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Electron-energy-loss studies of Rb C6o and Rb„C7o (x =0, 3, and 6)
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The electronic structure of undoped and Rb-doped C&0 and C70 has been studied by high-energy
electron-energy-loss spectroscopy in transmission. Excitations of valence and core electrons reveal the
occupation of bands derived from the lowest unoccupied molecular orbitals upon n-type doping of the
solid fullerenes. Detailed information on the electronic structure of ~ and o. electrons is provided.

I. INTRODUCTION

The discovery of fullerene molecules' and the synthesis
of macroscopic amounts of fullerenes has allowed the
preparation of a class of solids with interesting proper-
ties. In particular, the C6o-based salts (fullerides), A„C6o
( A =K, Rb, and Cs) and similar compounds with mix-
tures of alkali metals form synthetic metals for x =3,
with conductivities of up to o —500 S/cm (Ref. 3) and
show superconductivity with remarkably high transition
temperatures, T„ofup to 33 K. In the analogous com-
pounds of C7p, the observed conductivities are reduced by
two orders of magnitude and to our knowledge no super-
conductivity has been detected in these materials. The
mechanism of superconductivity in the C6Q compounds
is not clear. Currently, it is under discussion whether
coupling of the conduction electrons to molecular vi-
brations or to low-energy phonons' or whether
electron-correlation based couplings" are operative. A
prerequisite for the resolution of the mechanism for su-
perconductivity in these compounds is the understanding
of the electronic structure in the normal state. There
have been several high-energy spectroscopic studies of
the electronic structure of solid fullerenes (fullerites) and
fullerides by photoemission, ' ' inverse photoemis-
sion, ' ' x-ray-absorption spectroscopy, ' ' and high-
energy electron-energy-loss spectroscopy (EELS).' ' In
addition, we mention investigations of the electronic
structure of fullerites and fullerides by optical spectrosco-
py

' and by low-energy electron-energy-loss spectros-
copy. ' From the theoretical side there have been
numerous investigations of the electronic structure by
band-structure calculations. Optical properties of
fullerites and alkali-metal-based fullerides have been cal-
culated by several groups.

The picture of the electronic structure that emerges
from experiment and theoretical calculations is dominat-
ed by molecular orbitals. Strong o bonds in the surface
of the C6p molecule form the cage. In addition, there are
less strongly bonded ~ orbitals perpendicular to the sur-
face. The molecular properties can be easily understood
by tight-binding calculations. In the solid, narrow
bands are formed which determine the transport proper-
ties of doped fullerenes. A great deal of the solid-state
electronic structure can be explained by band-structure

calculations in the local-density approximation. Stimu-
lated by photoemission, inverse photoemission, and
Auger-spectroscopy measurements and by theoretical
estimates, there is now a lively debate as to whether
correlation effects are important in these systems or
whether the electronic structure can be adequately de-
scribed in a one-electron picture.

In this contribution we have studied the electronic
structure of Rb„C6o and Rb„C7o (x =0, 3, and 6). Part of
the results have been published previously. From x-ray
diffraction we know that at room temperature C6Q and
Rb3C6Q has an fcc structure, while Rb6C6Q has a bcc struc-
ture. Under special preparation conditions, a
Rb4C6Q phase has also been observed. ' To the best of our
knowledge, no structural investigations on Rb„C7Q have
been published. The undoped C6Q and the fully doped
Rb6C6p are insulating compounds, while Rb3C6p is metal-
lic with a room-temperature conductivity of 100 S/cm.
From a comparison of conductivity measurements of
K C6Q and K C7Q, we also expect C~p and Rb6C7Q to be
an insulator and Rb3C7Q to be a "metal" with a conduc-
tivity below 1 S/cm. Superconductivity has been ob-
served below T; =28 K for Rb3C6Q, but not for Rb3C7Q.

The investigations of the electronic structure of the ful-
lerides presented here have been performed by electron-
energy-loss spectroscopy (EELS) in transmission. We
emphasize that this technique is not surface sensitive, un-
like most of the other high-energy spectroscopies (e.g. ,
photoemission). Low-energy data (E (40 eV) provide in-
formation on collective excitations and interband transi-
tions related to m and o bands. Dielectric functions over
a wide energy range have been derived for all compounds
Rb C6o and Rb C7o (x =0, 3, and 6). Core-level excita-
tions at higher energies measures in a first approximation
the local density of unoccupied states at the excited atom.

II. EXPERIMENT

The fullerenes C6p and C7Q were prepared by the
contact-arc method following Kratschmer et al. , with
subsequent extraction with toluene. Separated C6Q and
C7Q were obtained using liquid phase chromatography
with a hexane-toluene solution on alumina. Films with a

0
thickness of 500—2000 A were prepared by evaporation
of the fullerenes at —550'C from a Knudsen cell under
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high-vacuum conditions onto NaCl single crystals. The
NaCl substrate was then dissolved in water and the films
were Aoated onto standard electron microscopy grids. To
remove contamination from solvents, oxygen, or water,
the films were heated in the EELS spectrometer to 300 C
for 20 min under ultrahigh vacuum (UHV) conditions.

For doping with Rb, various amounts of Rb metal
were evaporated onto the fullerene films from commercial
SAKS Cretters sources (SAES Getters, Milano, Italy),
while maintaining chamber pressures below 1 X 10 Torr.
During doping the samples were heated to —150 C to
improve homogeneity. The films were then transferred
under UHV conditions to the EELS spectrometer.

The Rb concentrations in Rb C6p were determined by
comparing electron-diffraction data, taken with the EELS
spectrometer setting the energy loss to zero, with x-ray-
diffraction data on Rb„C6p from the literature. Typical
electron-diffraction data from Rb C6p for x =0, 3, and 6
are shown in Fig. 1. We estimate that the accuracy of the
quoted Rb concentration for x =3 is about 5%. For
Rb C7p the determination of the Rb concentration is
more dificult. The fully doped C7Q was assigned to the
composition Rb6C7p. From the various samples having
intermediate Rb concentrations, the one which had
diffraction data (see Fig. 1) closest to Rb3C6o and which

6O

had the highest spectral weight in the loss function below
—1 eV was assigned to Rb3C7p. At the spectrometer
pressure of -2X10 ' Torr the samples were found to
be stable for several weeks. Both EELS spectra and
electron-diffraction data were recorded in transmission
with a spectrometer having a primary beam energy of
170 keV. The energy resolution of the spectrometer was
set to 0.14 eV. The momentum resolution was chosen
0.04 A ' for valence-band excitations and elastic scatter-

0

ing, while it was set to 0.20 A for core-level excitations.

III. RESULTS

In Fig. 2 we show the loss functions, Im( —I/E), for
C6p Rb3C6p and Rb6C6p as derived from the energy-loss
spectra taken at a momentum transfer of q =0.15 A
Similar data are shown in Fig. 3 for C7p, Rb3C7p, and
Rb6C7p. The contributions of quasielastic scattering at
zero energy and contributions due to multiple scatter-
ing have been removed. In addition, the spectra must
be corrected for kinematic effects which arise from the
energy dependence of the 1/q weighting factor appear-
ing in the formula for the cross section for inelastic elec-
tron scattering. In order to obtain the absolute value of
the loss functions, a Kramers-Kronig analysis has been
performed. In the cases where the optical refractive in-
dex n at small energies (E &1 eV) is known, the final
scale of the loss function has been derived from the con-
dition

Rbs Coo

Re[ —I/E(0, 0) j = —I/Ei(0, 0)= —1/n

For solid C6p and C7p refractive indices of n -2 have been
reported. ' For compounds with Rb concentrations
corresponding to x =3 and 6, the oscillator strength sum
rule assuming N, ~(co))co ) =4n, electrons (n, =number
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FIG. 1. Electron-diffraction data on typical Rb C6p and
Rb„C7p samples for x =0, 3, and 6.
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FIG. 2. Electron-energy-loss function, Im( —1/c. ), real part
of the dielectric function, c&, and imaginary part of the dielec-
tric function, c,2, for Rb C6p (x =0 3 and 6). The momentum
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transfer is q =0.15 A
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FIG. 5. The same as in Fig. 4 but for Rb C7Q (x =0, 3, and
6).

FIG. 3. The same as in Fig. 2 but for Rb„C7Q (x =0, 3, and
6).

of carbon atoms per molecule) has been used to calibrate
the absolute value of the loss function. The contributions
due to valence electrons and shallow core-level electrons
of the Rb atoms slightly enhance X,ff.

As discussed in our previous EELS studies on solid C6o
and C7O,

' the loss functions of undoped and alkali-
metal-doped fullerenes show a prominent feature at about
26 eV which can be ascribed to a plasmon of all valence
electrons stemming from m+o. electrons of the fullerene
molecules and in the doped materials also from the Rbss
and Rb4p electrons. Below —8 eV there are several "m
plasmons*' caused by m ~~* interband transitions.
Above —8 eV several shoulders on the m+o plasmon are
observed which are caused by o.~o.* and mixed ~~o.*

or o.~~* interband transitions.
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FIG. 4. Low-energy-loss function of Rb C6Q for x =0, 3, and
o —J6. The momentum transfer is q =0.15 A

FIG. 6. OPtical conductivities for (a) Rb C6p and (b) Rb C7p
for x =0, 3, and 6.
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In Figs. 4 and 5 we show the low-energy range of the
loss function (E (10 eV) for Rb, C6p and Rb C~p, respec-
tively, for x =0, 3, and 6. In the undoped cases, a gap of
about 2 eV is seen, followed by several maxima due to m

plasmons caused by m.~~' transitions. For x =3 new
transitions appear in the gap. For x =6 a gap of about
0.5 eV opens again, which is consistent with the insulat-
ing properties of fully alkali-metal-doped fullerenes.

From the loss function, the function Re(1/E) can be
derived via a Kramers-Kronig analysis. Subsequently,
the real part of the dielectric function, c&, and the imagi-
nary part, c.z, can be calculated. Both are plotted in Figs.
2 and 3 for Rb C6p and Rb C7p respectively, for dopant
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FIG. 8. C1s-absorption edges of Rb C« for x =0, 3, and 6.

concentrations x =0, 3, and 6. In the C6p samples with
x =3, a large negative static dielectric constant E,(0) is
observed for small energies, as expected for a metallic
solid. For Rb3C7p, e&(0) does not clearly indicate a metal-
lic behavior. For Rb6C6p and Rb6C&p, E&(0)=7.1 and
E,(0)=8.0, respectively, are obtained. In all cases the
imaginary part of the dielectric function c2, shows m.~~
intra and interband transitions for E &8 eV. Above 8
eV, c2 is dominated by o.~o * transitions.

For comparison with available and future optical stud-
ies of undoped and doped C6p and C7p, in Figs. 6 and 7 we
show the optical conductivities o. =cocpEp and the
reflectivities, as calculated from the dielectric functions.
The samples with x =0 and x =6 show optical conduc-
tivities and reAectivities typical of an insulator, while
those for Rb3C6p are typical of metallic systems. For
Rb3C7p the curves are more typical of an insulating sys-
tem.
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FICx. 7. ReAectivity curves for (a) Rb C«and (b) Rb C7o for
x=0, 3, and6.
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FIG. 9. C1s-absorption edges of Rb„C7o for x =0, 3, and 6.
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FIG. 10. Absorption edges of shallow core-level Rb4p elec-
trons in R6C6O.

In Figs. 8 and 9 we show C1s absorption edges for
Rb C6Q and Rb„C7Q respectively, for x =0, 3, and 6.
Below E =290 eV the maxima can be assigned to transi-
tions from the Cls core level into ~* bands derived from
unoccupied molecular orbitals. Above 290 eV (not
shown) the spectral weight is dominated by Is ~o * tran-
sitions. Upon doping there is a considerable change of
the spectra close to the threshold.

Finally, in Fig. 10 we show the loss function of Rb6C6Q
in the energy range 14.5 —18.5 eV for q =0. Transitions
from Rb4p states into unoccupied states (probably mainly
Rb4d states) are seen.

IV. DISCUSSION

A. m+cr plasmon and o.-o * transitions

The ~+o. plasmon of undoped C6Q and C7Q has been
discussed in some detail in a previous paper. ' In com-
mon with graphite, ' diamond, amorphous car-
bon, ' and conjugated polymers ' this collective exci-
tation of all valence electrons cannot be described in
terms of the Drude model. In this model, plasmon ener-
gies of Scop 21 6 and 21.7 eV for C6Q and C7Q respec-
tively, are calculated from the Drude formula

=4mne /m using the known atomic density and the
fact that there are four valence electrons per carbon
atom. Note that for q =0.15 A, the wavelength, A. , of
these excitations is of the order of 40 A, which is much
larger than the diameter of the fullerene molecules. As
pointed out previously, ' the Lorentz model should be
used to obtain the plasmon energy which gives
AQ = (Eg +4~ne fi /m )'~, where Es is an average oscil-
lator energy. In conjugated carbon compounds about —,

'
of the oscillator strength is determined by O. ~o.* transi-
tions which appear between g and —35 eV (see the ez
traces of Figs. 2 and 3). About ~~ of the oscillator
strength is determined by m —+~* transitions in the ener-

gy range up to 8 eV. Since the oscillators have predom-
inantly o. character we take the value E —14 eV from
the fact that the Ez curves (see Sec. III) have a maximum
at that energy. Then the plasmon energies for C6Q and

C7Q are shifted from the Drude values to the Lorentz
values AQ =25.7 and 25.8 eV, respectively, which are
close to the experimental values. For the doped com-
pounds, the additional valence and shallow core electrons
(Rb4p) will shift the plasmon to higher energies. Howev-
er, in the Rb-doped compounds the lattice constant is
slightly increased, when compared with undoped fuller-
ites, and therefore the expected shift for the plasmon is
almost completely compensated. This explains that ex-
perimentally no shift of the ++0. plasmon upon Rb dop-
ing has been detected.

Interesting features on the ~+a. plasmon in graphite
have been observed upon intercalation with alkali met-
als. ' For stage-I compounds, these were strongest in
KC8, intermediate in RbC8, and negligible in CsC8.
These features were explained in terms of atomic alkali-
metal excitations also present in the alkali metals them-
selves and by ~—+~* transitions between backfolded
bands due to the interaction with the wider lattice of
alkali-metal atoms. No such structures can be seen in the
loss functions shown in Figs. 1 and 2 for Rb-doped C6Q

and C7Q There are shoulders in the loss function of solid

C6p at 10 —13, and —15 eV which are, however, attri-
buted to cryo. oscillators. In a first approximation
these shoulders do not change upon doping with Rb. We
have also studied other alkali-metal- (Li, Na, K, Cs)
doped C6Q films and have also found that those com-
pounds do not show features on the m+o. plasmon ap-
pearing upon doping. The atomic excitations responsible
for these features should be almost as pronounced as in
intercalated graphite, since the relative concentrations of
alkali metals are similar. In fact, extremely small struc-
tures due to Rb4p shallow core electrons could be
resolved between 15 and 17 eV as shown in Fig. 10. The
three structures can be explained by the convolution of a
Rb4p doublet with a Rb4d doublet both split by about 1

eV due to spin-orbit interaction. The reason why no
features due to backfolded bands have been observed in
any alkali-metal-doped fullerenes is that the alkali-metal
sublattice has the same periodicity as that of the fullerene
and that, contrary to graphite, which has wide bands,
solid fullerenes have only narrow bands and therefore
even backfolding were to occur, it would not change ~-m*
transitions.

Regarding the c2 curve for C6Q in Fig. 2, maxima ap-
pear at 10, 12, and 16 eV and -22 eV. From previous
EELS investigations on conjugated carbon compounds
we know that these transitions can be mainly ascribed to
o.~cr* transitions but mixed ~~o.* and o. —+~* transi-
tions cannot be excluded. On doping with Rb the energy
positions of these excitations do not change greatly.
There is a tendency that with increasing x a broadening
of the transitions leads to less pronounced structures in c2
in the energy range 8 —35 eV. A similar tendency is
found in the case of Rb„C7o (see Fig. 3).

B. m. plasmon and n ~m * transitions (undoped fuilerites)

For undoped C6Q, a gap of about 2 eV is observed in
the loss function (see Figs. 2 and 4), in E2 (see Fig. 2), and
in the optical conductivity o [see Fig. 6(a)]. At higher
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energy several ~~~* transitions appear in c2 and o. .
These oscillators cause several maxima in the loss func-
tion. The sum of all m-~ oscillators leads to a minimum
in the cI curve close to 6 eV, which together with a low
value of c2 at this energy causes a maximum at 6.5 eV in
the loss function Im( —1/e)=E2/(eI+Ez). This max-
imum is commonly called a ~ plasmon because it is relat-
ed to a collective oscillation of a sub group of valence
electrons, namely the ~ electrons. The energy of the ~
plasmon in solid C6Q can be understood within a Lorentz
model assuming E =2 eV and a background dielectric
function c -3 due to o. electrons. In graphite" ' this m.

plasmon appears at 7 eV and is related to a strong ~~m. *

transition at 4 eV. Similarly, in polyacetylene there is
only one m plasmon at 4.9 eV due to a m~m* transition
across the fundamental gap at the zone boundary with an
energy of 1.8 eV. The difference between the fullerites
and these conjugated carbon compounds is that the form-
er are van der Waals bonded molecular crystals having
many groups of narrow m bands leading to several weII
pronounced m~m transitions, while in the graphite and
polyacetylene there are wide ~ bands leading only to one
pronounced optically allowed ~~~* transition. There-
fore, in the solid C6p there are several additional well pro-
nounced maxima in the loss function between 2 and 6.5
eV.

The onset of the spectral weight in the loss function, as
well as in c2 and o., is rather low in intensity. As men-
tioned in our previous EELS work on undoped fuller-
ites, ' the reason for this is that the transition across the
fundamental gap between the h„and tI„derived bands
is optically forbidden and for small values of momentum
transfer, q, EELS measures dipole-allowed transitions.
At higher momentum transfer, monopole and quadrupole
transitions are allowed and therefore this h„~t,„ transi-
tion is strongly enhanced reaching a maximum at 2.2 eV
for q-0. 9 A . Details of the intensity variation as a
function of q will be reported elsewhere. . In agreement
with our previous EELS work, ' with optical measure-
ments ' and with calculations in the random phase ap-
proximation, we assign the maxima in o. at 2.7, 3.6, 4.5,
and 5.5 eV to optically allowed h„~t,s, (hs, gs)~tI„,
h„~h, and (h, g )~t2„ transitions, respectively. We
mentioned that at higher momentum transfer, some of
the optically allowed transition become weaker and also
at higher energies optically forbidden ~~~ transitions
appear. The situation is similar to that in other molecu-
lar crystals (e.g. , I3 carotene), which show finite-size
effects.

In undoped C7Q, a m plasmon is also observed at 6.5 eV.
On the other hand, the lower energy maxima in the loss
function and the m.-~* transition are much less pro-
nounced than in C6Q. In the optical conductivity o.,
shoulders are detected at 2.5, 3.2, and 5.7 eV and a max-
imum is seen at 4.4 eV. The gap is about 2 eV, as in C6Q.
The reason for the broadening of the ~~a.* transitions
in C7Q is the strongly reduced symmetry of this molecule
in comparison to C6p. This leads to a partial lifting of the
high degeneracy of the molecular orbitals and so there
are many more ~~n' transitions which cannot be

resolved in the spectra. To the best of our knowledge
there have been no published calculations of the optical
properties of C7p.

C. m electron excitations in Rb-doped fullerenes

In Rb3C6Q the gap seen in undoped C6Q is filled with
new excitations of m. valence electrons. In the loss func-
tion, two new maxima are observed at 0.5 and at 1.2 eV.
Correspondingly, in the reAectivity an edge at 0.5 eV and
a maximum at —1 eV is observed, while in the optical
conductivity, a Drude-like decrease followed by a max-
imum at —1.2 eV is detected. At higher energies the
~~~* transitions are slightly broadened and shifted to
lower energies in comparison to the undoped fullerite.
The new excitations can be explained in terms of a filling
of the t, „derived lowest group of three conduction bands
by electrons from the dopant Rb5s orbitals. This has
been detected previously in photoemission, ' ' inverse
photoemission, ' ' x-ray-absorption, ' and electron-
energy-loss spectroscopy studies of alkali-metal-doped
C6Q Calculation of the plasmon energy for the three con-
duction electrons per C6Q molecule in Rb3C6p yields

A'co =(4~ne A /m)' =2.3 eV .

Subtracting the contributions from the Drude electrons
in the c& curve yields a background dielectric function
due to ~ and cr electrons of c -4.4. This would reduce
the plasmon energy to Ace —1.2 eV. To obtain a value of
-0.5 the effective mass of the electrons should be
m*/m -4.

Using the known density of charge carries and the
effective mass m*=4 leads to a Fermi energy of -0.25
eV, which is close to what is derived from band-structure
calculations giving a total width for the t, „-derived half-
filled band of about 0.5 eV. However, interband transi-
tions may also shift the plasmon to lower energies. In the
half-filled group of three conduction bands, interband
transitions between the three bands are possible. Then,
similarly as occurs in Ag (Ref. 56) the free-carrier
plasmon is shifted close to the energy of interband transi-
tions. Consequently, the maximum in the loss function of
Rb3C6Q at 0.5 eV can be explained either by a charge-
carrier plasmon of electrons with a high effective mass
(m*/m-4) or by an interband plasmon as in Ag. Of
course, a combination of a high-effective mass and inter-
band transitions could also shift the plasmon from 1.2 to
0.5 eV. In measurements of the optical reAectivity of
K3C6Q a well defined plasmon edge has been observed
at 0.73 eV, and similar values for c. and m* have been
derived. In previous EELS studies on K3C6Q, a plasmon
has also been observed at 0.5 eV, however, it was less pro-
nounced than in the present spectra of Rb3C6Q. This
difference can be possibly explained by the fact that in the
early studies of K3C6Q, the C6Q was contaminated with
about 15%%uo C7Q.

The plasmon width is y -0.4 eV. This value is close to
that detected in refiectivity data (y=0. 31 eV). Assum-
ing a simple Drude response, this corresponds to a
scattering time of ~=1.6X10 ' sec. We have also stud-
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ied the dispersion of the plasmon at 0.5 eV. Within error
bars no dispersion could be detected. This may be ex-
plained by the small Fermi energy of the conduction
band electrons, since calculations in the random-phase
approximation results in a dispersion coefFicient being
proportional to the Fermi energy.

Regarding the optical conductivity data from Rb3C6Q
at low energy, shown in Fig. 6(a), a dc conductivity
o(0) —500 S/cm is derived. This value is slightly larger
than the dc conductivity values observed in Rb-doped C6Q

[cr(0)=100 S/cm]. The reason for this may be that for
q =0.15 A ' the wavelength of the plasmon is smaller
than the dimensions of the grains ( —80 A). Therefore,
grain-boundary effects do not appear in the dc conduc-
tivity measured by EELS.

A further peak at —1. 1 eV is observed in the loss func-
tion of Rb3C6Q, which appears almost at the same energy
in the trace of the optical conductivity shown in Fig. 6(a).
This peak can be assigned to an interband transition be-
tween the half-filled t&„-derived conduction bands and
the t& -derived conduction bands. This assignment is
consistent with the calculated optical properties of K3C6Q
by Xu, Huang, and Ching. This transition has also been
detected in K3C6Q in the previous EELS studies, absorp-
tion measurements, ' and in the reAectivity data.

In the fully doped compound, Rb6C6Q, the plasmon at
0.5 eV has disappeared because the t, „-derived bands are
now completely filled. This also causes an enhanced
t,„~t, transition at —1 eV in the optical conductivity
as more initial states are available. For this compound
the low-energy data again agree quite well with the opti-
cal data calculated by Xu, Huang, and Ching. The fact
that our studies on other alkali-metal-doped compounds
A 3C6o and A 6C60 ( A =Li, Na, K, and Cs) give very
similar results to those from Rb3C6Q and Rb6C6Q indicate
that the low-energy excitations of the ~ electron systems
do not depend on the dopant ions and that the alkali-
metal s electrons are fully transferred to the C6Q mole-
cule s.

The results from Rb3C7Q are less clear. In common
with Rb3C6Q there is a peak at 0.5 eV in the los function
followed by a stronger maximum at 1.2 eV. The first
peak is much less pronounced in Rb3C7Q than in Rb3C6Q.
The dc optical conductivity for Rb3C7Q is zero and the
reAectivity is only 20%. Both these properties would in-
dicate insulating behavior. However, we should mention
that the quasielastic peak, which we have subtracted
from the measurements, extends up to 0.3 eV and there-
fore the measurements below this energy are less reliable.
Consequently, our measurements cannot exclude a finite
optical conductivity at energies below -0.3 eV and the
system may be metallic at low energies. On the other
hand, our measurements clearly show a strongly reduced
optical conductivity for Rb3C7Q below -0.5 eV when
compared with Rb3C6Q. This is in line with the measure-
ments of the dc conductivity of these compounds. The
reasons for this reduced optical (E &0.3 eV) and dc con-
ductivities in Rb3C7Q may be the lower symmetry of the
C7Q molecule, which lifts the high degeneracy of the
molecular orbitals observed in C6Q. This can lead to

broader conduction bands which for a certain filling may
give a small or zero density of states at the Fermi level.
This may also be the reason for the fact that supercon-
ductivity has not been observed for Rb3C7Q.

The optical conductivity of Rb3C6Q and Rb3C7Q in the
energy range 0.7 —5 eV are very similar. This also holds
for Rb6C6Q and Rb6C7Q where the transitions at 1 eV are
quantitatively the same, while the intensity of the transi-
tions at 2.7, -4, and -4.8 eV differs slightly. In analogy
to Rb6C6Q the 1 eV transition in Rb6C7Q can probably be
assigned to a transition from the lowest unoccupied
molecular orbital (LUMO) derived occupied conduction
bands to the LUMO+1-derived unoccupied conduction
bands.

D. Cls absorption edges

The Cls absorption edges of Rb C6Q are very similar to
those published previously of K C6Q.

' ' Similar results
have also been obtained for A„C6O (4 =Li, Na, and
Cs). This indicates once more that the electronic struc-
ture of the alkali fullerides is independent of the coun-
terions except for the differences in lattice constants lead-
ing to a variation of the density of states at the Fermi lev-
el. The four peaks in the Cls absorption edge for un-
doped C6Q correspond to transitions from the 1s level into
groups of unoccupied n bands. Upon doping with Rb,
there are more valence electrons on the C atoms which
screen the nuclear potential and therefore reduce the
binding energy of the 1s level. Thus, with increasing x,
the spectra are shifted to lower energies. In addition, for
x =3 the lowest peak is reduced by a factor of about 2 in-
dicating a half-filled LUMO-derived band. Correspond-
ingly, for x =6 this lowest peak has completely disap-
peared, which directly shows the complete filling of the
lowest group of conduction bands. Moreover, the doping
dependent changes in the energy differences between the
1s ~~* transitions indicate a nonrigid-band behavior of
the Rb C6Q system. Although the energy differences and
the widths of the ~* bands and the 1s~~* transitions
matrix elements are different between C6Q and C7Q, the
shift of the spectra to lower energy with increasing x and
the filling of the LUMO-derived bands are also observed
for Rb C7Q.

V. SUMMARY

The partial filling of the lowest group of conduction
bands has been observed for Rb3C6Q and Rb3C7Q The op-
tical conductivity at low energies (E &0.5 eV) is consid-
erably smaller (or zero) for Rb3C7o when compared with
Rb3C6Q. This may explain the nonobservation of super-
conductivity in Rb3C7Q. The low-energy excitation spec-
tra of Rb6C6Q and Rb6C7Q are very similar indicating in
both cases a complete filling of the lowest group of con-
duction bands. The present investigations show a
nonrigid-band behavior for the ~-electron system in
Rb C6Q and Rb C7Q. The o.-electron system appears to
be unchanged upon doping with Rb. Up to now no
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differences in the ~ electronic structure have been ob-
served for replacing Rb by other alkali-metal ions. This
clearly shows that the alkali s electrons are completely
transferred to the fullerene molecules and that the hy-
bridization between the levels of the fullerene molecules
and those of alkali-metal ions is small.
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