCq, force

a crystal symmetry which is no higher than body-centered
orthorhombic(bcg). Ordering of the G, units is incompat-
ible with the higher 14/mmm symmetry because a fourfold
axis is missing in the gz molecule. The g, molecules must
be orientationally disordered for B&g, to be body-centered
{eetragonal(bct). The Ba positions in B&g, correspond to

FIG. 2. The structures of pristine and Ba-dopeg), @s deter-
mined by XRD. The structure of solidggis a fcc cell as shown on
the upper left-hand panel. There are three interstitial sites availabl

per G unit for intercalated alkaline-earth-metal atoms: Two of . 0.
the sites provide tetrahedral coordinatifiour nearest g neigh-  diStorted tetrahedral sites. Before describing thedggcrys-

borg, and one allows octahedral coordinatigsix nearest &, tal struc?ures S(_alected, we want to '”"‘?duce théﬂ%@sm_lc'
neighbors. For stoichiometries equal to or greater than three Balure. This alkaline-earth-dopedéXfulleride crystallizes in a
atoms per G, the crystal expands and transforms to different struc-0CC lattice with distorted tetrahedral interstitial sites occupied
tures: A simple cubidso structure for BaCe, (Upper right-hand Dy Ba atoms?® The same structure is realized #sCgo
pane) with three equivalent Ba positions as indica@®kf. 39, a  alkali-doped G fullerides with heavier alkali atoms. The
bco structure for BiCq, (lower right-hand pangl and a bce struc- — orientation of the g soccerball determines the space-group
ture for BaCg (lower left-hand pang! symmetry; possible candidates e.g., are lo¥3Im3m. Fi-
nally, we introduce the two B&y, structures selected on the
The lattice constants of B&g, could not be determined basis of x-ray data observed for £a,*° or extrapolated
with the same accuracy as for &, and BaCq, (see Table  from Ba;Cqp. 1° Model 1[i.e., BaCqy(1)] corresponds to the
I1) due to the low intensity and the strong overlap with theCa,Cq, structure which crystallizes in a fcc lattice. In the
reflections of the B#Cqo phase. For the same reason, it wascalcium phase four Ca atoms form some kind of
not possible to perform a Rietveld analysis. We propose &a,-tetrahedron with origin at the position of the fcc lat-
body-centered orthorhombic structure for the new phase witkice. In the corresponding B&s, model this arrangement

approximately the same arrangement @f, & encountered
in the unit cells of BgCsy and BaCgy (see Fig. 2 This
phase can be derived either from the;Bg phase with par-
tial filling of the unoccupied interstitial sites or from the
BasCsp phase with partial deoccupation of the filled sifese
Fig. 2). Hence, similar to fullerides of heavier alkali metals
(A) we suggest a compound of thgCg, type (Fig. 2) with

leads to Ba-Ba distances in the “Béetrahedron” of 3.69
and 4.02 A. The fifth alkaline-earth atom is located at one of
the twot positions. The second interstitial site remains
unoccupied. BgCgy(2) has been derived from Bagy with

one distorted tetrahedral site unoccupied. In all CO calcula-
tions we have conserved a common geometry of thg C
soccerball. This choice allows us to study modifications in

a different lattice due to a favored occupation of voids facedhe G, solid-state electronic structure as a function of the

by the five-membered rings of the fullerenes as proposed b,
Kortan et al 1°

In the crystal orbitalCO) Sec. IV B of the present con-
tribution, we have considered four Rz, stoichiometries,
i.e., BaCgp BaCsp BaCqo in two different solid-state
structures as well as B@g, In Table Il we have summa-
rized the corresponding space groU§’s), the Bravais lat-
tices(BL), the unit cell dimensions, and the atomic positions

Ba-to-G, charge transfer and intermolecular spatial-degrees
of freedom. The g, diameter adopted amounts to 7.06 A.
Furthermore, we have employed the experimental bond-
length alternation between six-ring-six-ring=(6-6)] and
six-ring-five-ring[ = (6-5)] bonds of undoped £. Here the
(6-6) bonds have a length of 1.396 A while the bond length
of the (6-5) bonds amounts to 1.439 &.

of Ba in terms of fractional coordinates. The data of the table

have been used as input in the band-structure calculations

The existence of at least one additional phase between the

unambiguously identified B&g, and BaCg, phases has
been commented on abo¥elt was assigned to B&so
Nevertheless, we have studied the stoichiometry gfBgas
well. Since structural information is not available for this

IV. RESULTS AND DISCUSSION

A. Photoemission and x-ray absorption

Figure 3 shows a series of the valence-band photoemis-
sion spectra of Ba-dopedggfilms as a function of the Ba
concentratiorx. The binding energies are referenced to the

stoichiometry, we have adopted two plausible structures ifrermi leveler of the clean Pt substrate surface and the in-
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FIG. 3. Photoemission valence-band spectra of Ba-dopgd C  F|g. 4. Development of the LUMOt(,) and LUMO+1
films for_Ba concentrations ok ranging between 2.2 and 11.2 (t14)-derived valence band§, andD, as a function of Ba doping
(taken withh»=21.2 eV photon energyThe top spectrum shows  of the G, films. The Fermi level does not fall within the LUMO
the valence band of a 1000-A-thick pristingoiim. (t,,)-derived bandC up to a Ba concentration of= 4.5, indicating

. . . . that the fulleride issemiconductingr insulating The filling of the
tensity scale is held constant so that changes in peak height§jmo (t,,) -derived bandC appeared to be complete & 3.0

reflect changes in the photoyield. The top curve is for @and it is not cut by the Fermi level. Another LUMEL (t;q)

1000-A-thick pristine G film. The two peaks at 2.4 eVla-  _derived band starts to grow above the LUMO bai@ibeginning
beledB) and 3.8 eV(labeledA) BE below the Fermi level at doping concentrations of=6.1 and the band was cut by the

are caused byr functions (with some o admixture$®) of  Fermi level for doping levels af=8.6, giving rise to semimetal-
h, andgy+hy symmetry. The weak peak near 0.5 eV BE lic or metallic fulleride. The bottom spectrum for a 40 A-thick Ba
seen in the G, spectrum is mainly due to the photoemissionfilm on a thick pristine G film shows Ba 8l-6s hybrid states near
from the highest occupied molecular orbitdlOMO) h, the Fermi level. The bottom, minus one spectrum for a 20 A Ba film
band stimulated by He satellite radiation(hv=23.1 eV,  deposited on clean & without subsequent annealing shows the
5-10%. The second curve correspondingxe 2.2 shows Ba3-6s hybrid states and the LUMOL,) and LUMO+1 (t;o)
broadening and shifting towards: of the HOMO () and -derived bandsC andD, from the Ba-G, interface layer.

HOMO-1 (g4+h,) -derived peakd and A. Additionally,

we observe that the concentration of Ba has created a nesomplete and another bafidbeledD) begins to grow above
band centered 1.6 eVlabeledC) above the HOMO I,) this LUMO bandC for Ba concentrations of=6.1. For the
peak of G, of 0.6 eV BE that can be assigned to the lowest-Ba,- 4 5Cgy cOmpound, the ban€ appears at somewhat
unoccupied-molecular-orbitdLUMO) t;, band of G, As  higher BE (0.7 eV) and exhibits an increased peak height.
the Ba concentration is further increased by evaporation an@ihe Ba, -3 Ceo fulleride is not metallic since there is0
annealing, the new ban@ begins to grow and to shift to photoemission at the Fermi level, a result that is in agree-
higher BE, while the HOMO B) and HOMO-1 @) peaks ment with the photoemission results of Knupégrall’ but is
further shift towardser. The development of the new in contrast to the photoemission data of Chetral!® X-ray
LUMO-derived bandC is shown in Fig. 4. It can be seen that analysis for BaCqs, suggests a mixture of fcc g (a

up to a Ba concentration of=4.5, the Fermi level does not =14.17 A) and simple cubic B&g, (a=11.343 A) for 0
fall within this band, indicating that the fulleride ot me- <x<3. There is some evidence for a bcc phase foBa
tallic. The filing of the bandC appears ax=3.0 to be (a=11.25b=11.60,c=10.90 A) (see Table .
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Further deposition and annealing results in a shift of the :
LUMO (ty,) C, HOMO (h,) B, and HOMO-1 @,+h,) BayCego films C K-edge
A-derived bands to higher BE's. It produces a second new
band(labeledD) for Ba concentrations af=6.1 at 0.2 eV
BE (centered 2.0 eV above the HOM®,{ -derived band
B, see Fig. 3 The corresponding barid is probably cut by
the Fermi level. X-ray analysis for B@g, suggests a bcc
phase with a lattice constant of 11.171(dee Table . A
clear Fermi-level cutoff has been found for 84, in a re-
cent photoemission study.Additional Ba deposition leads
to the filling of this bandD and shifts the valence-band fea-
tures (A—C) to higher BE. The highest Ba concentration
achieved for BgCqy wasx=11.2. At this stoichiometry, the
HOMO (h,) peakB was 0.5 eV larger in BE than fax
=3.0 and appears 0.2 eV above the HOMg)(band of the
pristine G, (see Fig. 3.

The region near the Fermi lev@ee Fig. 4 shows that the
fulleride films up to Ba concentrations @&f=4.5 likely ex-
hibit a semiconducting or insulating behavior. For6.1
they probably become a semiconductor and a semimetal for
Ba concentrations exceeding 8.6. We have observed that the
LUMO +1 (t4) -derived band was cut by the Fermi level.
Only weak photoemission at the Fermi level is observed for
the highest Ba concentration »f=11.2, suggesting that the
fulleride film probably becomes semiconducting or insulat-
ing again. The new banB® cut by the Fermi level can be
attributed to the filling of a hybrid band derived from the
LUMO+1 (t,4) band of Gy and the 9l-6s states of the Ba
atoms(see the theoretical results summarized in Sec. JV B

The shift of thew-derived[HOMO (h,) B and HOMO-1 280 290 300 310 820
(94t hg) A] bands in the fulleride films up to Ba concentra-
tion of x=4.5 (A band andx=8.6 (B band towards lower )
BE values relative to the peak positions of the undopggl C . FIG- 5. CK-edge absorption spectra of the Ba-dopeg fms
film can be interpreted via the increasing excess charge off’ Ba concentrations ranging from=2.5-12.2. Tg\‘e top curve
the G, soccer ball as discussed in more detail in the bandﬁngvg t]t:ﬁnabsorptlon spectrum of an undope800 A-thick pris-
structure Sectior{lV B). On the other hand, we observe a 0
shift of these bands in the fulleride films towards higher BEs
for Ba concentrations of=10.5 and 11.2, indicating that a ing valence band of a clean Ba surfdéehe curve exhibits
second and energetically stabilizing effect occurs simultathe Ba$l-6s hybrid states near the Fermi level.
neously and exceeds the first and energetically destabilizinfhe LUMO+1 (t4) (D; as a shouldgr and LUMO
effect at higher Ba concentrations. It has most recently beeft,)-derived (C) bands of the fulleride can be observed at
found in a band-structure model of the;gCfragment in  ~0.7 and 1.6 eV BE in the bottom, minus one spectrum of
alkali- and alkaline-earth-doped fullerid@g¢hat some kind Fig. 4 for a 20 A Ba film deposited onto a pristing,Gilm
of electronic switch is activated with an increasing popula-(without subsequent annealingdicating that a Ba concen-
tion of the LUMO (t;,) and LUMO+1 (t;4) w*-derived tration of x=11 is obtained at the Bagg interface. This
bands, which results in an interconversion of the bondinguggests that the interface layer is enriched relative to the
character of the hexagon-hexagon and hexagon-pentagdnterior with a possible conversion to a phase of.BaCs
bonds under conservation of the overall bonding. The and it can be assumed that this layer acts as a kinetic barrier
growing widths of the photoemission features with Ba dop-so that thermal activation is necessary to form homogeneous
ing can be due to an increase of the amplitudes of the zeranacroscopic films. An O2-derived state as observed in Ba
point vibrations in the g, unit as a response to the Coulomb oxide filmg' at ~4.7 eV was not observed.
repulsion between the charged carbon at¢ses Sec. IV B The corresponding K-edge absorption spectra of the

Deposition of Ba atoms onto the surface of pristing @  fulleride films are shown in Fig. 5. They reveal excitations
Ba, Cqo film without subsequent annealing results in the for-from the C Xk core level into unoccupied Qp2derived
mation of metal clusteréor island$ on the Gg-fulleride sur-  states. Neglecting the excitonic interaction of the core hole
face. They can be identified via the characteristic line shapegith the excited electron, the absorption spectra show di-
of metallic Ba 3l core-levelgnot shown. This suggests that rectly the C p-derived unoccupied DOS. There are four
annealing is required because of the large activation energids— 7 -transitions in the upper absorption spectrum of a
for diffusion. The bottom curve in Fig. 4 is a spectrum of apristine G film. The lowest-energy peak at 284.4 eV is the
40 A Ba film deposited onto a pristinegCfilm prior to  transition from the C 4 to the LUMO (,,) band (labeled
annealing which shows good agreement with the corresponds). The second feature is due to the €tiansition into the

/10

photon energy (eV)
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gest LUMO (,,)-derived feature€C on both sides of the
gap. As the Ba content is further enhanced=@.0), the
unoccupied LUMO {;,) bandC is decreased while the oc-
cupied band intensity is simultaneously increased. Given the
evolution of valence bands, it can be concluded that the
LUMO (t,,) bandC has become occupied for a Ba concen-
tration ofx= 3.0, in good agreement with the band-structure
model of Sec. IV B. The shoulder at1.3eV BE for Ba
concentration ok=6.7 is due to hybrid states involving the
LUMO+1 (t,g) -derived bandD. The filling of this
LUMO+1 (t14) bandD appears to be complete at Ba con-
. centrations ox=6.7.
2 bin;p:g energy (:92) -4 6 For the alkaline-earth fullerides, pure ionic-bond forma-
tion requires the transfer of tweelectrons. Theoretical con-
FIG. 6. Photoemission valence-band spectedt-hand panel siderations based on the ionization energies of alkaline-earth

and CK-edge absorption spectr@ight-hand panel of the Ba- Metals, the electron affinity of & and the electrostatic
doped G films for the same sequence of Ba concentrations rangingMadelung energy of the crystal, demonstrate that such a
betweenx=2.2 and 12.2 as shown in Fig. 5. The top spectra cor-two-electron transfer imot favorable!? Therefore, bonding
respond to the pristine & films. The photon energy scale was must involve hybridization of gy #* states and Ba states, as
transported to the binding-energy scale by using the HOMGppserved, for example, in the graphite-intercalation
(h,)-LUMO (t1,) gap of the pristine ¢ film of 3.7 eV. At the  gystemd® It is shown in the band-structure Secti6v B)
lowest Be_l concentration of=2.2 or 2.5 the spectra suggest LUMO that the Ba atoms are away from the limit of complete charge
(t1,) -derived feature€ on both sides of the gap and this band had yransfer as a consequence of the competition between cova-
become filled in Bg—3.9Ceo- The shoulder just at 1.3 eV photon 1ot B3¢ honding and ionic contributions. In Ref. 42 we
teonﬁrgb{i:jnS‘T;;b;c:/rgt\u/?nn Stf]iclt_rﬂ';\n/l é’fl(%ft’a-n)cgc; ﬁnge attributed o6 shown that covalent admixtures to the Ba-C two-center
y 9 1o ' energy in BaCgg are found to be~75%, while the classical
electrostatic Coulomb part contributes25%. In BaCgq the
LUMO+1 (t)4) (labeledD) and LUMO+2 (hy) (labeled covalent contribution is reduced to 50% while the Coulomb
E) bands at 285.8 and 286.3 eV, and the third structure geortion is enhanced te-50%. This is also supported by
288.2 eV is assigned to a transition into the LUM®, recent local-density approximation models of the electronic
LUMO +4 (t,,,h,) bands(labeledF). This has already been band structure of BT, '>'* where an incomplete charge
observed by x-ray absorptith and electron-energy-loss transfer from the Ba atoms to thes@Omolecules has been
spectroscopy EELE-4546 found. This has been interpreted by a hybridization between
The fulleride-film spectra are in good agreement with thethe 5d-6s states of the BH ion and the Gy 7* states.
corresponding EEL'$* and inverse-photoemission spec- Furthermore, the Ba admixtures to the bands are not re-
troscopy dat® of the CgCq, System with Ca concentrations stricted to a rather narrow region in the vicinity of, as
close tox=3 or higher while the spectrum of the film with discussed in the band-structure section. We predict Ba am-
Ba concentrations close t0=4.2 is similar to the spectra of plitudes in an energy window of almost 10 eV on both sides
KeCso and RRCgo.*® The vertical lines should help to iden- of e¢. In contrast to the assumption of a rigid-band model
tify energy shifts of the g bands. There are significant with purely ionic character, this would account for the lower
changes in the absorption spectra with Ba doping; the initialkUMO+1 (t;4) photoemission intensity at Ba concentra-
deposition of Ba causes a shift of aif bands towards lower tions of x=6.1.
photon energies due to the increasing excess charge on the Nevertheless, we have estimated the intensities of the
Ceo Units. Furthermore, the bands are broadened. A closddlOMO—-1 (g4+hg), HOMO (h,), LUMO (t,,), and
inspection of the figure shows that the transitions ofsC 1 LUMO+1 (t,4) -derived band#\-D by fitting each with a
into the unoccupied™ bands above 290 eV photon energy Gaussian function for all investigated [, films. For x
also reveal broadening and small shifting towards lower pho= 3.0, the LUMO-HOMO ratio was~ 0.3 (theoretical ratio
ton energies. The Ba-doped absorption spectra with concemvithin a rigid-band model: 0)6 for x=4.5 their ratio was
tration of x=3.0 and 4.2 are very similar to those of the 0.4, a value smaller than the ratio €f0.45 for CaCgq (Ref.
stage-1 Cs graphite intercalation-compound-absorptioi5) and ~0.56 for KsCg. 12 Furthermore, for Ba concentra-
data?’ pointing also to a covalent rather than an ionic type oftions of x=6.1, 8.6, 10.5, and 11.2 we found LUMO-
electronic intercalation of the donor. HOMO ratios of 0.53, 0.50, 0.61, and 0.76. The
A comparison of the occupied valence-band déét- (LUMO+1)-HOMO ratios were 0.02, 0.05, 0.15, and 0.40
hand pang| with the corresponding &K-edge absorption (theoretical ratio: 0.6 This indicates that the Ba atoms can
spectra(right-hand panglof the fulleride films is given in  be considered formally as singly ionized. Therefore, an esti-
Fig. 6. The photon energy scale was transported to the BEation of the number of electrons donated by Ba into the
scale by using the HOMON(,)-LUMO (t,,) gap of the pris- unoccupied bands of theggEmolecule cannot be justified
tine Gy film of 3.7 eV (center-to-center energy foNE=1) under these electronic conditions. Any fitting of the bands
solid Gy, system&). At the lowest Ba concentration of  with a Gaussian function within the rigid-band model be-
= 2.5, the spectra of the unoccupied and occupied bands sugemes invalid.

o
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TABLE lll. Atomic net charges of Ba and{gexcess charges in B. Band structures
the BgCqq series according to INDO CO calculations in the frame- We start the discussion of the INDO CO results of the

work of a Mulliken population analysis. The numbers in parenthe- . . . . .
ses symbolize the multiplicity of the corresponding Ba atoms. InB‘”&CGO fullerides with an analysis of dispersion curves

Ba.Cey(2) the mean-value averaged over all Ba atoms has beefii(K). In Figs. 7-11 the corresponding energy bands are

given. portrayed in the outer valence region betweerd5 and
—3 eV. We predict a gap in four of the five B2, solids. A

System Ba net charge gé-excess charge metallic configuration is derived for B&g(1) only, i.e.,
BaCeo 1.1193) 3357 t.hat BaCg, structure which hag been extrapolated from the
BaCeo 1.2142) 4887 I|ghter CaCqyo homologqe. In this context we s_hould empha-

1.2272) size that CaCqq has_a high-temperature metalic ground-stz_ite
Ba.Cey(1) 1.1314) 5675 whlcgh transforms_ into a Iow-te.mpe-rature superconductmg

1.1511) one? But before discussing the individual(k) diagrams, a
Ba.Cey(2) 1.2745) _6.370 concgptual advantage of the prgsgnt CO method should be
BacCes 1.3096) 7854 mentioned. In contrast to the majority of other band-structure

approaches, the definition of an internal-energy standard in
each calculation is not required in the INDO CO formalism
: . - . employed. It seems to be a general disadvantage of many
. High B.a concentrations up to~12 W'.th'n the fuIIendp band-structure methods that a comparison of absolute band
films, which can only be prepared with the UHV film- energies and their modifications within a series of related

deposmo_n tgchmque after the a'f‘”ea"”g of the films at .620 Ksolids is not possible because each calculation leads to a new
for 15 min indicates the formation of a thermodynamlcallyimemal_energy standard for the one-electron energies

;table Ba-G, solid-state solution. This strongly suggests angi(k)_ In the present method all one-electron energies are
incomplete Ba-to-g charge transfefCT) as a consequence (efined in absolute numbers; see Ref. 19. In short, the
of the q_uantum-ch_emlcal nature of the Bgghteraction. As_ INDO-baseds; (k) curves do not depend on internal-energy
theoretically predicted, the ¢ excess electron charge in standards. It is thus straightforward to analyze modifications
BasCeo is —7.854(see Table Il}, which leads to an electron jn the one-electron energies as a function of the Bagg-C
transfer of 1.309 from each Ba atom. Furthermore, it wasCT and the crystal structure on the basis of a common energy
found that the g, unit has a high ability to accommodate zero.

excess electrons. In systems with up to 12 excess electrons For Ba;Cy, We calculate a forbidden gap of about 2.2 eV
on the soccer ball, any sizable weakening of the overall with the highest-filled band states located-a.47 eV. They
bonding is preventet! This strongly indicates that the are derived from the molecular LUMQ,(,) orbital. As em-
preparation of thermodynamically stable solid-state solutionphasized in the preceding section this classification is only a
with Ba concentrations of up~12 are feasible since the Ba formal one as the metalgg hybridization is rather strong.
atoms in the fullerides are essentially monovalent as a resukhus, any rigid-band model corresponds to an oversimplifi-
of the competition between covalent and ionic Ba-C interaccation. In BaCg, fullerides (x>0), the LUMO-derived

tions. states are occupied as a result of the Ba-{pT. It is well
-3
e e e ————
1= Bas (e
=

FIG. 7. Energy bands,(k) of BasCq, in the
outer valence region betweenl15 and —3 eV
according to INDO CO calculations.
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-9 FIG. 8. Energy bands of B&g.
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known that forbidden gaps are always overestimated b¥pectra of BgCq films with x=2.2 have shown that Ba
methods derived in the framework of the Hartree-Fockdoping leads to a new band located about 1.6 eV above the
approximatiorf:® Note, however, that the gap is frequently HOMO peak of undoped & The difference of 0.4 eV be-
underestimated in density-functional approac??éé.lt can  tween theory and experiment is probably caused by many-
be expected that the “true” gap in B@g, occurs in an in- poqy corrections that differ in the HOMO and LUMO region
terval between 0.7 and 1.0 eV. Tke(k) curves in Fig. 7 ot ¢ A recent theoretical analysis on the basis of the

show a clear discrimination betweengGtates ofr and o Green's function method has shown that many-body correc-
character. Ther bands are rather narrow as a result of the,

small intermolecular g-Cy overlap. In BaCq, these one tions for hole states are larger than corrections for the
" 60 . 60 - 52 ; : :
electron states are found belowl2.6 eV. The filled LUMO LUMO.** As demonstrated in Ref. 52 these many-particle

band is predicted about 2 eV above the HOMO states decorrectlons reduce the calculated-energetic splitting between

rived from the bare g unit (center of gravity. In the mo- the HOMO and LUMO energies. ,

lecular I, symmetry, these HOMO states transform accord-_. Let us come back to the highest-filled bands otGg.

ing to the irreducible representatiom,. The calculated Figure 7 shows that Fhe SIX one-elegtron stdteste that we
energy separation between the two highest-filled band statd¥Ve two formula units B&s per unit cel) are degenerate
of Ba,Cq, (= HOMO-LUMO separation if the one-electron only at -theR point with fractional coprdmateg 0.5, 0.5, 05
states are expressed in terms of the one-electron states dfquasidegeneracy occurs at thepoint (fractional coordi-
bare Gg) of 2 eV is in good agreement with the results of thenates: 0, 0.5, 0 At the I point, two one-electron states with
photoemission measurement; see Sec. IV A. Photoemissidhreefold degeneracy occur. They correspond to the all-in-

—3 _—X&/
kS BasCeo
T.{_E_ (metal)
W :%
-6 = B == ——_-::,:’_’—_’;'___{;/—EF:
| -592
e ?
.
—_—] FIG. 9. Energy bands of B&(1) in a me-
-9E ——== tallic configuration;er symbolizes the Fermi en-
\ . .
—— ergy. The bands of the Mott-like state do not dif-
fer sizeably from the dispersions shown here.
|
-12
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r A zZ The highest-filledo dispersions in B&gy are predicted at
-3 about—11.6 eV while they are found at abotit12.6 eV in
= BagC BasCoqpo-
> 560 60
% {insulator) The dispersion curves of the two &, structures are
T:_ shown in Figs. 9 and 10. In Fig. 9 we have displayed the

gi(k) diagram of BgCgy(1) in a metallic configuration with
the Fermi energyr at about—5.92 eV. e cuts three en-
ergy bands which are derived from the molecular
(LUMO+1) states oft;; symmetry. Remember that the
LUMO states oft;, symmetry are completely filled by six
electrons. In BgCqs, we are then left with four additional
valence electrons leading to a partial occupation of the mo-
lecular (LUMO+1) states. In alkali-doped;Cq, fullerides
such a many-band crossing of the Fermi energy is suggested
as an enhancement factor for the superconducting
pairing2**3The delocalization of the Cooper pairs over more
than one band leads to an increasing coupling strength. We
suggest that the same mechanism is operative in supercon-
ducting CgaCgg Which crystallizes in the solid-state structure
adopted for BaCgo(1). Test calculations with the present
INDO CO approach have shown that the overall shape of the
band structure displayed in Fig. 9 is conserved foe@a
Many-band scattering with Cooper-pair delocalization over
three bands should be accessible in this Ca fulleride. The
phase and all-out-of-phase combination of the molecularNDO CO calculation leads to an electronic DOS st
t,, descendant. Their splitting amounts to about 0.75 eV. [=N(0)] of about 8.4 states per eV, a value that is some-
The €;(k) curves of BaCgq, are displayed in Fig. 8. The what smaller tharN(0) elements extrapolated or calculated
calculated forbidden gap of this fulleride system is slightlyin alkali-doped G, fullerides®® This difference between
larger than the one observed in 83, The lower crystal alkali- and alkaline-earth-doped fullerides can be traced back
symmetry with two types of Ba positions leads to a largerto the smaller-unit-cell dimensions realized in alkaline-earth-
splitting of the one-electron states. Figure 8 shows that theloped materials. The overall widtke of the BaCgo(1) con-
nearly dispersionlessr bands do not exhibit such pro- duction band is roughly 1 eV. Recent theoretical works in
nounced energetic degeneracies as encountered in the cubifferent degrees of sophistication have shown that the so-
BagCqq system. Comparison of the twg(k) diagrams dem-  called (intramoleculay Hubbard two-electron repulsion U in
onstrates an overall shift of the B2, energy levels to bare Ggis larger than thé\e value of BaCg(1) by a factor
smaller binding energies. The highest-filled band states aff 3 to 42>54->%In doped fullerides U ande are of the same
Ba,Cgq are predicted slightly above 6 eV. This shift in the order of magnitude; here the Hubbard U is reduced to values
CO basis energies of B@g, relative to BaCq, to smaller  between 0.7 and 1.0 e¥:?° But then one has to expect a
binding energies is even more pronounced for dhbands.  strong competition between a metallic ground state and an

FIG. 10. Energy bands of B&g((2).
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insulating Mott-like state with a maximum number of singly Ba;Cq, and BaCy. But even here, the highest degeneracy
occupiedk microstates in the highest-filled baisgl In the  compatible with the crystal symmetry is threefold. Band
one-determinantal approximation of the present CO apstates that are derived from molecular levels with fourfold

proach, we predict an almost perfect energetic degeneragy,q fivefold degeneracy are split even at the symmetry points
between both configurations. We feel that the CO result$,entioned above for both cubic lattices.

derived for B3Ce(1) are in line with experimental observa-  \va feel that it is necessary to relate thes8g@ band-

&%?ih 'Ra\r?eagzos\:ﬁatlﬁafgser?lﬁug?'glaer;?rgggerﬂOg#:‘zgggﬁ’sstructure results together with the photoemission data on one
(i.e., doping center, unit-cell dimensiprare sufficient to side, o the superconductivity assigned t0,Gg, on the

10 ; ; ;
cause transitions between both types of electronié)th?r' Accord_lng o th? present CO calculations Bg, is
configuration€®2L an insulator with a forbidden gap of about 4.5 eV. We have

The energy bands of B&y(2) are displayed in Fig. 10. mentioned above that the present Hartree-Fock-based ap-

For this BaCq, Solid-state arrangement, an insulating groundProximation tends to overestimate band gaps. But a recent
state with a forbidden gap of about 3 eV is predicted. Againdensity-functional study known to underestimate the gap pre-
we expect that the “true” gap amounts to 1.0-1.5 eV. Com-dicts an msulatl_ng band structure as wélPhotoemission
parison of Figs. 9 and 10 indicates that betfk) diagrams SPectroscopy yields an insulating state for,Bg for x
differ remarkably. The width of ther-type functions in the =4.5=0.7 and a semimetallic state for=6.1=0.9. The
insulating modification BeCey(2) exceeds the width of the uncertainties in the stoichiometry prevent a clear experimen-
mtype dispersions realized in Bay(1). It seems that the tal answer to the question whether or notBg is metallic.
bonding interaction of the Ba atoms to thg,Goccer balls is  But a nonmetallic state is probably compatible with the spec-
less efficient in the fcc phase with its Beetrahedron on the troscopic results. On the basis of the density-functional study
interstitial o site. The absolute band energies in Figs. 9 andf Ref. 14 and the present CO calculations, the exact stoichi-
10 indicate that most of the one-electron states of the metabmetry of the superconducting Ba fulleride seems to be ques-
lic configuration are found at lower energies. Here thetionable. We believe that B&, is not the stoichiometry of
highest-occupied £ o-like states occur at about 12 eV  the superconducting phase. By analogy with;&g, we
while they are found at about 11 eV in BaCq,. (2) The  have studied the band-structure properties of otheCka
electronic origin of this relative shift of one-electron levels in solid-state geometries as well. We have adopted structures
isoelectronic solids will be explained below. We have al-compatible with a bcc lattice(space-group symmetries
ready mentioned that both suggestions of solid-state strudm3m, Im3 variation of the unit-cell dimensign Despite
tures are affected by some unavoidable uncertainties. Ther#hese additional degrees of freedom, a gap between filled and
fore, a quantitative comparison of the total energies of thaunfilled dispersion curves survived in all band-structure real-
two BasCgy models is not possible. Nevertheless, we havdzations.
observed that the insulating structure, i.e.s&@(2), is of Next we discuss the DOS profiles of the five solids. The
lower energy than the metallic structuresBg,(1). This en-  corresponding diagrams have been collected in Fig. 12 in the
ergetic graduation is in line with the strength of the BgrC valence region between 30 and 0 eV. The DOS profile of
interaction discussed in connection with the dispersiorundoped G, is more or less conserved in &z, Note that
curves displayed in Figs. 9 and 10. It seems thafBgand the undoped fullerene crystallizes in high cubic fcc symme-
CasCgq prefer different solid-state arrangements. The comiry. The BaCso and Gy DOS distributions differ with re-
pletely different behavior of bottAEsCg, fullerides (AE  spect to the peaks assignedaaandb in Fig. 12. Peala is
=Ca,Ba) remember that @&, is a superconductor, and can caused by the aforementioned LUMO béng, symmetry in
be considered as an outcome of these different preferencestine G, moleculg which is occupied by six electrons and
the solid-state structure. peak b has its origin in hybridizedt,, states. The two
Finally, we consider the energy bands ofs;Ba, where  maxima on the high-energy side of peakare caused by
the moleculart;, LUMO and t;; (LUMO+1) states are Cgo m functions ofh, (first maximum andhg, g4 (second
filled completely by twelve electrons. Figure 11 shows thatmaximum symmetry. In cubic-fulleride crystals these “mo-
the energetic splitting between both groups of energy bandecular fingerprints” of 7 states are conserved in the solid
is rather small. This is in line with the photoemission datastate. The symmetry reduction in B2 to an orthorhombic
where the two peaks derived from the moleculgy and  Bravais lattice is accompanied by a remarkable perturbation
t,, orbitals(see Figs. 3 and)4collapse into a common one. in the DOS structure in the outer valence region. The fcc
The highest-filled states occur at about5.2 eV. As an symmetry of BgCso(1) restores the DOS profile realized in
overall effect, we have a continuous shift of thg€k) num-  BaCg,. The energetic separation between peakand b
bers to higher orbital energies with increasing Ba doping. Irt;, andt,y descendanjshowever, is reduced as a result of
BasCqo the highest-filledr dispersions are predicted at about the partialt;; occupation. This variation of the DOS maxima
—10eV. Furthermore, the;(k) diagram indicates that the is even enhanced in B@g, where thet,-derived states
energy bands derived from the molecuigy andt,4 orbitals ~ (=peakb in Fig. 12 are fully occupied. In analogy to
are degenerate at tHg, H, and P points.H and P have Ba,Cg, the low symmetry of BeCg((2) causes perturbations
fractional coordinates 0, 0.5, 0 and 0.25, 0.25, 0.25. At othein the DOS profile in the outer valence region relative to the
symmetry points and in all symmetry directions this degen<common DOS pattern encountered in all cubic fullerides. We
eracy is lifted. Comparison of the five (k) plots of Figs.  wish to point out that the calculated DOS profiles reproduce
7-11 indicates that such degeneracies of the one-electrdhe photoemission data in the extreme outer valence region
levels in reciprocal space only occur in the two cubic solidswhich have been discussed in the photoemission section
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(Sec. IV A. In the UPS spectra of the B2y fulleride films,

four peaks are clearly resolved. They are associated with the
Cgo  States ofyy, hy, andh, symmetry and ther* LUMO

and (LUMO+1) states oft;, andt,;q symmetry. The CO
approach predicts that the energetic separation between the
gy, hg, andh, -based peaks and thg,, t;4 ones is reduced
with increasing doping. This theoretical result is in line with
the photoemission data. Figure 12 is a convenient represen-
tation for visualizing the shift of the one-electron energies in
Ba,Cqp as a function of the alkaline-earth doping.

As a final theoretical topic, we analyze the magnitude of
the Ba-to-Gy CT and thus the quantum chemical nature of
the Ba-Gg interaction. In Table Il we have collected the net
charges of the Ba atoms as well as the excess charge on the
Cgo Unit in the alkaline-earth-doped fullerides studied. The
net charges in the table are based on a Mulliken population
analysis’ We are aware of the difficulties in calculating
atomic net charges at electropositive centers with diffuse or-
bitals. In this context we refer to Ref. 14, where it has been
shown that the Ba-to-§g CT in Bg;Cq is incomplete, inde-
pendent of the details of the procedure used to estimate the
atomic charges. In the density-functional work, both a Mul-
liken population analysis as well as a volume integration has
been employed. In any case, we want to emphasize that
atomic net charges do not have the character of an expecta-
tion value, but that they are a useful auxiliary quantity to
discuss electronic-structure properties on the basis of com-
putational quantities that have a well-defined physical mean-
ing. In Table Ill, it is seen that the Ba atoms are far away
from the limit of complete valence CT which would lead to
a Ba net charge of 2.0. According to the present CO model
slightly more than one electron per Ba atom have been trans-
ferred to the Gy molecule. With increasing Ba concentration,
the CT is enhanced. In the Bay, fullerides one has a com-
petition between covalent Baggbonding and ionic contri-
butions. The variation of the Ba net charges emphasizes that
the importance of ionic contributions to the binding of Ba is
enhanced with increasing doping. This result can be quanti-
fied by calculating the interaction energy between a Ba atom
and the nearest C atom of thg Qnit. In Ref. 26 we have
shown that covalenthopping admixtures to the Ba-C two-
center energy in Bfg, are found between 72 and 79%,
while the classical electrostatic Coulomb-part contributes
19-26%. In BgCqo the Coulomb contribution to the Ba-C
two-center energy is enhanced to about 47%. The covalent
contributions are reduced to about 51%. The exchange inter-
action contributes only a small amount to the net two-center
energy. In BgCso We have the situation that the Ba-C inter-
action contains almost the same amount of covalent and
ionic admixtures. As already mentioned, a rigid-band model
cannot be justified under these electronic conditions. Never-
theless, it is important to mention that the Ba admixtures to
the CO wave functions are not restricted to a narrow region
in the vicinity of e (see above Nonnegligible Ba ampli-
tudes are predicted in an energy window of several eV on

FIG. 12. Calculated electronic density-of-states distribution ofP0th sides ok . This information may be important for the

Ba,Cq fullerides in the valence region between30 and 0 eV.

discussion of superconducting pairing mechanisms. In the

With the exception of BfCq,, With z=2, all DOS curves have been case of an electron-phonon coupled mechanism, the isotope

renormalized with a common scale fact@rbitrary unit3. The

effect caused by the doping atom would be much smaller

Fermi energyer of BasCey(1) is indicated. The origin of the peaks than expected on the basis of the theoretically derived charge
labeleda andb is explained in the text.

distribution under the assumption that the transferred elec-
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trons occupy states near the Fermi energy. The calculated V. CONCLUSIONS
shifts of the one-electron energies in the,Bg series are

easy to explain via the charge distribution given in Table Il1. e ; . i
With an increasing excess charge on thg €ccer ball, the Ceo fullende films indicate that B&qq flllms are semiconduc
tors or insulators for Ba concentrations of up xe-4.5

Ba,Cqo One-electron energies are shifted to less negative !

. X ; +0.7). They probably become semiconductors for Ba con-
g;(k) values for the occupied bands. The difference in th(;(fzentra)tions gfxiB 1 (zo 9) and a semimetal or metal for
center of gravity of the energy bands of the two;Bg VI

? ? . Ba concentrations ok>~6.1 due to the filling of the
structures is caused by the different Ba-tg;CT in both . : .
solid-state arrangements. LUMO+1 (t,4)-derived band crossing the Fermi level. In

Obviously, ther electronic structure in the ggunit must the case of ByCgo, the CO calculations on the basis of two

be modified as a result of the Ba-tgGCT. An analysis of plausible solid-state geometries lead to an insulating and a

so-called Wiberg bond indic&shows that the discrimina- tmhgtzlI:tizllzcrtrfr?lzrzggftl%?rt?\t(l,ogé ?gpnfeﬁ:g ertr:I:tle(ij(I:ﬁset;tlg is
tion between carbon-carbon doul(é-6) and single(6-5) P 9 )

bonds is attenuated with an increasing concentration 0guasldegenerate with a Mott-like insulator. Additionally, the

alkaline-earth dopants. A detailed investigation of this topicpresent CO calculations indicate that the exact stoichiometry

will be left for a future contribution. The most important Qf the superconducting Ba fulleride phase seems to be ques-
result is as follows. tionable yet. We have observed lower photoemission of the

In bare G, the (6-6) bonds show a sizeable double-bond LUMO (t,,) and LUMO+1 (ty,) -derived bands in the ful-

character, while th€6-5) bonds are essentially C-C single Ice;;ld € ]:ggi tgtjatllng:r ?ﬁgcaesn;rjﬁogjncgpg'diﬁ? a;gnﬁteggzr_'
bonds. In BgCq, this relative graduation is reversed. Here yp P purely

the double-bond character of th@&6) bonds is smaller than :t(;tc()ar: Cl)f tizfjilz:tfsI?gg{iﬁgoga\\lvzlatgrlg ggédé\?vzndfgr?]dg!é-rlmsit
that of the (6-5 bonds. Of course this charge-dependent gy y

L i of complete charge transfer. In the Ba-doped fullerides one
modification of the double-bond character of tt&e6) and has strong competition between covalent and ionic Ba-C

(6'5). bonds must be ac_comp.anl'ed by a reduction in thE‘bonding. This is in contrast to the interpretation of Ca and Ba
maximum value of the Wiberg indices. Note that the number, X .
fullerides in Refs. 17 and 46, where one has assumed com-

of (6-5) bonds exceeds the number(6f6) bonds by a factor lete alkaline-earth-t CT for doning levels of :

of 2. The calculated modification of the bond character as Q_ze ad aline e?a.rd b O'ﬁb h or ?pln?h eve.tsho UtP I?'(II'

function of increasing doping leads to an enhancement of the_f thanLL?Mnnglglt and € a:jvg)r ggfe E.r \;]V' dpar_la II ng

double-bond character in the majority component of the C- € .( 1) -derived band for higher doping lev-
els. Our theoretical results strongly suggest that the elec-

bonds and to a simultaneous reduction in the minority Com_ron'c structure of the fulleride svstem for all Ba concentra-
ponent. As an overall effect we find that the mean value oi. : uctu urier y

the bond index is more or less independent of the concentr lons is _characterized by a strong hybridization of _thg Ba
tion of Ba atoms. We have already suggested that the indtoms .W'th them-type fun9t|ons of the 60 NEtwork. Th!s IS
gain in contrast to the interpretation of the nonrigid-band

creasing widths of the photoemission peaks with increasin ehavior for the Ca-fulleride systefhwhere reduced energy
doping are caused by increasing amplitudes of the zero-poi Yo paration of the g molecular orbitals caused by a de-

vibrations in the Gg unit in the presence of electronic excesscreased dimerization of & upon n-type doping has been
chargeqenhanced Coulomb repulsipand reduced maxima assumed. The formation of highly-doped BaQulleride

in the bond indices measuring covalency. In recent theoreti

cal publications, it has been shown that the amplitudes Oﬁlms with concentrations of up ®~12 with the UHV film

these zero-point vibrations exceed 0.07 A already in the ungieposition technique is feasible as a consequence of the in-

doped G, fullerene with the aforementioned clear discrimi- complete Ba-to-go CT, and, furthermore, it proceeds from
nation betweer(6-6) double and(6-5) single bondS%:60 Of the significant ability of Gy to accommodate up to 12 excess
course, this broadening of the photoemission peaks has n§{ectrons.
been reproduced by the CO calculations based on a fixed

Ceo soccer ball geometry. But the conservation of a common

fulleride geometry allowed us to study the charge-induced This work was supported by the Bundesministerium fu
modification of then electronic structure in the absence of Bildung und Forschung through its fullerene project and by
any intramolecular geometric degrees of freedom. With inthe Fonds der Chemischen Industrie. One of(T.Sch)
creasing doping one expects an increasiggdiameter and thanks Professor A. M. Bradshaw, Fritz-Haber-Institut der
a decreasing bond-length alternation. MPG, for helpful discussions and financial support.

The photoemission and the XAS spectra of the Ba-doped

ACKNOWLEDGMENTS

* Author for correspondence: Fritz-Haber-Institut der Max-Planck-  (Academic, Boston, 1994Vol. 48.
Gesellschaft, Faradayweg 4-6, D-14195 Beflbrhlemn), Ger- 5]. Rosseinsky, D. W. Murphy, R. M. Flemming, R. Tycko, A. P.
many. FAX: ++49-30-8413-4401. Electronic address: Ramirez, T. Siegrist, G. Dabbagh, and S. E. Barrett, N&3662

thomas@carbon.rz-berlin.mpg.de 416 (1992.
IR. C. Haddon, Acc. Chem. Re85, 127 (1992. 5T. Tanigaki, I. Hirosawa, T. W. Ebbesen, J. Mizuki, Y. Shi-
2A. Raghunathan, Supercongl. 1 (1993. makawa, Y. Kubo, J. S. Tsai, and S. Kuroshima, Natfé,
3Buckministerfullerenesedited by W. E. Billups and M. A. Ciu- 419(1992.

tolini (VCH, Weinheim 1993 7K. Holczer, O. Klein, S.-M. Huang, B. Kaner, K.-J. Fu, R. L.

4Solid State Physicsedited by H. Ehrenreich and F. Spaepen  Whetten, and F. Dieterich, Scien262, 1154(1991).



13 556

8C.-C. Chen, S. P. Kelty, and C. M. Lieber, Scien2g3 886
(1991).

9A. R. Kortan, N. Kopylov, S. Glarum, E. M. Gyorny, A. P.

TH. SCHEDEL-NIEDRIGet al. 55

355, C. Miller and W. F. LoveTables of Irreducible Representa-
tions of Space Groups and Co-Representations of Magnetic
Space GroupsPruett, Boulder, 1967

Ramrez, R. M. Flemming, F. A. Thiel, and R. C. Haddon, Na- 36N. F. Mott, Metal Insulator TransitiongTaylor and Francis, Lon-

ture 355 529(1992.

don, 1990.

10a, R. Kortan, N. Kopylov, S. Glarum, E. M. Gyorgy, A. P. 87M. C. Bohm, R. Rarfmez, and A. M. Oles, Ber. Bunsenges. Phys.

Ramirez, R. M. Flemming, O. Zhou, F. A. Thiel, P. L. Trevor,

and R. C. Haddon, Naturg60, 566 (1992.

Chem.91, 717 (1987; Chem. Phys117, 405(1987.
38H. Werner, Ph.D. thesis, Univerdit&rankfurt, 1995.

M. S. Golden, M. Knupfer, J. Fink, J. F. Armbruster, T. R. Cum- *°A. R. Kortan, N. Kopylov, R. M. Flemming, O. Zhou, F. A.

mins, H. A. Romberg, M. Roth, M. Sing, M. Schmidt, and E.

Sohmen, J. Phys. Condens. Matfei8219(1995.

123, H. Weaver, J. Phys. Chers3, 1433(1992.

135, saito and A. Oshiyama, Phys. Rev. L&t, 121(1993; Solid
State Commun83, 107 (1992.

s, C. Erwin and M. R. Pederson, Phys. ReviB 14 657(1993.

15y, Chen, D. M. Poirier, M. B. Jost, C. Gu, T. R. Ohno, J. L.
Martins, J. H. Weaver, L. P. F. Chibante, and R. E. Smalley,

Phys. Rev. B46, 7961(1992.

Thiel, R. C. Haddon, and H. M. Raabe, Phys. RevB13 070
(1993.

4OW. E. Pickett, inSolid State Physicedited by H. Ehrenreich and
F. SpaepertAcademic, Boston, 1994Vol. 48, p. 226, and ref-
erences cited therein.

413.P. Axe, S. C. Moss, and D. A. NeumannSalid State Physi¢s
edited by H. Ehrenreich and F. Spaep@tademic, Boston,
19949, Vol. 48, p. 149.

42M. C. Bohm, Th. Schedel-Niedrig, H. Werner, R. Schlloand J.

186G, K. Wertheim, G. N. E. Buchanan, and J. E. Rowe, Science Schulte, Z. Naturforschung. Teil A1A, 283(1996.

258 1638(1992.
M. Knupfer, F. Stepniak, and J. H. Weaver, Phys. Rev4®
7620(1994.

43D, M. Hill, H. M. Meyer IlI, and J. H. Weaver, Surf. Sc225, 63
(1990.
44, J. Terminello, D. K. Shuh, F. J. Himpsel, D. A. Lapiano-Smith,

18y, Chen, F. Stepniak, J. H. Weaver, L. P. F. Chibante, and R. E. J. Sidwr, D. S. Bethune, and G. Meijer, Chem. Phys. L&&2,

Smalley, Phys. Rev. B5, 8845(1992.
®R. Ramrez and M. C. Bbm, Int. J. Quantum ChenB4, 47
(1988.

20F Stepniak, P. J. Benning, and J. H. Weaver, Phys. Re48,B

1899(1993.

2IR. C. Haddon, A. S. Perel, R. C. Morris, S.-H. Chang, A. F.

491 (1991).

4SE. Sohmen and J. Fink, Phys. Rev4B, 14 532(1993.

46, Romberg, M. Roth, and J. Fink, Phys. Rev4® 1427(1994.

473, Blocker, H. Werner, D. Herein, R. Scljb Th. Schedel-
Niedrig, M. Keil, and A. M. Brashaw, Mater. Sci. Foru®i-93,
337(1992.

Fiory, F. F. Hebard, T. M. Palstra, and G. P. Kochanski, Chem*M. C. Bohm, J. Schulte, and R. Sclgp Phys. Status Solidi B

Phys. Lett.218 100 (1994.

196, 131(1996.

22practical Surface Analysjedited by D. Briggs and M. P. Seah, “°J.J. Ladik,Quantum Theory of Polymers as Soli@enum, New

2nd ed.(Wiley, Chichester, 1990 Vol. 1.

233, Schulte and M. C. Bom, Solid State Commui93, 249(1995.

24M. C. Bohm and J. Schulte, PhysicaZ52, 282 (1995.

25M. C. Bohm and J. Schulte, Mol. Phy87, 735(1996.

26M. C. Bohm, Th. Schedel-Niedrig, H. Werner, R. Sagloand J.
Schulte, Solid State Commu@8, 463 (1996.

2’R. Ramrez and M. C. Bbm, Z. Naturforsch. Teil A42A, 1346
(1987.

28R. Ramrez and M. C. Bam, Int. J. Quantum ChenB4, 73
(1988.

29M. €. Bohm, Chem. Physl28 457 (1988.

30M. Y. Lavrenziev, H. Kppel, and M. C. Bbm, Chem. Phys.

169, 85 (1993.

31R. Ramrez and M. C. Bam, Phys. Status Solidi B35, 661
(1986.

32F_ Pfirsch and M. C. Bom, Chem. Phys98, 89 (1985.

33R. A. Evarestov and V. P. Smirnov, Phys. Status SolidilB, 9
(1983.

34R. Ramrez and M. C. Bbm, Int. J. Quantum Chen84, 571
(1988.

York, 1988.

50R. A. Heaton, J. G. Harrison, and C. C. Lin, Phys. Rev2®
5992(1983.

S1w. E. Pickett and C. S. Wang, Phys. Rev3B 4719(1984.

52M. €. Bohm, J. Schulte, and S. Philipp, Chem. Phys. L2826
381(19949.

53M. J. Rice, H. Y. Choi, and Y. R. Wang, Phys. Rev4® 10 414
(1991).

54M. R. Pederson and A. A. Quong, Phys. Rev.4B, 13584
(1992.

5y, P. Andropov, O. Gunnarsson, and O. Jepsen, Phys. Rd8, B
13 647(1992.

S6R. L. Martin and J. P. Ritchie, Phys. Rev.4B, 4845(1993.

5’R. S. Mulliken, J. Chem. Phy23, 1833(1955.

8K, B. Wiberg, Tetrahedro24, 1083(1968.

593. Kohanoff, W. Andreoni, and M. Parrinello, Phys. Rev4fg
4371(1992.

%0R. Ranirez and M. C. Bam, J. Phys. Condens. Mattéy 4847
(1995; M. C. Bohm and R. Rarmez, J. Phys. Chen9, 12 401
(1995.



