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Photoemission and inverse photoemission studies of thin films of Cg, and C;, reveal the distribution of
occupied and empty electronic states of these molecular solids. X-ray photoemission results also show
the C 1s main line and features related to 7-7* shakeups, electron energy losses, and plasmons. Potassi-
um doping produces changes that can be related to the occupation of states derived from the lowest
unoccupied molecular orbitals of the fullerenes and band-structure effects. Important differences are ob-
served upon K doping of C4, and C,, particularly in states near the Fermi level, and these would be
reflected in the electron-phonon coupling, superconductivity, and the phase diagram. Resistivity mea-
surements for K, C¢, show a resistivity minimum for K;C¢, and a dependence on stoichiometry that is
indicative of dispersed conducting micrograins in an insulating medium. Oxygen-exposure studies

demonstrate that K, C¢, thin films are unstable.

I. INTRODUCTION

The discovery of the carbon-cage fullerenes' and the
development of techniques? for producing sizable quanti-
ties of them have led to intense scientific inquiry into the
properties of fullerenes, fullerites, and fullerides. The re-
port of conductivity® and then superconductivity* ¢ in
Cy films containing alkali-metal atoms raised questions
about the electronic states of the fullerites and the effects
of doping. Photoemission studies’ ~'° of K, Cg, addressed
those questions and showed the filling of bands derived
from the threefold-degenerate ¢;, molecular levels. De-
tailed structural studies have shown that the supercon-
ducting phases have the stoichiometry K;Cgo.®!! ™14
They have also shown that alkali-metal incorporation
produces K,Cq, and K C¢, phases. Superconductivity
has been observed for many solid solutions derived from
Cqo and the alkali metals.*”%!51¢ Superconductivity has
not been reported in any C,y-based fulleride, but there
has been no explanation of its absence based on the elec-
tron energy spectrum.

This paper examines the properties of thin films of Cg,
and C;, before and after exposure to K. The experimen-
tal techniques include photoemission, inverse photoemis-
sion, and resistivity measurements. Spectroscopic
analysis shows the molecular character of the fullerenes
while revealing the quasiparticle spectrum and band gap.
Core-level studies for Cq, and C, also show 7-7* excita-
tion features, energy-loss features, and molecular
plasmon losses. For both K,Cg4, and K,C,,, the com-
bination of photoemission and inverse photoemission
shows the disappearance of emission in the empty-state
spectrum and its appearance in the occupied-state spec-
trum. Moreover, important differences are evident in the
energy-level spectra of the two fullerides that would be
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reflected in electron-phonon coupling and superconduc-
tivity.

In this paper, we also present a model of fullerene film
morphologies and changes wrought by alkali-metal incor-
poration. Analysis of the photoemission core-level re-
sults for K,C, shows phase separation for off-
stoichiometric alkali-metal concentrations. Parallel resis-
tivity measurements for K, Cq, films correlate electronic
structure”® with transport properties and show that the
sticking coefficient for -K adatoms is sensitive to the K
concentration. Studies involving fulleride exposure to ox-
ygen demonstrate the formation of K,0, and KO,-like
surface species.

II. EXPERIMENT

Phase pure powders of C¢, and C,, were separated by
toluene extraction and liquid chromatography from the
soot produced by arc discharge.!” The fullerenes were
sublimed from Ta boats that were resistively heated to
~550°C in ultrahigh vacuum. They were then con-
densed on clean substrates located ~8 cm away. The
sources were outgassed for ~1 h at ~500°C before film
growth was initiated. This made it possible to grow the
fullerite films while maintaining chamber pressures below
1X107° Torr. In general, the substrates were held at 300
K, but growth was also done at 400 K and other investi-
gations involved growth at 300 K followed by annealing
at 450 K. In one case, Cg was deposited on a potassium
film at 25 K and warmed to 300 K. Fullerene film
thicknesses were measured with a quartz crystal thick-
ness monitor using a density of 1.65 g/cm’. The alkali
metals were sublimed from commercial SAES getter
sources. These sources were degassed over a ~12 h
period, always keeping the pressure below 1X10~° Torr.
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In this way, alkali-metal deposition onto the fullerite
films could be done at ~2X 107 ' Torr. Procedurally,
the substrates were prepared after the sources were de-
gassed, the fullerenes were condensed and characterized
with photoemission or inverse photoemission, and the
samples were then exposed to the alkali-metal flux.
Stable deposition rates were established prior to exposure
to the alkali-metal source. Cleaved GaAs(110) crystals,
silica glass, and thin films of K and Ti were used as sub-
strates. For the transport measurements, contacts to the
silica were made by depositing 1000-A pads of Ti that left
1X 1 cm? areas exposed. Copper wires were attached to
the pads with silver epoxy, and an electrometer was used
for resistance measurements.

The experiments were done in three different spectrom-
eters. The synchrotron radiation studies were conducted
at the Wisconsin Synchrotron Radiation Center using the
Minnesota-Argonne monochromator and beamline. Pho-
toelectrons were energy analyzed with a double-pass cy-
lindrical mirror analyzer. The overall resolution was 400
meV for the valence-band spectra shown here. Higher-
resolution studies (250 meV) conducted at 300 and 25 K
revealed no additional structure. For the inverse photo-
emission studies, monoenergetic electrons of energy E;
were focused onto the sample surface and the energy dis-
tribution of the emitted photons was measured. This pro-
cess corresponds to the radiative decay of electrons from
states at energy E; to lower-lying empty states. The pho-
tons were dispersed with a grating and were detected
with a position-sensitive resistive anode detector. The
overall resolution was ~400 meV. The x-ray photoemis-
sion studies used monochromatic Al Ka photons
(hv=1486.6 eV, resolution ~600 meV). Closed-cycle He
refrigerators were used in conjunction with W filament
heaters to allow continuous variation of sample tempera-
ture from 25 to 475 K. Sample temperatures were mea-
sured with AuFe/chromel thermocouples mounted on
sample holders. Oxygen dosing was done at 300 K.
Parallel studies of thin film growth morphologies using
scanning tunneling microscopy, STM, were done in
another system by Li et al.'® with comparable prepara-
tion conditions.

III. STRUCTURE
OF FULLERENE THIN FILMS

Scanning tunneling microscopy studies of C¢, and C,q
thin films grown by vapor condensation have revealed
surface morphologies that were remarkably complicated
for a solid derived from spherical molecules bound by van
der Waals forces.!® One might have expected close-
packed (111) surfaces and, indeed, the STM images did
show such (111) domains. Intriguingly, growth at 300 K
also produced surfaces with close-packed domains mixed
with areas characterized by facets with (311) and (211)
surfaces, large- and small-angle grain boundaries, single
height steps, and multilayer islands. The surfaces were
stable against repeated scanning, although tip-induced
modifications were occasionally observed in the regions
of disorder.'® The size of the (111) domains and their
perfection could be enhanced by growth on heated sub-
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strates or by postdeposition annealing.'®

Despite the complexity of the surface for vapor-
deposited films, photoemission measurements from
different laboratories have given indistinguishable results
for C¢, with account taken of resolution or photon ener-

y.” 1019723 (To our knowledge, ours are the only re-
sults for C, films.?*) This may be because photoemission
averages over millimeter-square areas and imperfections
are plentiful. Photoemission has shown the Fermi level
to be ~2.3 eV above the center of the band derived from
the highest molecular orbital (HOMO) of C, in all cases
except the work by Krummacher et al.?? where it was
placed ~1.1 eV from the HOMO band. Inverse photo-
emission results for Cg¢, have shown Ep to fall 1.5 eV
below the center of the LUMO-derived band.?® These en-
ergy positions relative to Ep reflect quasiparticle screen-
ing and the molecular-solid character of the fullerenes, as
discussed in Sec. VI. The insensitivity to surface and
bulk imperfections indicates the absence of localized en-
ergy levels that produce Fermi-level pinning near the
band edges. This is consistent with the closed-shell char-
acter of Cg, and the largely molecular properties of
fullerene-derived solids. Angle-resolved studies of C¢, at
temperatures below the fcc-sc (where sc denotes simple
cubic) phase transformation at 249 K (Ref. 26) may re-
veal band dispersion but the Brillouin zone is small and
the band masses near the critical points have been es-
timated to be ~ 1.3m,, making such studies difficult.?’ ~?°

Although clean fullerene films give remarkably con-
sistent photoemission results, films grown when the ful-
lerene sources were not carefully outgassed exhibited
spectral broadening and shifts by ~0.3 eV to higher
binding energy. This reflects Fermi-level alignment with
states near the bottom of the conduction band derived
from the LUMO level of Cy. No such Fermi-level pin-
ning has been observed near the HOMO level, consistent
with the high ionization potential of the fullerenes. The
incorporation of dilute amounts of K in Cg, also pro-
duced rigid spectral shifts and pinning of E, near the
LUMO band minimum (Sec. VI).

Photoemission studies have revealed that first-layer Cgq,
bonding to metal and semiconductor surfaces is more
than simply van der Waals in character.”> These Cq,
films establish the Fermi level of the substrate as the com-
mon energy reference rather than the vacuum level, and
this requires the creation of a dipole layer to compensate
for differences in work functions. Such dipoles reflect
mixing of the empty 7 states of the molecules with states
of the substrate, yielding a 7 resonance similar to that for
CO on Ni.*® For growth on n-type GaAs(110), the dipole
involves ~0.02 electrons per molecule so that the energy
levels of the fullerenes are not significantly perturbed.”’
In this case, the spectral features observed for condensed
C¢o monolayers are indistinguishable from those for mul-
tilayers. For growth on metal surfaces where more
charge transfer is involved, a few layers are needed before
the influence of the substrate is negligible, as judged by
photoemission line shapes.”> In the most severe case
studied to date, Cq, on a potassium film, substrate atoms
are displaced into suitable sites of the Cg, layers so that
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ionic bonds can be formed with the overlayer, as dis-
cussed in Sec. VIII.

IV. MORPHOLOGY AND ELECTRONIC STATES
FOR K IN C¢, FILMS

Figure 1 depicts a Cg, film at different stages of K in-
corporation. Grain boundaries and other structural irre-
gularities are not shown.!® This figure is presented so that
we can discuss the film morphology and correlate the
morphology with the spectroscopic results. It is present-
ed first so that reference to it can be made as the experi-
mental results are discussed. For the pure fullerene film,
the Fermi level lies between the LUMO- and HOMO-
derived bands (top right of Fig. 1). Exposure to K pro-
duces a dilute solid solution (a-C4y) when the amount is
below the solubility limit and the film is in thermodynam-
ic equilibrium. These K atoms form bonds with sur-
rounding Cg, molecules, establishing new energy levels
derived mainly from the LUMO levels. As a result, they
pin E close to the LUMO band, as sketched. Phase sep-
aration into a-C¢, and K;Cg, occurs when the K concen-
tration exceeds the solubility limit. The work by Fisch-
er’! and Fleming et al.!® has shown the K;C¢, phase to
be a line compound with very little composition varia-
tion, and Fischer’! showed that the a-phase solid solution
has a slightly expanded fcc unit cell.

The low solubility of K suggests that K;C¢, nucleation
would occur preferentially at the surface, not in the inte-

x=0

<0.1 ﬁ

FIG. 1. Schematic of the morphology of a K, C¢, thin film.
The positions of the HOMO- and LUMO-derived bands are
shown in relation to Ep. For Cg, E lies near the middle of the
gap. Dilute doping pins Er near the edge of LUMO. Small
K;C¢ grains nucleate, probably in grain boundaries or at im-
perfections in the film because of the low solubility of K in Cg.
For K;Cg, the Fermi level lies within the LUMO-derived band.
Continued incorporation results in polycrystalline K;Cg.

rior of a single crystal of Cg,. In thin film samples, im-
perfections provide channels for easy diffusion and sites
for nucleation. The characterization by Hebard et al.
of films produced by vapor condensation suggests Cg,
grains of ~60 A dimension. We speculate that the criti-
cal size of a stable K;Cgy, nucleus will be small because of
the substantial energy gain per K atom associated with
the higher ionization states of Cq,. Calculations have in-
dicated gains of 1.4 eV per atom for K in octahedral sites
for K,Cgp, 1.4 €V per atom for K in tetrahedral sites of
K,Csp, and 1.7 eV per atom for occupancy of tetrahedral
and octahedral sites in K;Cq."** These energies are cal-
culated relative to the standard states for K and Cg,, and
the K,C¢ and K,Cq, phases are hypothetical structures.

In Sec. VII, we argue that the condensation energy and
the sticking coefficient for K atoms on Cg4, depends on
the local structure of the surface. For deposition onto or-
dered C;, the adatoms must form hybrid states with the
LUMO levels if they are to supplement the van der Waals
attraction to the surface. Once adsorbed, the atoms are
able to diffuse on the surface or into the bulk, and the for-
mation of K;C¢, nuclei will occur whenever the K con-
centration is sufficiently high. The richness of bulk
diffusion channels and imperfections explains why resis-
tivity results obtained immediately after K deposition
represent homogeneous mixtures of K-C¢, phases for
films with thicknesses <2600 A. For thick films or mac-
roscopic crystals,ﬁ’u’l“’32 longer times are needed to
reach equilibrium. Indeed, Kochanski et al.*? found that
it required ~400 sec to reach equilibrium conditions
when a 4450-A Co film was exposed to K vapor at 300
K.

For fulleride growth by solid-state reaction with Cg,
powders and potassium metal, the surface layer is en-
riched relative to the interior with possible conversion to
the bce phase. This layer acts as a kinetic barrier so that
thermal activation is needed for the formation of homo-
geneous macroscopic samples. In such solid-state reac-
tions, the presence of oxides and other contaminants will
also influence diffusion. Intermixing does not appear to
be impeded for thin films exposed to an alkali-metal flux
of K in ultrahigh vacuum with condensation rates of only
~10'" ¢cm ™2 per minute. [The planar density of C, (111)
is ~10% cmfz.] However, fulleride formation with other
species can require annealing because of the larger activa-
tion energies for diffusion, even in thin films. This is cer-
tainly the case for Mg, Sr, Ba, and Yb.% In any case, ful-
leride formation will be driven by thermodynamics. Ele-
ments with large heats of formation and high ionization
energies may form metallic clusters on fullerene films, as
has been observed for Cr, Au, and Ti.3¢

The third panel of Fig. 1 depicts the formation of
K;Cy¢, grains and grain growth. For two-phase samples,
the spectral features of both phases will be present.
There will also be broadening related to Cg-K;Cyg inter-
face regions, although the ionic character suggests that
the Cq-K3Cyy boundary will be sharp. This abruptness
has been demonstrated by studies of Cq, growth on
K;Cq-'% Ultimately, the grains form a continuous film,
as depicted in the bottom panel, with microstructures
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that reflect the growth conditions and the structure of the
starting film. Additional K incorporation produces nu-
clei of a body-centered-tetragonal (bct) K,Cg, phase.'
The final K¢C4, phase has complete filling of the
tetrahedral sites of the bcc Cg, lattice, and each Cg is
coordinated with 24 potassium ions.!* Although this
KCq, phase is insulating,”®3? substoichiometric K¢Cq is
characterized by Fermi-level pinning by holes near the
top of the nearly filled LUMO band of the bcc com-
pound. The Fermi level moves into the gap upon com-
plete filling of those bands.

In our studies, the alkali-metal concentrations were
determined from the emission intensities from the alkali
metal and the fullerene, by the alkali-metal exposure
times, and by line-shape analysis. In the x-ray photoelec-
tron spectroscopy (XPS) studies, the C 1s and K 2p core-
level intensities were used to determine the K concentra-
tion. (At hv=1486.6 eV, the K 2p photoionization cross
section is 2.38 times greater than that for the C 1s, and
this is taken into account.’’) The amount of K in the film
was also measured by the attenuation of the substrate
emission when the films were thin enough. In the syn-
chrotron radiation photoemission studies, the intensities
of the K 3p core levels and the LUMO-derived band were
used to determine the alkali-metal concentration. In
such studies, the intensities were compared to those for
the saturated K¢Cg4, phase. The latter were easily deter-
mined because saturation to the insulating state resulted
in an abrupt shift of the Fermi level. Further exposure
led to emission from metallic clusters on the surface.
Hence a film with the LUMO and core emission intensi-
ties half the size of those for KCy, was assigned a
stoichiometry of K;Cg,. Line-shape analysis increased
the accuracy of these procedures, and we estimate the un-
certainty in x to be £0.2. For the inverse photoemission
spectroscopy (IPES) studies, the concentration was deter-
mined by comparison of each spectrum to linear com-
binations of spectra believed to represent pure phases.
We also considered the exposure time relative to that
needed to produce the saturated film. This is a less reli-
able method because the sticking coefficient changes with
K content, as discussed below, and the uncertainty is es-
timated to be +0.3.

For thin fulleride films, we expect the stoichiometry of
the surface to be very nearly the same as the bulk
stoichiometry because the fullerides are ionic materials
with very high heats of formation.””3*3%3% In general,
stoichiometries at the vacuum surface do not deviate
from those of the bulk for ionic compounds, and surface
relaxation or reconstruction is exceptional. For a
vacuum-exposed K;C, (111) surface, the K atoms would
be found in the surface-equivalent tetrahedral and octa-
hedral sites, but not all of these sites would be occupied
because of charge neutrality requirements. We cannot
speculate about long-range ordering of the surface sites.
We note that STM images for K;C¢, show ordered (111)
surfaces in which only the Cg¢, molecules are imaged.'®
Finally, Rutherford backscattering spectroscopy (RBS)
measurements by Kochanski et al.,*? taken together with
this work, show that the minimum resistivity occurs for
surface and bulk stoichiometries of x =3.
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V. Cgo AND K-Cyo
CORE-LEVEL ANALYSIS

Figure 2 shows the C 1s and K 2p core-level energy dis-
tribution curves, EDC’s, for K, Cg, formed at 300 K.
The energy reference is the spectrometer Fermi level.
The fullerene film was 4 monolayers (ML) (~ 30 A) thick.
Similar fulleride films formed with fewer C, layers at 300
K or annealed to 400 K were spectroscopically indistin-
guishable. For the pure fullerenes, the spectrum of Fig. 2
gives a C 1s binding energy of 285.0 eV and a full width
at half maximum (FWHM) of 0.65 eV. The latter is al-
most certainly limited by the resolution of the spectrome-
ter.

The satellite structures, shown magnified by 10 in Fig.
2, are due to on-site and off-site 7-7* excitation processes
and to plasmon losses. (On-site processes, as used here,
are those that occur on the particular molecule from
which the photoelectron is ejected.) This satellite region
is expanded in Fig. 3 where the contribution from the
main line has been subtracted and results from electron
energy-loss (EELS) measurements are shown for compar-
ison.*>*! The first shakeup peak (feature 2), located 1.9
eV from the C ls main line, is due to excitations from
HOMO- to LUMO-derived states of the molecule that
are induced by the creation of the core hole. This molec-
ular HOMO-LUMO transition is monopole allowed
(Al=0) and is likely to appear in a shakeup spectrum.*?
It is dipole forbidden in the isolated Cg, molecule but
solid-state effects mix the angular momentum quantum

KXCGO Cls
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FIG. 2. C Is and K 2p emission for a 30-A K, C¢ film grown
at 300 K. The bottom spectrum represents pure C¢. The mid-
dle spectrum represents metallic K3Cqy and shows a broad C 1s
line with an asymmetry to higher binding energy. The top spec-
trum represents the insulating K¢Cg, phase. The satellite struc-
tures labeled for K,C¢ and K¢Cg, reflect contributions from
on-site m-m* excitations, off-site (dipole) energy losses, and
plasmon losses. Feature 2 reflects an on-sitt HOMO-LUMO
m-m* excitation at 1.9 eV in Cqy and 1.2 eV in K(Cy. The C 1s
main line for K, sC, includes contributions from lightly doped
a-Cg and K;Cq. The energy shifts identified by the vertical
bars reflect those depicted in Fig. 1. The K 2p doublets reflect
the inequivalence of the octahedral and tetrahedral sites.
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FIG. 3. C Is satellite features, with the main line emission
subtracted, compared to electron energy-loss spectra from Refs.
40 and 41. Structures 3-S5 reflect dipole-allowed off-site energy
losses, with underlying intensity from a 7 plasmon near ~6 eV
and 7-7* monopole transitions. The feature at 1.9 eV in Cg,
represents the monopole-allowed HOMO-LUMO shakeup. The
corresponding (dipole-allowed) feature at 1.2 eV in K(Cq
reflects a smaller gap.

number. Nonetheless, the transition is still weak in opti-
cal absorption”"“*46 and EELS (Refs. 40, 41, and 47)
where dipole selection rules are important. The satellite
features at 3.7, 5.0, and 6.1 eV (labeled 3, 4, and 5) also
originate from m-7* transitions but their prominence in
the EELS spectra*®*! suggests that they are due to
dipole-allowed transitions. Such excitations result in en-
ergy losses as the photoelectron propagates through the
lattice. The interpretation in terms of dipole transitions
is supported by the agreement between the optical con-
ductivity derived from EELS data*® and optical-
absorption measurements.’>*3~4 The satellite feature la-
beled 3 appears anomalously strong when compared to
the EELS data. Its strength is probably enhanced by
contributions from monopole-allowed transitions involv-
ing HOMO-derived states and empty ?,,-derived states,
both with / =5 symmetry as assigned in Refs. 29 and 46.
The EELS experiments*! indicate that the peak at ~6 eV
results from both 7-7* transitions at 5.5 and 5.8 eV and
the excitation of a 7 plasmon at 6.3 eV. The strength of
the plasmon is dependent on the electron energy in
EELS, as discussed by Gensterblum et al.*! The shoul-
der labeled 6 in the shakeup spectrum is probably due to
an underlying broad peak related to this collective oscil-
lation. The satellite region is then composed of shakeup
and inelastic loss features, an interpretation supported by
the observation that such processes tend to overlap in the
spectra from aromatic molecules.*? C 1s spectra that ex-
tend to ~40 eV below the main line show a higher-
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energy plasmon at ~28 eV due to o excitations.?! This
plasmon is observed in inverse photoemission?® and
EELS studies.*!"*”*® Additional monopole o-c* transi-
tions appear at 9.9 and 13.7 eV.?!

The middle EDC in Fig. 2 was obtained with a K;Cq,
film grown at 400 K. The broad C 1s main line (at 284.6
eV with FWHM of 1.5 eV) shows a pronounced asym-
metry to higher binding energy and satellite features that
are ill defined. Such spectral changes are indicative of
the formation of the metallic phase for which the core-
hole binding energy is reduced by metallic screening and
photoelectron inelastic scattering produces a Doniach-
Sunjic line-shape asymmetry. The broadening of the
main line may reflect increased dissimilarity of the three
symmetry-inequivalent C atoms in the K;Cg, structure.
EELS spectra for x ~3 show a similar broadening of
m-m* transitions as well as low-energy intraband transi-
tions between filled and empty portions of the LUMO-
derived bands.** The 7 plasmon at ~6 eV persists al-
though the 7-7* features are altered and washed out.

The K 2p; ), 1, core-level emission for K;C¢, appears
as two spin-orbit-split pairs.!® Their intensity ratio, 2 to
1, is derived from the number of tetrahedral and octahe-
dral sites. The 1.1-eV energy separation represents a bal-
ance between initial-state effects (related to charge
transfer and the crystal potential at the two sites) and
photoemission final-state effects (related to the polariza-
bility of the medium). Calculations for C¢, have shown
that the self-consistent-field potential at tetrahedral sites
is ~1 eV deeper than at octahedral sites.*’ The (oppos-
ing) final-state shifts can be estimated by using the lattice
dielectric properties.”® In this case, K 2p holes in the
smaller tetrahedral sites are better screened than those in
the larger octahedral sites by ~2 eV, giving a net shift of
~1 eV to lower binding energy for K ions in tetrahedral
sites relative to those in octahedral sites, as observed ex-
perimentally.

Figure 4 shows that the K 3p core-level emission ap-
pears as a single structure at ~18.3 eV. The FWHM
was ~ 1.5 eV for K;Cy, and K¢Cg,, showing the same
broadening reported by Wertheim et al.® Spectral split-
ting due to population of tetrahedral and octahedral
holes, as seen for the K 2p emission, is not observed for
the K 3p levels. This indicates that the K 3p wave func-
tions are extended enough that they overlap with orbitals
of the surrounding fullerenes. This is particularly true
for K in tetrahedral sites because the sites are smaller
than the K7 ionic radius. (The radius of the K ion is
controlled by the size of the 3p function.) Whereas the K
2p core-hole screening could be treated by simple polar-
ization of a dielectric (because the relaxed final state did
not overlap the fullerenes and the 3p shell was closed),
the analogous treatment for a 3p core hole would be in-
correct because charge transfer to the K 3p level is likely
to occur in the photoemission final state. The breadth of
the 3p emission for K(C¢, and its invariance in energy
with x supports a picture of a more bandlike state. It
should also be noted that the screening environment of
the 3p electron in the initial state may be similar in K
metal, K;Cq, and K¢Cy, because the charge that is
transferred to the LUMO levels is still close to the K ion.
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The top EDC of Fig. 2 shows the C ls main line and
satellite structures for K(C¢,. The energy shift is the re-
sult of Er moving into the gap between the new HOMO-
derived band and the new LUMO-derived band. (The
distribution of such states is discussed in Sec. VI.) For
K¢Cgo, the K 2p line shape shows a single spin-orbit-split
doublet, in agreement with structural studies showing a
bec lattice with K ions occupying a single type of slightly
distorted tetrahedral sites.!* The C 1s main line is again
sharp (FWHM 0.77 eV) and new satellite features arise
for molecules having fully occupied LUMO states. The
lowest-energy transition is 1.2 eV from the main line
(peak 2 in Figs. 2 and 3). This is in accord with the ener-
gy separation of the new HOMO and LUMO bands, as
measured with inverse photoemission when both are
unoccupied (see Fig. 5 below). The C 1s loss structure of
Fig. 3 also reveals a broad shoulder at 3 eV and another
feature at 5.8 eV. The EELS spectrum for K,Cq, con-
tains peaks at these same energies although excitation
cross sections appear to be quite different.

Figure 2 also shows C 1s and K 2p results for two-
phase samples. Line-shape decomposition for x =1.5
reflects the superposition of contributions from Cg, and
K;Cy, (dashed lines). In this case, the Cq, features are
shifted by 0.25 eV because small amounts of K in the a-
phase solution pin the Fermi level near the LUMO-

K3p Kx Ceo
hy=65eV

Photoemission Intensity (arb. units)

20 10 &
Energy (eV)

FIG. 4. Valence-band spectra for a 100-A film of K, Cg for
x =0, 3.8, and 6. The wide valence bands exhibit sharp spectral
features because of the high symmetry of the molecule. The
leading two features are derived from 7 states, the features be-
tween —5 and — 10 eV have mixed o and 7 character, and the
deeper features are o derived. The center of the HOMO-
derived feature is 2.25 eV below the spectrometer Fermi level,
as measured by photoemission. Potassium addition results in
emission from a new band at E that is derived from unoccu-
pied bands of the fullerene. The top spectrum shows that the
LUMO-derived feature shifts below Ep for insulating K¢Cqo.
Emission from the K 3p core is present as a broad peak 18.3 eV
below E.
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derived band, as sketched in Fig. 1. The amounts of the
two phases should be dictated by the lever rule, in agree-
ment with spectroscopic results. The results for x =4.5
represent mixtures of K,C¢y and KCq, according to the
phase diagram,'® but a unique line-shape decomposition
is not possible because K,Cq, spectra have not been
identified uniquely. However, the sharper main line from
K(Cq is evident and the K 2p feature appears as a single
species with 2.7-eV spin-orbit splitting. This analysis of
the K 2p results is consistent with the similarity of the
tetrahedral sites for K,Cg, and K¢Cqg, but it is subject to
improvement when single-phase K,Cg, samples are pro-
duced.

VL Cg AND K-C¢, VALENCE
AND CONDUCTION BANDS

Figure 4 shows valence-band spectra for a 100-A-thick
film of Cg, (bottom) and for K,Cq, for x =3.8 and 6.

T

KX CGO
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FIG. 5. Representative PES (hv=65 eV) and IPES
(E;=17.25 eV) spectra showing the effects of K incorporation.
They were collected from 100- and 30-A films. The normaliza-
tion of the spectra is discussed in the text. K incorporation re-
sults in a 0.25-eV shift to lower energy of the PES features and a
0.75-eV shift to lower energy of the IPES features due to the
movement of Ep to the edge of the LUMO bands and changes
in screening in the doped film (compare to Fig. 1). The x =1
spectrum shows emission at E from phase-separated grains of
K;Cq. Adding K results in an increase of emission below Er
and a decrease of intensity above E as the higher stoichiometry
phases grow. The top spectrum shows that E shifts into the
gap when the LUMO bands are completely filled. The 2.6-eV
separation of the HOMO-LUMO band edges in C¢, represents
the energy necessary to separate an electron and a hole in the
solid. It should not be confused with the lower energy neces-
sary to excite on-site molecular transitions.
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These spectra were obtained with synchrotron radiation
photoemission with Av=65 eV. At this energy, they em-
phasize the 7 states over the o states?! while showing
growth of the K 3p emission at 18.3 eV. Additional
valence-band spectra are shown in Fig. 5 to highlight
features within 5 eV of Ep. Figure 5 also shows IPES
spectra for a 30-A film of Cy, containing various amounts
of K. The IPES spectra were obtained with an incident
electron energy of 17.25 eV measured relative to the Fer-
mi level. All of the spectra of Figs. 4 and 5 were refer-
enced to the grounded spectrometer Fermi levels. 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 two
sets of data were then reconciled by setting the intensity
of the LUMO feature in the IPES data to 3/5 the intensi-
ty of the HOMO feature for the pure fullerene film. This
is the intensity ratio expected from the degeneracies of
the two sets of 7, bands. Indeed, doping to x =6 yields
this intensity ratio in the photoemission spectra. At the
same time, neither photoemission nor inverse photoemis-
sion gives true density-of-states curves because both are
affected by matrix element effects, as demonstrated in
Ref. 51.

For Cg, the center of the HOMO-derived band is 2.25
eV below E. This position reflects the HOMO level in a
Cgo system where an electron has been removed by the
photoemission process. The inverse photoemission re-
sults represent a system where an electron has been added
to the molecular solid, and the center of the LUMO band
is 1.5 eV above E;. The experimentally observed energy
separation between the centers of the HOMO and
LUMO bands is then 3.75 eV. If the edges of the HOMO
and LUMO bands are extrapolated to zero, we obtain a
separation of 2.6 eV. For a conventional semiconductor,
this extrapolation would give the band gap. The mea-
sured gap represents the energy needed to create an
electron-hole pair and then separate them in the solid. It
should not be confused with a molecular HOMO-LUMO
excitation where the electron and the hole remain on the
molecule, with or without extramolecular screening. We
expect that extramolecular screening is small because the
optical transitions for the molecule appear at 3.8, 4.8, and
5.9 eV for Cg, in solution in hexane’>*? (static dielectric
constant 2.0) and 3.6, 4.6, and 5.6 eV for Cg, in fullerene
films*>*#~% (static dielectric constant 4.4). Thus on-site
HOMO-LUMO molecular excitations can account for
weak optical absorption, but the electron and hole cannot
be separated and they do not contribute to conductivity.
The injection of an electron from a metal into a pure Cg,
film requires that the electron occupy a LUMO-derived
state. The center of the LUMO band lies 1.5 eV above
Ep, as measured by inverse photoemission, and the trans-
port threshold should then correspond to injection at the
leading edge of this band, i.e., ~1 eV. We note that the
measurements of Hebard et al.3? show the onset of dc
conductivity at ~1 eV.

The molecular and solid-state origins of the occupied-
and empty-state spectral features for Cq, have been dis-
cussed elsewhere based on the calculated electronic state
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distribution.??>? In analysis of the experimental re-
sults, we assumed that all initial-state features were shift-
ed relative to Ep by the same amount in the [(n —1)-
electron] photoemission final state. We also assumed that
all features in the [(n + 1)-electron] inverse photoemission
final state were shifted equally. Thus the creation of a
quasiparticle in a molecular-orbital-derived state pro-
duces a rigid shift, regardless of the particular occupied
or empty state. This assumption is supported by the fact
that the wave functions are delocalized on the molecule
and have similar spatial extents. Comparison to ground-
state band calculations should then be correct to first or-
der when energies are referenced to HOMO or LUMO.
The breakdown of this approximation would introduce a
state-specific energy reference. While this must be the
case at some level of precision, the approximation ap-
pears to be sufficiently accurate that such things can be
ignored. Although the calculations differ in the fine
points, they provide a very good facsimile of the photo-
emission spectra,?’ 2*3%% agreement that supports the
comparison of the quasiparticle spectrum to density func-
tional calculations. Moreover, comparison of experimen-
tal solid-state results to calculations for isolated mole-
cules*®3® provides very good agreement when energies
are referenced to HOMO or the vacuum level.

The first two occupied-state features for solid Cg, (bot-
tom curves of Figs. 4 and 5) are of 7, and 7, character
with fivefold and ninefold degeneracy, respective-
ly.28:46.:34=56 The experimental FWHM of the HOMO-
derived band is 0.65 eV, consistent with band calculations
that give a bandwidth of 0.58 eV.* The states are of
mixed 7 and o character for energies 5-10 eV below E
(Fig. 4), and those below ~10 eV are o derived. The
overall valence-band width is very nearly the same as for
graphite or diamond,” but the molecular symmetry of
Cqo assures sharp spectral features. In the empty states,
the first two features are again 7 derived but analysis
shows angular momentum mixing.?*?° For this reason,
the dipole selection rules that forbid HOMO-LUMO
transitions are relaxed in the solid. Moreover, such selec-
tion rules would apply strictly only at the Brillouin-zone
center where the angular momentum character is pure.
For higher-energy states, the calculations show the onset
of intermolecular interactions.”®*?* Indeed, the third
empty-state peak of Fig. 5 contains substantial contribu-
tions from 7 states and states of nonmolecular origin.?’

The valence- and conduction-band spectra in Figs. 4
and 5 provide evidence that filling of LUMO-derived
bands with electrons donated from alkali-metal atoms
does not result in simple rigid band shifts. This is partic-
ularly evident in the empty states because the separation
between the LUMO+1 and LUMO+2 features (Fig. 5)
changes from 1 eV in pure Cy, to 1.3 eV in K;C¢, to 1.6
eV for K(Cq,. Since these states are empty and quasipar-
ticle screening would not change their relative energies,
the differences reflect a modification in the underlying
density of states. Such effects are greatest for the extend-
ed empty states, particularly those near in energy to the
K 4s band. The calculations indicate that the K 4s band
lies above E in K;C4, and mixes mostly with nonmolec-
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ular states having appreciable amplitude at the interstitial
sites.>* There are no spectral features that distinguish it
since it only adds one state to a feature already contain-
ing eight bands. The empty-state structure probed with
x-ray absorption spectroscopy’ and EELS (Ref. 38) shows
similar development with K addition with slight
differences in the relative positions of peaks that result
from the presence of the core hole.

The decrease in peak height of the leading 7 features
evident in Fig. 4 is a result of broadening. Measurements
of the integrated intensities show that there is no reduc-
tion in emission form the leading features until x ~5 and
then only HOMO—1 experiences a 20% reduction in
emission. This is probably a result of changes in photo-
emission cross section due to final-state symmetry.’!

The broadening observed in Figs. 4 and 5 is a combina-
tion of several processes. Changes associated with K
doping are observed in the occupied-state spectra where
the m-derived features shift 0.15 eV more (toward Ej)
than the lower-lying o -derived features upon transforma-
tion from Cg, to K;Cy, This explains the line-shape
changes of the feature at 7 eV below E because it is de-
rived from o- and 7-derived states and their relative posi-
tions within the feature change. In addition, there is
structural disorder related to grain boundaries and im-
perfections and, hence, differences in local bonding
configurations in the mixed-phase samples. The FWHM
of the HOMO feature changes from 0.65 to 1.0 to 0.9 eV
for Cgp, K3Cgp, and K4Cgy. Changes in the width of the
LUMO feature are even larger since the FWHM of the
half filled LUMO band in K;Cq, is 1.1 eV compared to
0.75 eV for K¢Cg.°

To investigate the effect of dilute amounts of alkali-
metal atoms in Cq, films, we exposed Cg, films of
thicknesses between 16 and 2600 A to produce
stoichiometries below K, ;C4,. Analysis showed a shift
to higher binding energy by ~0.25 eV for the valence-
band and C ls features, as depicted in Fig. 1. In part,
this reflects pinning of E near the LUMO band as states
derived mainly from LUMO mixed with K 4s and were
populated. At the same time, the empty-state features
shifted 0.75 eV toward Ep. Hence the initial-state effects
related to Ep level pinning are reduced by final-state
effects related to quasiparticle screening for photoemis-
sion and enhanced for inverse photoemission. While
initial-state effects are the same for photoemission and in-
verse photoemission (to lower energy), the screening
effects are in the opposite direction (toward Ep in both
cases). The results demonstrate Fermi-level movement
by 0.5 eV and a screening shift of magnitude 0.25 eV, as-
suming symmetric screening shifts for the occupied and
empty states.

Figures 4 and 5 show that the LUMO band shifts 0.4
eV away from Ep when it is fully occupied at x =6. This
implies that the solid, defect ridden as it is, forms the lo-
cal geometry needed to fill the LUMO-derived molecular
states of Cq,. Were this not the case, E; would be pinned
at the top of the LUMO band in a fashion equivalent to
that just discussed for K {C4. The IPES spectra of Fig.
5 demonstrate such pinning for x slightly below 6. The
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Fermi-level shift at K,Cq, is difficult to observe with
IPES since it is largely offset by the opposing screening
shift. The fact that an insulating state is reached with Ep
in the gap of the (new) molecular solid implies that
structural imperfections do not introduce levels that can
pin Ep near the band edges. No evidence was found for
the filling of the LUMO+1 band upon further K expo-
sure but the valence bands showed evidence for metallic
K growth on the surface.

VIL K,Cg, A GRANULAR METAL

Figure 6 summarizes the results of resistivity measure-
ments done in conjunction with photoemission studies for
a 2600-A-thick Cg, film exposed to a potassium flux at
300 K (area 1X1 cm?. The resistivity was monitored
continuously using a two-point method during K expo-
sure, but exposure was interrupted so that photoemission
spectra could be collected (Av=65 eV). The solid line in-
dicates the resistivity when the concentration was deter-
mined from the emission from the LUMO-derived bands
and K 3p core level (estimated accuracy *0.2), with dots
indicating the stoichiometries for which spectra were col-
lected. While the two-point technique is vulnerable to
contact resistance effects, the doping level in K, C¢, was
high enough to produce an Ohmic contact for x 20.3,
and our analysis emphasizes these stoichiometries.
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FIG. 6. The resistivity as a function of K concentration for a
2600-A film of Cg prepared at 300 K. The dashed line
represents the behavior when the concentration was determined
by timed exposure to the source. The solid line shows the be-
havior where concentration was determined from photoemis-
sion intensities. The exposure time measurements overestimate
the concentration for x <3 and underestimate it for x >3 be-
cause the sticking coefficient of K on K, Cq, varies with x. The
resistivity minimum of 3200 pQ cm occurs for K;Cq. The
resistivity behavior for low stoichiometries is indicative of a sys-
tem with metallic grains growing in an insulating medium, con-
sistent with phase separation of K;Cy in Cg (see Fig. 1). Calcu-
lations based on a granular metal model gave a grain density of
~10'"® cm ™3 and grain sizes of ~ 100 A when coalescence starts
near x =1.
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Indeed, a change in the probing current for representa-
tive stoichiometries showed no effects, i.e., no Schottky-
like responses. Further, the resistivity behavior measured
as a function of exposure time agreed quite well with that
reported by Kochanski et al.* based on their four-point
van der Pauw method.

The dashed line in Fig. 6 shows the resistivity for
K, C4 based on concentrations determined from expo-
sure time to the K source. In this case, the resistivity
minimum was assigned to the stoichiometry of K;Cg.
While the flux from the source is stable, the exposure
time results are less reliable than the K concentrations
determined by photoemission because the sticking
coefficient changes with x. Figure 6 shows that the time
interval needed to go from K;Cg, to K¢Cg is % of that
needed to reach K;C¢, from K Cq. Kochanski et al.
have shown the same behavior for time exposures and
they noted that it suggested an increased sticking
coefficient with x. Such differences in sticking coefficient
are reasonable since a K atom impinging on the surface
forms ionic bonds that involve charge transfer to the
LUMO levels. We speculate that the ionic bonds for low
K-Cg, coordination are not particularly favorable, based
on the energetics calculated for K,Cq.>* Bonding and
the sticking coefficient will be better once K;Cgq, or the
other unsaturated phases constitute the surface, based
again on the energetics of K atoms in ordered bulk struc-
tures.>* Such crude estimates imply that sticking on sa-
turated K¢Cg, surfaces is again less probable. Finally, we
note that stoichiometry errors in the photoemission mea-
surements would make the discrepancy larger, not small-
er, because the surface is more likely to be richer in K
than poorer.

In our resistivity studies, we found that the transport
properties of the pure Cg, films were sensitive to irradia-
tion with visible light, 65-eV photons, and changes in
temperature. Photon irradiation reduced the resistance
on a <1 sec time scale. This is consistent with promo-
tion of charge carriers into the conduction bands.
Equivalent reductions were found upon annealing, and
they probably reflect structural changes since there was
incomplete recovery. However, the detailed behavior
was sample dependent and quantitative conclusions can-
not be made. The exposure of a pure Cg, film to a hot
filament also produced anomalous results with the resis-
tance increasing briefly for some samples and decreasing
immediately for others. No such effects were evident
after the films were lightly doped (x <0.1). In all cases,
the resistivity of even the lightly doped Cg, films was
greater than 5X 10% uQ cm.

The solid and dashed lines of Fig. 6 indicate that the
resistivity decreases sharply for x <1. From the K con-
centration determined with photoemission, the resistivity
is relatively unchanged between x =1.5 and ~5. This
broad minimum is not evident when the stoichiometry is
determined from exposure time (dashed line). Instead,
the dependence on x is approximately exponential from
x=1 to 3 and from 3 to 5, as shown by the nearly
straight line on the log-linear plot in Fig. 6.

The gross features of the resistivity behavior can be un-
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derstood by considering a granular metal model in which
metallic K;,Cqy, grains are imbedded in an insulating Cg,
matrix.’®> In a granular metal model, the resistivity
dependence on x can be separated into dielectric, transi-
tion, and metallic regions. In the dielectric region, con-
duction results from tunneling between metallic grains
through the insulating medium. Hence the resistivity
scales as exp[(N /x)!/3] where N is the metallic grain den-
sity.*® In the fully metallic region, the resistivity is deter-
mined by electron scattering. In the transition region,
transport is accomplished by a combination of tunneling
and metallic conduction. The number of direct pathways
for conduction increases with K concentration. Hence
the resistivity varies as (x —x_.)”? where x, is the thresh-
old composition between the metallic and dielectric re-
gions and the exponent p varies between 1 and 2, depend-
ing on geometry used to model the morphology.>®

The drop in resistivity for x <1 does not depend
significantly on whether the K content is determined by
time of exposure or photoemission signal since the con-
centration is low (Fig. 6). Calculations which model the
system with spherical metallic K;Cq, grains on the lattice
points of a simple cubic array growing in an insulating
C¢, medium give a grain density of ~10'® cm 3. Indeed,
the rapid resistivity decrease in this region guarantees a
reasonable fit to the model despite the uncertainty in x.
The calculations also predict that conduction pathways
will form when x ~1, corresponding to grains that are
~100 A in diameter. Such grain sizes are similar in size
to the grains in pure Cg, films deduced from the x-ray
diffraction analyses of Hebard et al.>* and STM analyses
of Li et al.'® The leveling off of the resistivity where the
K, Cq grains form conduction pathways near x =1 is in
agreement with the model calculations.

The approximate nucleation density and grain size re-
ported here do not vary greatly with the geometry used
to model the grain distribution within the film. The
broad minimum in p(x) suggests that the grain size is
much larger than the scattering length of electrons in
K;Cqo. This can be qualitatively understood by realizing
that films with large grains have less insulator surface
area and, hence, electron scattering relative to small
grains with the same nominal stoichiometry. Enhanced
scattering in films with small grains would produce a fas-
ter decrease in resistivity and hence a sharper minimum
when x approaches 3 and the insulating C¢, phase is con-
sumed.

Kochanski et al. have examined the temperature
dependence of the resistivity for K-Cy,, finding activated
conduction except when x was near 3. In their experi-
ment, they determined the stoichiometry by the exposure
time. As can be seen from Fig. 6, this contracts the range
over which metallic behavior can be expected. When ac-
count is taken of the nonlinear sticking coefficient, their
results would indicate that metallic conductivity would
occur for concentrations as low as x =1.3. This would
be in rough agreement with the granular metal model
where x.=0.9. This value of x corresponds to the sepa-
ration between metallic and activated conduction.

Finally, our transport measurements show that the film
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resistivity of K;Cqy decreases with film thickness up to
~1000 A but then remained relatively constant (our
thickest film was 5000 A). This supports the conclusions
of Ref. 32 in which a minimum resistivity was reported
for thick films. Our resistivity value of 3200 uQ) cm for
K;Cq¢, agrees within experimental uncertainty to reported
values of 2000 (Ref. 3), 5000 (Ref. 4), and 2200 uQ cm
(Ref. 32).

Resistance measurements for a 2000-A K,C, film
showed a minimum resistivity of 4.5X 10° uQ cm, which
is in excellent agreement with the conductivity maximum
of 2 Sem™! reported in Ref. 3. Quantitative correlation
between x and p was not obtained, so analysis similar to
that for K, Cq, is not presented. Such analysis would be
expected to show interesting differences between K, Cgq,
and K, C,, since dissimilar phases appear to be present in
the two systems (Sec. X).

VIII. C4o OVERLAYERS ON POTASSIUM

The ease of K diffusion through a Cg, thin film lattice
can be demonstrated by examining the reaction that ac-
companies Cqg, deposmon onto K metal. To do this, we
formed a ~15-A-thick K layer on GaAs(110) at 25 K.
The thickness was estimated by comparison with the re-
sults for saturated coverages of K-GaAs(110), namely,
0.5-1 ML at 300 K (Ref. 60) and by attenuation of the
GaAs substrate emission. The formation of a metallic
potassium layer prior to Cg, deposition was evident from
the asymmetry of the K 2p core-level emission and the
fact that a plasmon loss feature was observed for each
core level. (Plasmon losses of ~3 eV were also observed
for photoelectrons arising from Ga and As excitation
since they traversed the K layer.) The addition of sub-
monolayer amounts of C¢, at 25 K produced two effects.
First, the plasmon losses disappeared, suggesting a
change in electron distribution in the K film. Second, the
emission from the GaAs substrate was attenuated more
than the emission from the K layer, indicating the move-
ment of K into the Cg, layer. To account for these
effects, we postulate that K atoms occupied interface sites
that maximized their coordination with the C, over-
layer. This demonstrates that sites in the monolayer Cg,
islands'® were energetically attractive and that ionic
bonds could be formed. Analysis of the C 1s main line
for the C4, on K supports this interpretation since it was
only ~0.2 eV narrower and at approximately the same
binding energy as the metallic K;Cg, phase. Hence the
mixing of K in the C¢, monolayer results in the donation
of charge to the adsorbed fullerenes. Since K has a small
work function, the amount of charge donated, and hence
the resulting interface dipole field, is large, causing K to
move to interstitial sites.

The addition of Cg, to form a layer ~3 ML thick did
not produce any significant K movement into the surface
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layers when the temperature was below 100 K. This was
shown by the attenuation of the K and GaAs emission
and the fact that the C 1s line shape was representative of
a third Cg, layer.”> Once the electrostatic forces were
balanced, therefore, intermixing was restricted at 25 K.
Photoemission spectra taken over a period of ~12 h
showed minimal K outdiffusion. More extensive inter-
mixing was observed when the kinetic constraints were
relaxed by slowly warming. In particular, the K 2p emis-
sion increased when the sample was warmed to ~ 100 K
and the C¢, overlayer was K saturated by the time the
temperature reached ~200 K, producing K(Cq,.

The K-C¢, changes observed in the first layer at 25 K
demonstrate that the release of atoms from the metallic
K interface was not a limiting factor in intermixing. This
suggests that we can model the temperature-dependent
behavior with K diffusion through the interstices of the
fullerite lattice. At 200 K, this diffusion through the
~30-A-thick layer forms the saturated phase in less than
one hour. From these conditions, we conservatively esti-
mate an activation energy for diffusion of ~0.5 eV, as-
suming a typical jump frequency of 10'* sec™!. The
diffusivity calculated for room temperature based on this
activation energy is very high. This supports the obser-
vations from our resistivity measurements in which we
found no discernible lag in reaching the equilibrium resis-
tance for 2600- A films during K deposmon at a rate of
~1 A/mm at 300 K. Thls too, is in agreement with the
diffusivity value of 10~ cmz/ sec estimated in Ref. 32.

IX. K-C4o OXIDATION

A critical issue related to the application of the K, Cq,
phases concerns the instability when exposed to the at-
mosphere. To investigate such effects, we exposed a 30- A
film of K(C¢, to O, at 300 K. The top EDC of Fig. 2
represents the starting point and Fig. 7 summarizes the
changes in the O 1s, C 1s, and K 2p spectral features as a
function of O, dose. The spectra are normalized to ac-
quisition time. Exposure to 2 L (1 L=10"° Torr sec) in-
troduces a small O 1s feature at 530.8 eV as well as shifts
in the C 1s and K 2p EDC’s by 0.6 and 0.8 eV to lower
binding energy. These shifts can be understood by recog-
nizing that K previously bound in the fulleride lattice has
been leached to react with oxygen. This reduces the K
content in the fulleride so that it is no longer insulating
K¢C¢, The observed shifts therefore represent the posi-
tioning of E; in the LUMO band (compare to Figs. 2 and
5). The shift appears to be greater for K because there is
a K-oxide component at lower binding energy. The
dashed line for 10 L exposure emphasizes the oxide com-
ponent. Intensity analysis showed that the K 2p emission
increased as a result of oxygen exposure because K atoms
were withdrawn from the fulleride to form the surface ox-
ide. Potassium is then the moving species, consistent
with a greater activation energy for O, diffusion through
the fulleride and the low probability of oxide formation
internally.
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FIG. 7. Effects of exposing a 30-A film of K¢Cy to O, at 300
K. The spectra are normalized to photon flux to emphasize in-
tensity changes. The bottom spectrum is equivalent to that of
Fig. 2 with a small oxygen signal. O, exposure produces emis-
sion at 530.8 eV and a shift of the K 2p and C 1s feature to
lower binding energy because K,0, forms at the surface and the
fulleride stoichiometry is reduced. After 10 L exposure, a K-O
feature appears in the K emission (dashed line). Continued ex-
posure results in O-emission at 533.8 eV as a KO,-like phase
forms.

Figure 7 shows that the O ls emission at 530.8 eV in-
creased in intensity and a second feature formed at 533.8
eV by 500 L exposure. Comparison with the literature
shows that the 530.8-eV peak corresponds to K,0, and
the second feature corresponds to KO,.°' Intensity
analysis for the C 1s emission and for Ga and As emission
from the substrate shows that the former decreased more
rapidly, reflecting further surface segregation and oxida-
tion of K. We note that studies of K, C¢, with low metal
stoichiometries also demonstrated that oxygen exposure
led to K loss. Such processes can oe understood by
recognizing that the heats of formation®’ of KO, and
K,0, are —3 and —2.6 eV/(K atom), respectively, com-
pared to about —1 eV/(K atom) for the fulleride
phases.*’

The initial oxidation of K(Cg is limited by the amount
of O, impinging on the surface. K,O, formation is
favored when the supply of K is abundant. However,
KO, forms when the K supply is the controlling parame-
ter. This accounts for the change in the O 1s emission of
Fig. 7. Simple oxygen exposure develops a K,0, surface
layer that impedes K diffusion. When the oxide layer
formed by exposure to 2000 L O, was annealed to 120°C
without further O, exposure, the KO, peak disappeared.
This reflects further K depletion and transformation of
KO, to K,0,.

Finally, the relative stability of the fulleride phases was
investigated by O, exposure of fullerides with composi-
tions of x =1.5 and 3. For K;C¢, an oxide layer ap-
peared after 1000 L O, exposure, and its thickness was
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half of that formed on a K¢Cg, film. Hence K;Cgq, and
K¢Cqo were equally susceptible to oxidation, consistent
with the heats of formation per K atom for the two ful-
leride phases. Similar O, exposures of a film with compo-
sition of ~ 1.5 showed little effect. This probably reflects
the fact that O, does not diffuse readily into the film. In
this sense, the C, phase protects internal fulleride grains.
As Kroll et al.% have shown, Cg, molecules react with
oxygen but only under rather severe conditions of O, and
photon exposure.

An attempt was made to passivate a K,C;, film with
5000 A of CaF, so that the sample could be examined ex
situ. The resistance was continuously monitored and
showed no change upon CaF, deposition. Backfilling the
vacuum chamber with ~1 atm of nitrogen caused the
resistance to increase by a factor of ~2, presumably due
to impurities in the N, or desorption from the chamber
walls. Exposure to air resulted in a rapid resistance in-
crease over several orders of magnitude, indicating that
the CaF, buffer was insufficient to prevent oxidation of
the K in the K, C,, film.

X. Cyo AND K-Cqo

Figure 8 shows the C 1s main line and satellite struc-
ture for C,,. Analysis reveals a single feature at 285.3 eV
that is 0.2 eV broader than for Cg, reflecting the five dis-
tinct carbon atoms in the rugby-ball-shaped structure.
The satellite features show broad peaks at 2.7, 3.8, and
5.8 eV. Spectra that span a larger energy range reveal
distinct peaks due to o-o* transitions at 10 and 13.7 eV,
as well as a broad plasmon loss at approximately 28 eV.
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FIG. 8. C 1s emission from a Cy, film grown at 300 K show-
ing a broadened main line relative to C4, because of increased
inequivalence for the C atoms (binding energy 285.3 eV). The
satellite structures reflect the increased spread in the 7 and 7*
energy levels of C,, compared to Cq. The satellites are due to
monopole-allowed (2.7 and 3.8 eV) and dipole-allowed 7-m* ex-
citations. A distinct HOMO-LUMO feature cannot be
resolved.
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The XPS results indicate the same energy for the high-
energy plasmons of C4, and C,, but the EELS results of
Sohmen et al.*® suggest that the plasmon in C,yis 1.5 eV
lower than in Cg,. The similarity of the monopole-
allowed o-0* shakeup features for Cq, and C,, suggests
that the elliptic distortion of C,, leaves the energy distri-
bution of o molecular orbitals with given angular
momentum character reasonably intact. The correspon-
dence between features in the photoemission, inverse
photoemission, and x-ray absorption spectra for the two
molecules supports this.?#?® A distinct HOMO-LUMO
transition could not be resolved for C,,, probably because
these two levels were broadened in C,q, as shown below.
Indeed, between the main line and the first defined
feature at ~2.7 eV, the intensity remained above the
background expected for the main line based on its shape
for C¢,. This probably indicates unresolved loss features
from HOMO-LUMO-like transitions.

The peak positions of the broad 7-7* satellite features
are in agreement with those observed in EELS, as shown
in Fig. 8. These results also compare favorably to the
ultraviolet-visible absorption spectrum of C,; in solu-
tion,>® suggesting that much of the satellite structure is
due to off-site energy losses. The XPS features at 2.7 and
3.8 eV appear strong relative to the corresponding EELS
features and, as with C,, this suggests that the C 1s
shakeup features had contributions from on-site -7*
monopole transitions.

Figures 9 and 10 show the distribution of occupied and
empty states for C,, and K,C,. For Fig. 9,

K3p KxCro
hy=65eV

Photoemission Intensity (arb. units)

1 L L

20 a0 E,
Energy (eV)

FIG. 9. Valence-band emission from an 80-A film of Cy,
grown at 300 K and exposed to K. The leading two features are
7 derived, those from —5 to —10 eV have mixed character, and
the deepest features represent o states. Additional structure in
the first two features provides evidence of the energy-level split-
ting in the C,, molecule. The middle spectrum shows a K, ;C
film with emission from partially filled LUMO-derived bands
and the K 3p emission 18.3 eV. The top spectrum shows in-
creased emission from the K 3p core level, the filling of LUMO,
and a shift of 0.3 eV to lower binding energy as the solid reverts
to an insulating state.
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FIG. 10. PES and IPES spectra (hv=65 eV and E;=17.25
eV) for K, C,, films prepared at 300 K. The K,C,, spectra show
structure within the HOMO and HOMO-—1 bands. The
HOMO-LUMO separation represents the energy necessary to
separate an electron and a hole in the solid, not a HOMO-
LUMO transition on a single molecule. The x =1.8 spectrum
shows a split-off band entirely below Er (LUMO-A). Higher K
concentrations produce emission at Er (LUMO-B) and a shift of
the valence features toward Er. The top spectrum shows com-
plete filling of LUMO. The inset summarizes the intensities of
LUMO-A and LUMO-B where LUMO-A increases until
x =1.8 but then decreases as LUMO-B develops.

stoichiometries of x =2.7 and 6 were chosen because
they correspond to partially filled and completely filled
LUMO bands, based on predictions that the lowest unoc-
cupied bands in C,, are derived from a singly degenerate
a' level and a doubly degenerate e/’ level.%#% As for Cy,
the highly symmetric nature of the molecule again as-
sures almost complete spectral features. Even so, com-
parison to C¢, shows that the distinct separation between
the HOMO and the HOMO — 1 bands is lost. Resolvable
structures within HOMO and HOMO —1 reflect the ad-
dition of five 7 states in C, and the lower molecular sym-
metry. Calculations®>%+® for C,, predict that the 20
highest electrons lie in HOMO, which is separated from
HOMO—1 by ~1.5 eV. The calculations show states
5-10 eV below Ej that are of mixed 7 and o character
and states at higher binding energy that are o derived.
The agreement with experiment is generally quite good
but it would be improved by a rigid shift of the o states
to higher binding energy relative to the  states, as for
Co-2® Intriguingly, the experimental line shapes evident
in Figs. 9 and 10 for the leading 7 bands have not been
reproduced in the calculations.

Calculations of the energy levels indicate that the first
two empty-state features in Fig. 10 contain three states
each and are separated by ~1 eV.® Other calculated
features have highly degenerate peaks ~2.5 and 4.5 eV
above LUMO.%% These peaks are in reasonable agree-
ment with those measured with IPES and x-ray absorp-
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tion.?#% Energy referencing to LUMO should provide
reliable relative positions for the higher-lying states, even
though the separation between the HOMO and LUMO
bands reflects quasiparticle screening (see Sec. VI).

The results of Figs. 9 and 10 show a one to one
correspondence between the spectral features of C;q and
K¢C;p, with account taken for broadening. All the
valence features shift 0.2 eV to lower binding energy be-
tween K,C;, and K, ;C;, due to improved screening.
There is a shift of 0.3 eV to higher binding energy when
the system reached K4C,, and is again insulating. The
final shift is analogous to that for Cg, fullerides but it is
smaller because the gap between the LUMO and
LUMO+1 levels is smaller.?*%% For C,,, light doping
did not produce an initial shift, possibly because the con-
tributions due to Fermi-level movement (to higher bind-
ing energy) and final-state screening (to lower binding en-
ergy) were nearly equal. For K¢C,o, the separation be-
tween the centers of the two leading bands (formerly
HOMO and LUMO) is 1.9 eV. Since the position of
these two occupied bands is measured by electron remo-
val, the effects of final-state screening should be the same
(Sec. VI). This HOMO-LUMO separation agrees reason-
ably well with gas phase photoemission results for the
negative ion of C,q,% with account taken of the influence
of the K ions. In K(Cy, the new HOMO-LUMO gap
(top curve Fig. 10) is larger than the separation between
the LUMO and LUMO+1 bands of pure C,4 (0.9 eV,
bottom curve Fig. 10), again because measurement of the
bands in K(C,, involves electron removal and electron
addition.

Perhaps the most remarkable aspect of the photoemis-
sion spectra of Fig. 10 is that the initial stage of K incor-
poration produces a band completely below E,. This
band does not have a counterpart in the K-C¢, system.
For x =1.8, a single feature 1.2 eV below E is clearly
evident and there is no emission near E. For x =2.7,
two distinct features appeared centered 1.2 and 0.5 eV
below Ef, labeled LUMO-A and LUMO-B, and the emis-
sion at E; demonstrates metallic character. This is con-
sistent with resistivity measurements for K,C,,.> For
x =4.2, there is distinct emission at Ep. The spectrum
for K4C,, reveals that the emission intensity of the now-
filled LUMO-derived feature is ~0.3 times the intensity
of the HOMO-derived feature, consistent with predic-
tions of band degeneracies.%

The inset in Fig. 10 shows the variation in intensity of
LUMO-A and LUMO-B as a function of potassium con-
centration. Initially, the intensity of LUMO-A increases
but it reaches a maximum at x = 1.8 and then decreases,
based on line-shape decomposition of the A and B
features. No contributions are evident from LUMO-B
until x =1.8. The intensity of this feature then increases
until the saturated phase is reached. This new doping-
dependent electronic structure suggests that there are at
least three distinct phases for K, C,,. As the first non-
conducting phase is formed, the emission from LUMO-A
increases and the sample is probably phase separated into
a-Cyo and a K,C,y-like phase. We speculate that the
K,C,, phase has filled tetrahedral sites and the filling may
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lead to C,;, molecular alignment in the lattice. The for-
mation of an insulating K,C,y-like phase may indicate
that the octahedral sites are so large that a K;C;y-like
phase is not energetically favorable. Presumably, the re-
duced molecular symmetry for C,, favors a coupling with
the orbitals derived from a i and the splitting off of those
levels because they respond to the K potential in
tetrahedral sites. A metallic phase, characterized by
emission from both LUMO-A and LUMO-B, nucleates
and grows at the expense of the phase of lower
stoichiometry when the K concentration increases. The
presence of the K ions in the lattice may preserve the
splitting of the molecular a- and e}-derived bands in
this phase so that LUMO-A emission persists distinct
from LUMO-B. It may be that this metallic phase has
K 4Cyo-like structure with C,; molecules in a distorted bcc
lattice and K in tetrahedral sites. In contrast, the K4C,,
phase is characterized by emission from a single LUMO
feature (LUMO-B). K¢C;, may be a bcc-based phase
with full occupation of tetrahedral sites. The higher sym-
metry of the bcc K¢Csq lattice would reduce the ai-e}
splitting, giving rise to a single unresolved feature.

The paragraph above has speculated about the phase
diagram and crystal structures for K-C,, but care should
be exercised in using photoemission results to draw
definite conclusions until structural studies have been
completed. Moreover, the assumption that the low-
component phase is K,C,, is based on the appearance of
a distinct band derived from a LUMO level that can ac-
commodate two electrons. The alternative would be to
suppose that a correlated impuritylike band developed in
the gap at low concentration, but resolution of this issue
must await detailed structural studies and calculations of
the energy levels.

From Fig. 10, it is clear that the emission from the
band at the Fermi level for K, ; is spread over ~1.5 eV
so that the emission intensity at Ep is lower than ob-
served for K;C¢, This and the expected differences in
the photon spectra for C,, may account for the lack of
superconductivity in K-C5,. We note that Na,C,, and
Cs, C,, show similar valence-band behavior as for K, C,,.
Of course this interpretation does not rule out the possi-
bility that there are other differences between fullerenes
that will affect the superconducting properties on a more
subtle level.

XI. CONCLUSIONS

The results discussed here have revealed the electronic
states of Cqy and Cq in solid-state form and the evolution
of the electronic states during K incorporation. The
combination of photoemission and inverse photoemission
shows that the bands are derived largely from molecular
levels, with increasing solid-state effects in the empty
states. Fulleride formation results in the occupation of
the LUMO-derived band by electrons donated from K
atoms. We have examined #-7* and o-0* shakeup
features associated with C 1s core excitations, off-site di-
pole excitations, and molecular plasmons. We have
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shown phase separation for K, Cy, and K,C,,. Energy
shifts in the spectroscopic features have been interpreted
in terms of Fermi-level movement and changes in screen-
ing with K concentration. Resistivity measurements
made in conjunction with photoemission measurements
give a dependence on stoichiometry that is indicative of
the growth of metallic grains in an insulating medium.
These studies also indicate that the sticking coefficient of
K changes as the fulleride evolves. Oxidation of the ful-
leride films shows that K is leached from the fullerene
lattice to form surface oxides. The C,, results indicate
level splitting resulting from the reduced symmetry in the
rugby-ball-shaped C,, molecule. The appearance of a
LUMO-derived feature entirely below the Fermi level in
K, C,, demonstrates the existence of a K,C,, phase with
no analog in the K, C, system, undoubtedly re-
flecting the lower molecular symmetry of C,,. We specu-
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late that the absence of superconductivity in K-C,,
reflects the different electron energy-level spectra as well
as the plasmon spectra for C,,.
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