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Introduction 
The discovery of carbon-cage fullerenesl and the 

development of procedures for producing sizable 
quantities of them2 sparked intense scientific inquiry, 
as this issue attests. Critical to many of these studies 
is insight into the distribution of electronic states. Such 
insight is important for isolated fullerenes, for example, 
because the state distribution serves as a direct test of 
the symmetry or structure of the molecule and the 
ability of theory to describe it. The state distribution 
is important in understanding fullerites, the condensed 
form of fullerenes, because condensation introduces 
solid effects, and band formation then dictates the 
electrical properties and the optical properties, among 
other things. Studies of the electronic states have 
demonstrated that the fullerite is characterized by van 
der Waals bonding with limited valence-level broaden- 
ing, increasing broadening for states above the Fermi 
level, EF, and significant molecular character. 

Investigations of the electronic states of compounds 
formed by mixing c 6 0  with other species, notably the 
alkali and alkaline-earth fullerides, are critical because 
they show the way that Cm bonds to these atoms in the 
solid state. For example, experimental and theoretical 
investigations for K3C60 have demonstrated electron 
transfer to the fullerene, occupation of the LUMO-de- 
rived band, and ionic compound formation, but rela- 
tively little modification of the fullerene. For the al- 
kaline-earth fullerides, more covalent bonding was ob- 
served. For doping with iodine, a possible p-type do- 
pant, there was very little charge transfer. In each case, 
a detailed investigation of the electronic states tests our 
ability to understand bonding and solid-state effects. 
The distribution of electronic states and their character 
near EF are crucial for elucidating the mechanisms of 
superconductivity. 

Additional insight into fullerene interactions come 
from spectroscopic studies of their bonding to surfaces. 
Since bonding reflects coupling of the surface to elec- 
trons of the molecule, the distribution of states and the 
extent of hybridization can be obtained by electronic 
structure studies. Such studies are critical for those 
interested in adsorption, thin film formation, and sur- 
face-moderated reactions. 

For thin fibs of fullerenes, or other materials for that 
matter, many of the solid-state properties are dictated 
by their microstructures. For fullerene fiis, electronic 
structure investigations have made it possible to exam- 
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ine the effects of defect levels associated with grain 
boundaries and other states in the gap that would pin 
the Fermi level, as in conventional semiconductors. 
Investigations using scanning tunneling microscopy 
have made it possible to explore growth phenomena, 
surface structures, and the electronic states of the 
fullerenes. 

This paper focuses on thin films of Cm and thin fiis 
of the alkali-metal fullerides and examines their elec- 
tronic properties. The experimental techniques include 
photoemission and inverse photoemission because they 
reveal the distribution and character of the electronic 
states and related electron excitations, particularly ?M* 
excitation features and collective resonances of the 
charge of a single molecule, i.e., molecular plasm~ns.~-* 
The nature of the band gap is discussed, and connec- 
tions to optical properties are established. For the 
fullerides, it is possible to observe the disappearance 
of emission from the empty-state spectrum and the 
appearance of emission in the occupied-state spec- 
trum.79s Scanning tunneling microscopy reveals surface 
bonding of the fullerenes with GaAs and Si and the 
formation of multilayers on thin film~.~JO 

Experimental 
Phase-pure powders of Cm were separated by toluene 

extraction and liquid chromatography from the soot 
produced by arc discharge of grpahite." The fullerenes 
were sublimed from Ta boats heated to -550 "C in 
ultrahigh vacuum, and they were condensed onto clean 
substrates, al l  while chamber pressures were maintained 
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lattice, and each bright feature corresponds to a c60 
molecule. This reduced surface migration indicates 
stronger surface bonding. Analysis reveals approxi- 
mately equal numbers of Cm on faulted and unfaulted 
halves of the 7 X 7 unit cell and a range of adsorption 
sites. Differences in bonding configurations have been 
identified using bias-dependent imaging and current- 
imaging tunneling spectroscopy, and these reflect dif- 
ferences in the coupling of electronic states of c 6 0  with 
the substrate Si atoms. 

In a series of measurements for c 6 0  on Si(lll)-7X7, 
we found that CM could be transferred from the surface 
to the tip and back again by manipulation of the biasing 
conditions. Likewise, molecules could be moved lat- 
erally on the surface with the tip. This control raises 
the possibility of patterning the surface with c60 mol- 
ecules, taking advantage of their high stability on Si at  
300 K. 

Finally, there has been the lingering hope that STM 
could image individual carbon atoms. This has been 
frustrated by the fact that molecules in condensed 
multilayer layers are spinning. Perhaps they can be 
locked into distinct orientations by condensation on 
surfaces, but an unambiguous image of pentagons and 
hexagons has not been obtained. Indeed, it may be that 
such images will never be obtained because of the 
complexity of the HOMO and LUMO orbitals and the 
electronic convolution with the states of the tip. 
The Electronic States of Fullerites 

Valence and Conduction Bands. Figure 2 sum- 
marizes experimental results for the electronic states 
of condensed c60. The processes associated with pho- 
toemission and inverse photoemission are depicted at  
the top, showing electron removal and electron addition. 
The photoemission spectra were acquired using mono- 
chromatized radiation from the Aladdin synchrotron 
radiation source. For the inverse photoemission studies, 
a monoenergetic beam of electrons of energy Ei was 
focused onto the sample and the energy distribution of 
the emitted photons was m e a s ~ r e d . ~  This process 
corresponds to the radiative decay of electrons from 
states at energy Ei to lower-lying empty states. 

The bottom curves of Figure 2 show the density of 
states of solid Cm calculated using soft pseudopotentials 
in the local density appr~ximation.~-~ The theoretical 
spectrum was convoluted with a Gaussian of width 0.23 
eV + 0.21AEI to simulate experimental resolution and 
lifetime effects. AE is the binding energy with respect 
to the highest occupied or lowest empty level. 

Photoemission and inverse photoemission are time- 
reversed processes in an independent-particle picture, 
each involving electronic transitions between states 
coupled by the photon field. In that picture, the two 
sets of spectra would yield the distribution of occupied 
and empty states, with a gap evident for a semicon- 
ductor. For a molecular solid such as c60, however, the 
energy-level spectrum also includes effects related to 
the screening of the ( n  - 1) and ( n  + 1) electronic 
systems. To a first approximation, screening effects can 
be taken to be equivalent for electrons removed from 
any of the occupied levels (photoemission) or added to 
any of the empty levels (inverse photoemission). Hence, 
the energy scales of Figure 2 are quantitatively mean- 
ingful when referenced to the center of the bands de- 
rived from the highest occupied or lowest unoccupied 

below 1 X Torr. Fullerene film thicknesses were 
measured with a quartz crystal thickness monitor. After 
thorough outgassing, alkali-metal depositions onto the 
fullerite films could be done at - 2  X Torr. Stable 
deposition rates were established prior to exposure to 
the alkali source. 
The Structure of Thin Films: STM Results for 

Figure l a  is a mosaic of scanning tunneling micro- 
scope images for a bilayer of c60 grown on GaAs(ll0) 
at 450 K.l0 The length scale and substrate orientation 
are indicated. Each bright feature represents an in- 
dividual c 6 0  molecule, and the intermolecular spacing 
of - 10 A is consistent with the bulk lattice constant. 
The central portion shows close-packed molecules de- 
fining a (111) surface of the fcc lattice. Close exami- 
nation of the corrugated regions at the top and bottom 
shows sawtooth-like structures comprising a mixture of 
(211) and (533) facets of the fcc structure. The equiv- 
alent of a low-angle grain boundary is evident in the 
upper-right quadrant. A t  this grain boundary, pro- 
duced when the flat region joins the corrugated region, 
one extra row is inserted after six molecules. 

The corrugated structures of Figure 1 would seem 
energetically costly compared to close-packed (111) 
faces, but they are common even for growth at  tem- 
peratures to -450 K. However, the typical island size 
is much larger when four- to six-layer Ce0 films are 
grown at 470 K, and the corrugated regions are strik- 
ingly absent.l0 It  is likely that the tilted close-packed 
structure serves to relieve strain in the layer in contact 
w&h the surface and defines the template for subse- 
quent structures. Growth at 470 K produces a more 
uniform first monolayer so that additional layers adopt 
thermodynamically-favored (111) orientations. 

The bonding of Cso molecules to GaAs(ll0) is van der 
Waals in character, and the preference of one site over 
another is rather weak. The interaction is stronger at 
substrate steps, even though an atomic step on GaAs- 
(110) is only - 2  A high, compared to a molecular di- 
ameter of - 10 A. The step enhances molecular sticking 
and acts as a nucleation site for islands that grow 
outward from the steps. When a full layer has formed, 
the offset for molecules on the upper and lower terraces 
is clearly evident as a structural discontinuity. This 
kind of growth pattern may ultimately be useful in 
fabricating thin film fullerite structures. 

STM has also been used to explore the nucleation of 
multilayers of c60, finding that islands form and then 
grow together, creating small, two-dimensionally or- 
dered regions and the two-dimensional equivalent of 
grain boundaries. It is not known if these boundaries 
propagate through the film layers, but the presence of 
such complex structures would be detrimental to elec- 
tron transport and superconductivity and would influ- 
ence other properties as well. 

Surface migration and island formation has been 
observed for Cso on GaAs(ll0) (refs 9 and 10) and Au- 
(111) (ref 12), but Cs0 molecules stay in isolated sites 
on the Si(lll)-7X7 surface,13 as shown in Figure l b  for 
growth at 300 K. The background reflects the 7 X 7 

c60 
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Figure 2. Photoemission and inverse photoemission results 
showing the distribution of occupied and empty electronic states, 
referenced in energy to the Fermi level. The theoretical density 
of states shown at the bottom is referenced to the feature nearest 
EF. 

molecular levels, HOMO and LUMO, as shown. 
Figure 2 shows a gap between the occupied and 

empty states of solid Cm, as expected for a solid derived 
from closed-shell molecules. For an isolated molecule, 
the energy separation between HOMO and LUMO 
would be the difference between the ionization potential 
and the electron affinity. This is -5 eV for isolated 
CWl4J5 In the solid state, the separation converges to 
the independent particle gap as screening effects be- 
come negligible. For c 6 0 ,  however, that condition is 
never met, and the measured gap is larger than the 
ground-state gap by an amount that is a measure of the 
electron correlation energy. 

In the experiments, the Fermi level of the spectrom- 
eter, E F ,  serves as a direct energy reference. In Figure 
2, E F  is 2.25 eV above the center of the HOMO-derived 
band and 1.5 eV below the center of the LUMO-derived 
band. The center-to-center separation of 3.8 eV com- 
pares ,to - 1.7 eV for photoemission for Cm- in the gas 
phase 5 of 1.6 eV for photoemission from the fulleride 
K6Cm, a solid characterized by complete occupation of 
the LUMO leve1.'v8 The differences are due primarily 
to screening, and they tell us a great deal about how to 
think about the electronic properties of these molecular 
solids. 

The experimental results of Figure 2 show line-shape 
changes as a function of incident photon or electron 
energy because photoemission and inverse photoemis- 
sion produce spectra that replicate the density of states 
modulated by dipole matrix elements. In Figure 2, the 
empty-state spectra have been normalized so as to give 
a value of 0.6 for the ratio of LUMO to HOMO peaks. 
This reflects the theoretical 10-fold degeneracy of the 
HOMO band and the 6-fold degeneracy of LUM0.16 
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Figure 3. C 1s features for CBo showing the main line and a series 
of loss features that reflect on-site shake-up structures (labeled 
2 ,3 ,7 ,  and 8), dipole energy losses due to scattering of outgoing 
photoelectrons (3,4, and 5), and plasmon losses due to collective 
excitations of the charge of individual molecules (6 and 10). 

Analysis of the angular momentum character of the 
valence states shows that the C 2p, levels fall within 
- 5  eV of EF, the 2p, levels are concentrated between 
-5 and - 10 eV, and the deeper states are derived from 
2s-derived u b a n d ~ . ~ ! ~ J ~  The experimental spectra re- 
flect this angular momentum character via changes in 
photoionization cross sections: p states dominate at low 
energy, and s states are stronger at higher energye3 
Significantly, the overall valence-band widths for Cm, 
graphite, and diamond are essentially the same,17 -23 
eV. Solid c 6 0  exhibits much more detailed structure 
because of the higher symmetry of the molecule and the 
molecular character in the state density. 

The empty-state spectra of Figure 2 show a richness 
of distinct features within 15 eV of the LUMO-derived 
band. Analysis shows that states more than -3 eV 
above the LUMO are not confined to the molecule but 
extend throughout the crystal and have band disper- 
sion. Additional evidence for band dispersion comes 
from comparison of the measured energies of the first 
three features of the conduction band to calculated 
energies for isolated molecules and solid CW Agreement 
is substantially better in the latter case.4 Feature 1 has 
odd symmetry (*-tu), feature 2 has even symmetry (A- 

tJ, and feature 3 has contributions from both as well 
as free-electron character. 

For the fullerites, the comparison of theory and ex- 
periment is excellent for the electronic states, sup- 
porting the truncated icosahedron model. It is gratif- 
ying to note the ability to predict states well above the 
Fermi level for a solid derived from such a large, albeit 
symmetric, molecule. Such agreement gives us a high 
level of confidence for calculations of other properties 
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of fullerites and, subsequently, fullerides. 
Shake-up, Energy Loss, and Plasmon Features. 

Figure 3 shows the C 1s core level emission referenced 
in energy to the main line for a fullerite f i i  formed at 
300 K. The satellite structures, labeled 2-10, are due 
to on-site and off-site ?a* excitations and to plasmon 
losses. (On-site processes are those that occur on the 
molecule from which the photoelectron is ejected.) The 
shake-up peak labeled 2 is a result of excitations from 
HOMO to LUMO states of the molecule induced by the 
sudden creation of the core hole. This molecular 
HOMO-LUMO transition is monopole-allowed and is 
a likely candidate to appear as a shake-up satellite. It 
is dipole-forbidden for an isolated c60 molecule, but 
solid-state effects mix the angular momentum quantum 
number. For this reason, the lowest energy transitions 
in optical spectroscopy occur at about this energyzJ8 and 
reflect weakly-allowed HOMO-LUMO excitations. 
From the photoemission-inverse photoemission results, 
processes related to the creation and separation of an 
electron-hole pair require screening of the separated 
particles, and this is not possible for threshold (mo- 
lecular) excitations. Instead, the electron and the hole 
are retained on the molecule and decay by direct re- 
combination. Photoenhanced conductance should only 
be important when there is sufficient energy for elec- 
tron-hole separation. 

The satellite features labeled 3, 4, and 5 originate 
from r-r* transitions, but their prominence in electron 
energy loss spectra (EELS)lg suggests that they are due 
to dipole-allowed transitions. Such excitations occur 
as the photoelectron propagates through the lattice. 
This interpretation is supported by the agreement be- 
tween the optical conductivity derived from EELS 
datal19 and optical absorption measurements.18 
Moreover, the optical spectra for Cm in solution and Cm 
films give nearly identical results, supporting the as- 
sertion that these excitations are of molecular character, 
influenced only slightly by solid-state processes. The 
satellite feature labeled 3 is probably enhanced by 
monopole-allowed transitions involving HOMO-derived 
states and empty tl,-derived states. The EELS ex- 
p e r i m e n t ~ ~ ~  indicate that the peak at  -6 eV results 
from both a-a* transitions at  5.5 and 5.8 eV and the 
excitation of a a-plasmon at 6.3 eV. 

The lower panel of Figure 3 shows two structures, 
labeled 7 and 8, that are due to monopole-allowed r u *  
and ea* transitions and a broad plasmon feature 
centered -28 eV below the main line.3 This feature 
and the a-plasmon at  6.3 eV are particularly intriguing 
because equivalent structures are not observed in small 
molecules. Both are due to collective excitations of the 
electrons of the molecule, representing the normal 
modes of a spherical shell of charge. To our knowledge, 
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CW is the first molecule to display a molecular plasmon. 
It is affected only slightly by changes in the fullerene 
environment. 

Cm Bonding and Impurity Levels. Photoemission 
studies have revealed that first-layer Cm bonding to 
metal and semiconductor surfaces is more than simply 
van der Waals in character.20 c 6 0  films establish the 
Fermi level of the substrate as the common energy 
reference rather than the vacuum level, and this re- 
quires the creation of a dipole layer to compensate for 
differences in work functions. Such dipoles reflect 
mixing of the empty a states of the molecules with 
states of the substrate, yielding a a-resonance. For 
growth on n-type GaAs(llO), the dipole involves -0.02 
e/molecule so that the energy levels of the fullerenes 
are not significantly perturbed.20 In this case, the 
spectral features for condensed monolayers are indis- 
tinguishable from those for multilayers. For growth on 
metal surfaces where more charge transfer is involved, 
a few layers are needed before the influence of the 
substrate is negligible.20 

Despite the potential structural complexity of va- 
por-deposited films, as evident from STM,'O photoem- 
ission measurements from different laboratories have 
given nearly indistinguishable results for c 6 0  when ac- 
count is taken of resolution or photon energy?JpZ1 The 
insensitivity to surface and bulk imperfections indicates 
the absence of localized energy levels that would pro- 
duce Fermi level pinning near the band edges. This is 
consitent with the closed-shell character of CW and the 
largely-molecular properties of fderene-derived solids. 
Although clean fullerene films give remarkably con- 
sistent photoemission results, films grown when the 
fullerene sources are not carefully outgassed exhibited 
spectral broadening and shifts that reflect Fermi level 
alignment with states near the bottom of the conduction 
band derived from the LUMO level of C60.' 

Alkali-Metal Fullerides 
Other contributions to this issue explore the conse- 

quences of exposure of CW films to alkali-metal atoms, 
demonstrating enhanced conductivity, superconduc- 
tivity in some cases, and compound formation.22-2s The 
changes in the electronic properties induced by alkali 
incorporation are readily evident in spectroscopic 
studies, as well as in STM studies of K3CW 
To a significant extent, the picture in which charge is 
formally donated to c60 from alkali atoms housed at  
interstitial sites is accurate, at  least for K and Rb.26 
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Figure 4. Schematic of the morphology of a K,C, thin film. The 
positions of the HOMO- and LUMO-derived bands are shown 
in relation to EF For Cso, EF lies near the middle of the gap. 
Dilute doping pins EF near the edge of LUMO. Small K3Ca grains 
nucleate, probably in grain boundaries or at imperfections in the 
film. For K3CM, the Fermi level lies within the LUMO-derived 
band. Continued incorporation results in polycrystalline K3CW 

The picture is more complex for the smaller Li and Na 
ions, where there remains uncertainty about the sites 
occupied and the structure. For Li and Na, incorpo- 
ration does not lead to metallic phases such as observed 
for K and Rb. 

Figure 4 depicts different stages of K incorporation 
in a fullerite film, together with the HOMO and LUMO 
spectral features. Grain boundaries and other structural 
irregularities are not shown. The Fermi level lies be- 
tween the LUMO- and HOMO-derived bands for pure 
CW (top right of Figure 4). K doping produces a dilute 
solid solution. These K atoms form bonds with sur- 
rounding CW molecules, establishing new energy levels 
derived mainly from the LUMO levels. These levels pin 
EF close to the LUMO band, as sketched. Phase sep- 
aration occurs when the K concentration exceeds the 
solubility limit. The work by Fischer et al.24 and 
Fleming et aLZ5 has shown the resulting K3Cm phase to 
be a line compound. 

The low solubility of K suggests that K3Cm nucleation 
would occur preferentially at  the surface, not in the 
interior of a single crystal of CW In thin film samples, 
imperfections provide channels for easy diffusion and 
sites for nucleation. The characterization by Hebard 
et a1.I8 of films produced by vapor condensation sug- 
gests CW grains of -60-A dimension. Calculations have 
indicated energy gains of 0.5 eV/atom for K in octa- 
hedral sites for KICW, 0.8 eV/atom for K in tetrahedral 
sites of K2C60, and 1 eV/atom for occupancy of tetra- 
hedral and octahedral sites in K3CW7,% These energies 
are calculated relative to the standard states for K and 
(260, and the KC60 and K2CG0 phases are hypothetical 
structures. 

The third panel of Figure 4 depicts the formation of 
K3Cm grains and grain growth. For two-phase samples, 

(26) Martins, J. L.; Troullier, N. Phys. Reu. B. Submitted. 
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Figure 5. Spectra showing the effects of K incorporation in Cso 
films. The x = 1 spectra show emission at EF from grains of K3CW 
Adding K results in an increase of emission below EF and a 
decrease of intensity above EF. The top spectra show that EF 
shifts into the gap when the LUMO bands are filled. 

the spectral features of both phases will be present and 
the sample will resemble a granular metal. Ultimately, 
the grains form a continuous film with microstructures 
that reflect the growth conditions and the structure of 
the starting film. Additional K incorporation produces 
K4C60 and K6C6o phases with ions in the tetrahedral 
sites of the bcc c60 l a t t i ~ e . ~ ~ ~ ~ ~  The K6C6o phase is in- 
~ula t ing ,~  but the Fermi level is pinned by holes near 
the top of the (old) LUMO-derived band for K-deficient 

Figure 5 summarizes photoemission and inverse 
photoemission results for K-incorporated CW.8 In this 
case, the photoemission spectra were normalized to keep 
the HOMO intensity constant, and the IPES spectra 
were normalized to the height of the third feature. The 
PES and IPES data were then reconciled by setting the 
intensity of the LUMO feature in the IPES data to 3/5  
the intensity of the HOMO feature for the pure film. 

The valence- and conduction-band spectra in Figure 
5 provide evidence that filling of LUMO-derived bands 
with electzons donated from alkali-metal atoms does not 
result in simple rigid band shifts. This is particularly 
evident in the empty states because the separation 
between the LUMO + 1 and LUMO + 2 features 
changes. The differences reflect a modification in the 
underlying density of states. The broadening observed 
in Figure 5 is a combination of several processes, in- 
cluding structural disorder related to grain boundaries 
and imperfections and differences in local bonding 
configurations in mixed-phase samples. 

Figure 5 shows that the LUMO band shifts away 
from EF when it is fully occupied at x = 6. This implies 
that the solid forms the local structure needed to fill 

K6C60*8 



Fullerenes and Fullerides Acc. Chem. Res., Vol. 25, No. 3, 1992 149 

by group theory arguments. On the other hand, there 
are several indications that the alkali fullerides have 
strongly correlated electrons and could be close to the 
metal-insulator transition. First, the measured con- 
ductivities of the fulleridesZ2 are quite low and the mean 
free paths derived from those values are a few ang- 
stroms. Mean free paths close to the c60-c60 intermo- 
lecular distance are an indication of proximity to a 
metal-insulator t r a n ~ i t i o n . ~ ~  Another measure is the 
magnitude of the electron-electron interaction param- 
eter, as noted above. Finally, the occupied bandwidth 
of Rb3Cso (ref 28) and K3C60 (refs 7 and 8) is -1 eV, 
much larger than the calculated total bandwidth of 
-0.5 eV or the observed width of the peaks of the 
LUMO-derived states in the insulating phases (Figure 
5).  This is hard to reconcile with a rigid band picture. 
Concluding Remarks 

This paper has focused on the electronic interactions 
of c60, showing the wealth of electronic structure fea- 
tures, noting their origin, and pointing out the gratifying 
agreement of theory with experiment. We have tried 
to urge caution when considering the optical properties 
and transport properties based on independent-particle 
electron calculations because of the importance of 
many-body effects. The surface structures observed for 
isolated c60 on Si and for c60 thin films have been 
shown through STM imaging. 

It is now accepted that c 6 0  forms a molecular solid 
and that the highest valence and lowest conduction 
bands are quite narrow. It is remarkable that com- 
pounds of c60  with the different alkali metals can ex- 
hibit metallic and insulating character. This narrow- 
band character is certain to be important in solid-state 
processes for other fullerides, and it is likely to be im- 
portant for fullerides based on the higher fullerenes. 

Recent advances in the synthesis of end~fullerenes~~ 
and fullerenes with other elements substituted in the 
cage assure that there will be rapid advances in solid- 
state studies of these species and compounds derived 
from them. Spectroscopic information will play an im- 
portant role in understanding the electronic interactions 
in these exciting new materials. 

This work was done in collaboration with P.  J .  Benning, M. 
Chander, Y. Chen, C. Gu, M. B. Jost, G .  H. Kroll, Y. Z .  Li, J .  
L. Martins, T.  R. Ohno, J .  C. Patrin, D. M. Poirier, F. Stepniak, 
and N .  Troullier at the University of Minnesota and L. P.  F. 
Chibante, R. E.  Haufler, J .  Fure, and R. E.  Smalley at Rice 
University. The work discussed here was supported by the 
National Science Foundation, the Office of Naval Research, and 
the Robert A.  Welch Foundation (Rice). 
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the LUMO-derived molecular states of Cm. Were this 
not the case, EF would be pinned at  the top of the 
LUMO band in a fashion equivalent to that discussed 
for &.1C60. The IPES spectra of Figure 5 demonstrate 
such pinning for x slightly below 6. The fact that an 
insulating state is reached with EF in the gap of the 
(new) molecular solid implies that structural imper- 
fections do not introduce levels that can pin EF near 
the band edges. No evidence was found for the filling 
of the LUMO + 1 band upon further K exposure, but 
K did condense on the surface. 

The results for K,Cm show metallic behavior with the 
Fermi level falling within the LUMO-derived band for 
x r 3. Haddon et a1.22 had showed enhanced conduc- 
tivity with intermediate doping, and Hebard et al.23 
showed superconductivity with T, = 18 K for K3C60. 
These remarkable observations stimulated many groups 
to examine the mechanism of superconductivity from 
a theoretical point of view. While a review is beyond 
the scope of this paper, several points should be noted. 
First, superconductivity had been observed in alkali- 
intercalated graphite, but the values of T, were quite 
low. Second, the phonon spectra for the fullerides is 
comparable to that of graphite, with phonon modes 
extending to 0.2 eV. Third, the densities of states of 
the fullerides and the intercalated graphite compounds 
are comparable near EF. Martins et aLZ7 suggested that 
the differences in T, could be explained by enhanced 
electron-phonon coupling in the fullerides, an effect 
related to hybridization of s and p states for the full- 
erenes. 

Very recent photoemission and inverse photoemission 
studies of the Li and Na fullerideP have shown that 
doping produces phases that are not metallic. In par- 
ticular, Li and Na fullerides of the form AZC60 were 
characterized by a band of states completely below EF 
that was induced by the alkali atoms. Doping to satu- 
ration produced insulating &Cm phases that were 
spectroscopically indistinguishable from the saturated 
K or Rb phases. 

The observation of the AzC60 phases raises the 
question of whether they are band insulators or their 
character is due to electron correlation effects. The 
experimental spectra are consistent with the transfer 
of charge to the 3-fold-degenerate LUMO-derived states 
of c60, and local density calculations also find charge 
transfer.26 Since the calculated band structures of c 6 0  
and K3C60 show only a shift of the LUMO-derived 
states with alloying,26 a large crystal field splitting of 
those levels in LizCs0 and NasCso appears unlikely. 
Indeed, if the Li and Na atoms occupy the tetrahedral 
interstices of an fcc crystal, such splitting is ruled out 
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