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Metallic and insulating phases of Li,Ceo, Na,Cso, and Rb,Cso
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Photoemission studies of Li and Na fullerides show a band of alkali-metal-induced states that is ful-
ly below the Fermi level for a stoichiometry of 4,Ceo and inverse photoemission results show a split-
ting of the unoccupied bands. Equivalent results for the Rb fullerides show the formation of only a

metallic phase, Rb3;Ceo.
phases.

Recent studies showing superconductivity in certain
alkali-metal-doped Cgo fullerides' ~¢ have led to experi-
mental and theoretical efforts that have sought to corre-
late the electronic structure with superconductivity and
other properties. It is now known that K and Rb ful-
lerides form a superconducting fcc-based 43Cgo phase?’
and that solid solutions of K, Rb, and Cs give transition
temperatures, T, that scale with the lattice constant.*>
Models have been proposed that associate 7, with the
density of states at the Fermi level, Er, reflecting narrow-
ing of the band derived from the lowest unoccupied molec-
ular orbitals (LUMO) of the fullerene with increasing
Ceo-Ceo distance.’ Spectroscopic investigations have
demonstrated partial filling of LUMO-derived bands for
K3Ceo,2 "' and complete filling for K¢Ceo where the latter
is a new insulator with a bce-derived structure and K ions
in tetrahedral sites.'? Superconductivity has been con-
spicuously absent in Li,Cgo, Na,Cgo, and the Crp-based
fullerides. While the Li and Na fullerides have resistivi-
ties 1-2 orders of magnitude higher than K,Csp,'? the
distribution and population of the electronic states for
these fullerides have not been determined. Such investi-
gations are critical if models of the normal state are to be
developed for the full family of fullerides and supercon-
ductivity is to be understood.

This paper focuses on the electronic states of the Li,
Na, and Rb fullerides. Photoemission and inverse photo-
emission results demonstrate that Na mixing produces
only semiconducting molecular solids, including phases
that are probably Na;Ceo and NagCeo. Results for Li,Ceo
reveal equivalent spectral changes. In contrast, a metallic
band forms for Rb3Cgo and there is a distinct Fermi-level
cutoff, as for K3Ceo.2 "' Our results suggest that for all
alkali-metal-C¢o mixtures the valence electron of the
alkali-metal atom is transferred to the threefold-de-
generate LUMO-derived states of Cep. This charge
transfer is consistent with theoretical local-density calcu-
lations. The observation of semiconducting phases with
compositions between Cgp and A¢Ceo requires either a
crystal-field splitting of the #;, LUMO-derived states, or
a metal-insulator transition driven by electron correlation
effects.

The procedures for preparation of high-purity Ceo have
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For all three fullerides, doping to saturation produces nonmetallic 4¢Ceo

been described elsewhere.'* For our studies, thin films of
Ceo were formed and then doped with alkali metals using
conventional ultrahigh vacuum vapor deposition tech-
niques.®'" Prior to film formation, the Cg and the
alkali-metal SAES getter sources were degassed so that
film growth could be done at pressures of 2x10 ~'° Torr
or better. A Pt foil was used as a substrate for the Li,Cgg
and Rb,Cg studies, as well as for Na,C¢o. The Pt foil
was cleaned by repeated annealing to 1100°C, and the
sharp Fermi-level cutoff of Pt served both as an energy
reference and a measure of the experimental resolution.
Cleaved surfaces of GaAs(110) were used for the Na,Ceo
photoemission and inverse photoemission studies. The Cgg
films were ~100 A thick, as monitored with a quartz os-
cillator. Spectra for pristine Cgp showed valence- and
conduction-band features that were identical to those dis-
cussed previously.'>~'7 Alkali-metal incorporation in-
volved exposure to the source for predetermined amounts
of time. Spectroscopic studies were done following growth
at 300 K and after annealing to enhance crystal growth
and intermixing. The stoichiometries were determined
from the relative emission intensity of the LUMO-derived
band for both photoemission and inverse photoemission.
Strictly speaking, this determines the average number of
electrons transferred to a Cgo molecule, which is equal to
the number of ions in the case of formal charge transfer.
Saturation exposure produced a filled LUMO-derived
band, taken to be 4¢Cg. In the photoemission work, an
independent determination of stoichiometry could be
made using the Li ls, Na 2p, or Rb 3d core-level emission
intensities, similar to the study on K, Ceo. """ We estimate
an uncertainty in x of ® 0.5 for the inverse photoemission
measurements and =+ 0.3 for the photoemission measure-
ments, with higher confidence levels near x =0 and 6.
Figure 1 shows valence-band spectra referenced to the
Fermi level of the spectrometer for Li,Cqp. The spectra
were acquired with hv=65 eV, and additional results
were obtained with hv=>50 eV. The spectral features
reflect the distribution of levels in the ground state shifted
in energy by screening of the hole created by the removal
of an electron.'® The two pr-derived Cgo features within 5
eV of Er have fivefold and ninefold degeneracy.'® The
fact that they have opposite symmetries influences their
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FIG. 1. Photoemission spectra for LixCe¢o and Rb,Cep with
energies referenced to the Fermi level of the spectrometer, Er.
The nonmetallic behavior of Li,Cep for all x values is indicated
by the lack of emission at Er. In contrast, Rb,Ceo films exhibit
metallic Fermi edges. Doping to 4¢Ceo produces complete
filling of the LUMO-derived band and recovery to the insulating
molecular-solid configuration. The dashed lines for LixCeo pro-
vide a guide to the eye for bands 4 and B. That for Rb,3Ceo
shows the effect of enhanced experimental resolution.

relative intensities. '°

Li deposition to produce Lip sCe yields a photoemission
peak, labeled A, that is centered 1.1 eV above the center
of the band derived from the highest occupied molecular
orbitals (HOMO) (full width at half maximum, FWHM,
~0.8 eV). This HOMO-to-A separation is smaller than
any estimate of the separation between centers of the
HOMO and LUMO bands or the band gap of fcc Cgo. 2°
The intensity of peak A increased with Li exposure until
x==2, as depicted in Fig. 1 by the dashed line that serves
as a guide to the eye. Another feature appeared with con-
tinued Li incorporation, centered 0.6 eV closer to Ef
(FWHM 0.7 eV), and this feature, labeled B, grew at the
expense of feature A. Er was pinned at the top of peak B
when it appeared, presumably because of holes in the
evolving phase characterized by peak B, and the valence-
band structures shifted accordingly. When saturation was
reached, x =6, the spectral features sharpened and shifted
away from Er. This is consistent with improved sample
homogeneity, the filling of the LUMO levels, the loss of
defects that pin Ef near the top of peak B, and the molec-
ular character of 4¢Ceo solids.®'" Throughout Li-Ceo
mixing, the density of states at Er was minimal. Peak B
was centered 1.5 eV above HOMO, as is evident for
LigCeo. A comparison shows a striking similarity between
the slazturated phase and K¢Ceo,® "' a bcc-based struc-
ture.

Analysis of the Li 1s core-level line shape shows a single
main line 55.2 eV below HOMO for xS2 (1 eV
FWHM). For x22, a second feature appeared shifted
1.2 eV to higher binding energy. This reflects an energy-
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loss process in which electrons propagating through the
lattice scatter inelastically and induce transitions from
band B to the lowest empty molecular state of LigCeo.
The analogous 7-n* dipole excitation has been observed
as a satellite of the C 1s emission for K¢Ceo.2' Its pres-
ence serves as another indicator of phase separation dur-
ing Li incorporation. Similar energy-loss satellites appear
in the Na 2p and Rb 3d lines for Na¢Cqo (at 1.0 €V) and
RbeCeo (at 1.1 eV).

Li has the highest melting point (454 K), the highest
cohesive energy (1.63 eV/atom), and the highest ioniza-
tion potential (5.39 eV) of the alkali metals, and we were
concerned that Li clusters might form on the Cg film. To
demonstrate facile mixing of Li and Cg, we deposited a
thick layer of Li on Pt and condensed successive amounts
of Cgeo, in increments of 30 A. Photoemission spectra for
the composite following annealing at 100°C were very
similar to those discussed below but in reverse order be-
cause the saturated phase appeared first and the low-x
phase was reached only when the Li source was depleted
or diffusion was kinetically limited.

The right panel of Fig. 1 summarizes photoemission re-
sults for Rb,C¢o. Comparison to those for Li,Cgo reveals
fundamental differences in the occupation of the LUMO-
derived band. In particular, a distinct Fermi edge was evi-
dent for x =0.2, and the LUMO-derived valence feature
grew monotonically with x, with no change in binding en-
ergy or general line shape until after x =3. This is con-
sistent with phase separation into Rb3Cep and a-Cgg. 22
The instrumental resolution for the solid curves in Fig. 1
was 0.34 eV and that for the dashed curve for x =2.8 was
0.16 eV. The width of the Fermi edge was equal to that
expected when account is taken of thermal broadening at
300 K.

The photoemission results for Rb,Cgo are very similar
to those discussed in detail for K,Cgo.2~'' The 10 K in-
crease in T, (Refs. 1-3) can be explained by a ~10% in-
crease in the density of states at Ef in a model where su-
perconductivity is due to the coupling of electrons to the
molecular vibrations of Cgo.> %2> Such an effect should
accompany the expansion of the fcc lattice induced by in-
corporation of the larger Rb ion and the narrowing of the
LUMO-derived band (Rb ionic radius 1.48 A vs 1.33 A
for K). It is not possible to quantitatively identify a small
increase in the emission intensity at Ef, particularly given
the dependence on phonon scattering and photohole life-
times. We also note that the LUMO band is much wider
and all other spectral features are broadened in metallic
Rb3Ceo with respect to insulating Cego or insulating
RbeCeo. Local-density calculations for Cgo and K3Cgo
show minimal changes in the width of the LUMO-derived
band. 23,24

The results of Fig. 1 show that emission from the Li-
and Rb-induced bands develops in fundamentally differ-
ent ways. Those differences raise questions about the con-
version of empty states into occupied states during com-
pound formation. Such issues can be examined by com-
bining photoemission and inverse photoemission, as sum-
marized in Fig. 2 for Na,Cgo. In this case, Na,Cgp films
were prepared on Pt or cleaved GaAs(110) and the sam-
ples were annealed at ~100°C for 10 min after each
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FIG. 2. Photoemission and inverse photoemission results for
Na,Ceo, showing the evolution of the occupied and empty states
near Er. Feature A4 corresponds to NaCeo and feature B
reflects conversion to the Na¢Ceo phase. For Na33Ceo, splitting
is evident in the leading conduction-band feature. The move-
ment of spectral features relative to Er reflects changes in
screening with pinning of Er at the conduction-band minimum.

deposition. The photoemission results reveal the forma-
tion of band A well below Ef for x S$2 and the formation
of band B, shifted 0.6 eV for x 2 2. The striking similarity
to Li,Ceo suggests that the overall properties are the same
for the two fullerides.

Inverse photoemission spectra (IPES) for Na,Cgo were
acquired with an incident electron energy, E;, of 14.25 eV
under conditions that gave ~0.3 eV resolution. The first
two features of the empty states for pure Cgo have three-
fold degeneracy and are predominantly = derived.'®!’
The third empty state feature has contributions from both
7 and nonmolecular-type states, indicating the presence of
intermolecular interactions.'®'” The incorporation of
small amounts of Na produces a rigid shift of the empty
state features toward Er, with Fermi-level pinning at the
edge of the conduction-band minimum (CBM). With in-
creased Na incorporation, the empty state features
broaden and there is reduced emission from the LUMO-
derived band. Two distinct peaks separated by ~0.5 eV
can be resolved near the CBM for x=2. This splitting
may reflect the formation of a pair of singly degenerate
bands as a result of reduced symmetry in the x =2 phase,
with feature A4 in the valence bands reflecting the third
LUMO-derived band. (This structure could also reflect
the superposition of LUMO features related to x =2 and
4 phases,?* but the occupied-state features give no clear
indication of an x =4 phase.) The emission from these
bands diminishes and ultimately is very small, as shown
for x=5.8. In the Na-saturated phase, the lowest
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conduction-band structure is derived from states that were
originally the LUMO+1 levels, and its separation from
the next empty state is greater than for pure Cqo (1.4 eV
vs 1.0 eV). We attribute the dilation to band-structure
effects in the bec fulleride. We also note that Na exposure
at 300 K without annealing produced a saturated state
where the spectral features suggest Fermi-level pinning
near the CBM. Annealing to 100 °C produced a slightly
alkali-metal-deficient NagCe¢o phase because Na was
desorbed, an effect observed for the occupied states as
well.

These results for the Li, Na, and Rb fullerides, together
with those for the K fullerides,® ~'! demonstrate very clear
differences in the distribution of electronic states. For
K3Ceo, the occupation of the LUMO-derived bands is un-
derstood in terms of complete charge transfer from K to
the LUMO level for a structure having ions in the
tetrahedral and octahedral sites of the fcc lattice. LDA
calculations have demonstrated minimal perturbation of
the wave functions of the fullerite by the K ions,?* and
analogous results are expected for Rb3Ce. Complete
filling of the LUMO-derived band for x =6 occurs for all
four fullerides, most likely because the alkali-metal ions
occupy all of the possible tetrahedral interstices of the bcc
structure. In contrast, the Li;Cgo and NaCgo results
show a single band well below Er and splitting of the
empty states. Based on the structural data for the other
alkali-metal fullerides, '>2* Li,Cgo could form with Li ions
in tetrahedral sites of the fcc lattice (antifluorite struc-
ture). This would be different from the A43Ceo structure
since the octahedral sites would be empty, presumably be-
cause the Li™ ion is too small to stabilize the LizCgo struc-
ture (octahedral radius 2.06 A compared to ionic sizes of
0.68 A for Li and 0.97 A for Na). Another structural
possibility would be a bce-derived structure similar to the
observed A4Cgo phases? with partial tetrahedral site oc-
cupancy.

The observation of Li»Ce¢g and Na,Cgo semiconducting
phases raises the question of whether they are band insu-
lators or whether their insulating character is due to elec-
tron correlation effects. The spectra of Fig. 2 are con-
sistent with the transfer of the valence electron of the
alkali-metal atoms to the threefold-degenerate LUMO-
derived states of Cggo. Local-density calculations also find
charge transfer.? The calculated band structures of Ceo
and K3;Cgo show only a rigid shift of the LUMO-derived
states with alloying,?’ so that a large crystal-field splitting
of those levels in Li,Cgp and Na,Cep appears unlikely. In
particular, if the Li and Na atoms occupy the small
tetrahedral interstitials of an fcc crystal, such splitting is
ruled out by group-theory arguments. On the other hand,
there are several indications that the alkali-metal ful-
lerides have strongly correlated electrons and could be
close to the metal-insulator transition. First, the mea-
sured conductivities of the alkali-metal fullerides' are
quite low and the mean free paths derived from those
values are a few angstroms. Reflectivity measurements of
Rb;3Ceo suggest a mean free path of 10-20 A.2* Mean
free paths close to the Cgo-Ceo intermolecular distance are
an indication that we are close to a metal-insulator transi-
tion.2” Another measure of the importance of correlation
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effects is the magnitude of the electron-electron interac-
tion parameter U. For gas phase C¢ , the energy
difference between the center of the HOMO- and
LUMO-derived bands is ~2.0 eV.?® This energy is 1.5
eV in the saturated A4¢Ceo fullerides where the LUMO-
derived band is filled. For the Cgo fullerite, the lowest ex-
citation energy is believed to be approximately 1.9 eV.'?
However, the combination of photoemission and inverse
photoemission gives a center-to-center separation of ~—3.8
eV for the HOMO and LUMO bands, and the difference
is a measure of the electron-electron interaction parame-
ter U in solid Cgo, giving U~2.0 eV. From Fig. 2, the
separation between feature A4 (photoemission) and the
lowest conduction-band feature (inverse photoemission)
for Na,Cego is ~— 1.6 eV. This is close to U in magnitude
and is therefore consistent with a band split by correlation
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effects.

We also note that the occupied band width of Rb3;Cep
(Fig. 1) and K3Ceo (Refs. 8 and 10) is ~1 eV, which is
larger than the calculated total bandwidth of ~0.5 or the
observed width of the peaks of the LUMO-derived states
(Figs. 1 and 2) in the insulating phases. This is hard to
reconcile with a rigid band picture and may be another
sign of the importance of electron correlation in these ma-
terials.
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