PHYSICAL REVIEW B

VOLUME 48, NUMBER 12

Electron-diffraction and photoelectron-spectroscopy studies of fullerene
and alkali-metal fulleride films

P. J. Benning, F. Stepniak, and J. H. Weaver

Department of Materials Science and Chemical Engineering, University of Minnesota, Minneapolis, Minnesota 55455

(Received 17 May 1993)

Photoelectron spectroscopy and low-energy electron diffraction (LEED) have been used to examine
the electronic structure and crystallinity of thin films of 4yC4, where 4 =Na, K, Rb, and Cs and
0=x <6. For undoped Cq, films, temperature-dependent LEED studies show changes that correspond
to the lattice transformation from the simple-cubic to the face-centered-cubic structure. For doped Cg,
films, the LEED results show a decrease in the quality of the LEED pattern upon the nucleation of the
body-centered 4-Cq, phases. Spectroscopic studies of these fullerides indicate that the effects of electron
correlation are always important. In particular, the 4;Cq, phases of Rb and Cs are characterized by an
occupied-valence-band feature ~0.5 eV wide centered ~0.25 eV below Ej that is derived from the
lowest unoccupied molecular orbitals (LUMO) of Cg. The much greater width relative to band calcula-
tions is attributed to electron correlation. For these phases, there is also emission at the Fermi level,
despite the fact that transport studies indicate insulating character. This implies that the electronic
states at E are localized. The 4;Cg phase of K and Rb exhibit a metallic Fermi-level cutoff. Spectro-
scopic features 0.3 and 0.7 eV below E are also observed that are not reproduced in one-electron band-
structure calculations. The A4,Cq, phases of K, Rb, and Cs all exhibit insulating character with a split
LUMO band. All of the A44Cq, phases are insulators with a filled LUMO band. For Na-Cg,, the
valence-band spectra show no emission at E; for any Na concentration. Finally, photoemission results
showed partial occupation of the (LUMO+ 1)-derived levels, corresponding to Ce,®~ for isolated Cg,
molecules deposited onto multilayers of Na, K, and Rb at 40 K.
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I. INTRODUCTION

Studies of the alkali-metal fullerides have revealed a
rich array of ordering transitions! ™% and electronic®™!!
and transport properties.!>!3 In particular, it has been
shown that incorporation of alkali-metal atoms into the
interstitial sites of the fullerene lattice results in distinct
fulleride phases, some based on the face-centered-cubic
fullerene lattice and others based on the body-centered
fullerene lattices.> % Photoemission investigations have
shown that each fulleride phase has distinct electronic
characteristics but the details of the electronic structure
near the Fermi level (Ey) in the different phases remain
controversial.!”

In this paper, we present high-resolution valence-band
photoemission results for highly ordered Cq, and A4, Cg,
films (4 =Na, K, Rb, Cs) that reveal the spectroscopic
signatures of the different fulleride phases. These results
show the occupation of a feature derived from the lowest
unoccupied molecular orbital (LUMO) for each alkali
metal but also differences that reflect the specifics of the
phase diagrams for these systems. Photoemission spectra
for nonmetallic Rb, Cy, and Cs, Cg, films with x ~ 1 show
a nearly Gaussian-shaped LUMO-derived feature ~0.5
eV wide that is centered ~0.25 eV below Ep. The band
is much wider than predicted by one-electron band-
structure calculations, and this broadening is attributed
to electron correlation. The electronic states at Ep are
localized. This may reflect merohedral rearrangement of
the Cq molecules in the 4,Cq films."* In addition,
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there may be contributions due to disorder in the octahe-
dral site occupancy. From spectroscopic investigations,*
it is known that Rb and Cs ions occupy only octahedral
sites for x =<1 but the concentration of octahedral vacan-
cies for 0=x =1 is not known. For the metallic K;Cq,
and Rb;Cy, phases, there is a well-defined Fermi-level
cutoff but the LUMO-derived features are again much
broader than predicted by one-electron band calculations.
For the x =4 phases of K, Rb, and Cs, there are no states
near E, and the electronic properties resemble those of a
Mott insulator. For Na-Cg, the photoemission results
show no emission at E for any stoichiometry and the re-
sults for x =6 are equivalent to those for the bcc-based
A ¢Cyp fullerides.

Low-energy electron-diffraction studies of Cg, films at
40 K reveal a hexagonal pattern consistent with a
simple-cubic crystal structure that has a basis of four
molecules, as observed in x-ray-diffraction studies.?
Temperature-dependent studies reveal a structural transi-
tion for the surface mesh at 230+20 K that corresponds
to the lattice transformation from simple cubic to the fcc
phase for the surface mesh that occurs at 230+20 K.
LEED studies for the doped fullerides show a hexagonal
pattern corresponding to the (111) surface of the fcc-
based fullerides. They also indicate structural transitions
for K-Cy, and Rb-Cg, for x near 3 and for Cs-Cg, for x
near 1 as the body-centered-tetragonal A4,Cg¢, structures
form. No changes from the fcc structure were observed
for Na-Cg, at any stoichiometry. Finally, to investigate
the possibility that the fullerenes could accept more than
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six electrons, we deposited submonolayer amounts of Cg,
onto Na, K, and Rb multilayer films at 40 K. Photoemis-
sion results showed complete occupation of the LUMO
levels (six electrons) and the partial occupation of the
LUMO+1 levels (two electrons), indicating Cg,® ™~ charge
states.

II. EXPERIMENT

Fullerene films were grown with Cg, sublimed from Ta
boats in ultrahigh vacuum. The films were formed on
cleaved GaAs(110) surfaces held at 180°C. Attempts to
grow films on substrates heated an additional 20 °C were
unsuccessful because the sticking coefficient was less than
0.01. At 180°C, the sticking coefficient was ~0.2, as
determined by comparing the measured rate of attenua-
tion of the GaAs substrate core-level emission with the
film thicknesses determined using a quartz-crystal thlck-
ness monitor. In general, the films studied were ~200 A.
The temperatures during growth and annealing were
measured with a chromel-alumel thermocouple attached
to the base of the GaAs posts. Although the estimated
uncertainty in absolute temperature is +20°C, the rela-
tive uncertainty between two measurements is much
smaller, approximately +5°C. Scanning-tunneling-
microscopy (STM) studies of films grown under the same
conditions showed grain dimensions that were greater
than ~3500 A with the quality of the Cgo films deter-
mined by the perfection of the cleaved GaAs surface.
Previous spectroscopic studies of GaAs(110) surfaces pro-
duced in this way have shown a flatband condition with
the Fermi-level position near the band edge. Additional
studies have examined Cg, growth on GaAs(110) surfaces
that contained a high step density in the [112] direction.
In this case, there were different constraints on Cg, film
orientation, because the steps acted as nucleation centers.

The fulleride films were formed by exposing ordered
C¢o films to alkali-metal atoms from carefully degassed
SAES getter sources. During doping, the C, films were
held at 180°C and the pressures were below 2X 10710
Torr. The alkali-metal concentrations were determined
from core-level and LUMO emission intensities, assum-
ing that the final or saturated composition was A4 (Cy, for
each fulleride. This assumption was based on the obser-
vation that the LUMO level was fully occupied at satura-
tion, accounting for the transfer of six electrons to each
fullerene. Such analysis gives x with an estimated uncer-
tainty of 0. 2.

The x-ray photoemission spectroscopy (XPS,
hv=1486.6 eV), He I ultraviolet photoemission spectros-
copy (UPS, hv=21.2 eV), and LEED measurements were
conducted in an ultrahigh vacuum system with a base
pressure of 7X 107 !! Torr. The total-energy resolution,
defined as the energy interval over which the emission in-
tensity at Er drops from 90% to 10% of the maximum
intensity, is 100 meV for the UPS spectra presented here.
For the XPS measurements, the full width at half max-
imum of the C 1s main line was 1.25 eV. A closed-cycle
helium refrigerator was attached to the sample holder via
a copper braid to cool below room temperature. The
lowest temperature was ~40 K. LEED studies were con-
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ducted using a 4-grid Varian system with a phosphor
screen detector. Heating was done with a tungsten fila-
ment heater.

III. RESULTS AND DISCUSSION

A. A-Cg4, and Cg structure

It is now generally accepted that the fullerides exhibit
distinct phases, A4, Cgy, where nis 1, 2, 3, 4, or 6, depend-
ing on the alkali-metal species.!®!! For stoichiometries
between these values, the films will be mixed phase in
character as required by the Gibbs phase rule with the
amounts of the appropriate line phases dictated by the
lever rule. It has been shown, however, that kinetic con-
straints limit the approach to thermodynamic equilibri-
um for fulleride growth by pulse deposition in ultrahigh
vacuum.'* For example, studies of K,Cy, have shown
that K;C¢, and K,Cq, phases coexist before the global
stoichiometry reaches x =3, despite thermodynamic ar-
guments to the contrary.

To assess the quality of our films, to insure their crys-
tallinity, and to study structural changes associated with
alkali-metal incorporation, we undertook temperature-
dependent LEED measurements. Previous STM and
LEED studies in a separate system have provided addi-
tional confidence in our characterization of film quality.
In general, we have observed LEED patterns of fulleride
films for electron energies from 25 to above 200 eV. The
spacings of the GaAs(110) spots determined prior to Cg,
film growth were used to determine the size of the Cg,
surface cell. For pure Cy, it was necessary to use rela-
tively low electron energies, 25 eV, to obtain patterns
near 300 K because of the intrinsic orientational disorder
of the fullerenes, as discussed below. .

Figure 1(a) shows a LEED pattern from a 200-A film
of K, ;Cgo at 40 K. The GaAs(110) substrate [110] and
(001] directions are defined at the bottom. The_ electron
energy was 60 eV, giving a wave number of 3.7 A7}, and
the electron spot size was ~1 mm?. The (00) spot is seen
to the left of the LEED gun as a result of off-normal in-
cidence of the LEED electrons. The doping level of
x =0.1 is slightly above the solid solubility of K in Cgj so
that small amounts of K;Cg, have started to form but the
film is still overwhelmingly a-Cy,(K). The LEED pattern
for this solid solution phase is indistinguishable from that
of pure Cq. In particular, the hexagonal pattern and
spot separation indicate a surface net with 20+1 A spac-
ings, consistent with a simple-cubic structure having a
basis of four molecules with lattice points separated by
20.08 A, as has been demonstrated by Cyo below 249 K.!

The orientation of the C4y LEED pattern in relation to
the GaAs(110) substrate pattern indicates that the Cg,
grains grow with an ~3.5° misorientation between
C¢l[110] and GaAs[111], producing a structure that is
incommensurate with the substrate. This rotation is con-
sistent with STM results that showed that (strained) com-
mensurate Cgq, films would grow in patches for submono-
layer coverages.!> A Cg, lattice rotation of +3.5° will
produce a more nearly perfect unstrained close-packed
film that is incommensurate with GaAs(110). Domains
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of each orientation will be produced by nucleation on the
GaAs surface and these domains will coalesce to produce
slightly misoriented domains, as shown by STM images. '
This two-domain character is evident by the doubling of
the LEED spots. For comparison, the schematic in Fig.
1(b) represents two hexagonal patterns with +3.5° rota-
tions. A moiré pattern created by the overlap of the two
simple-cubic patterns with a relative rotation of 7° pro-
duces the bright and dim patches separated by 60° near
the periphery of the LEED screen of Fig. 1(a), as demon-
strated in Fig. 1(b).

Figure 1(c) shows the LEED pattern at 40 K for K, Cq,
where x =2.2. At this stage of doping, the sample should
show a mixture of grains of a-C¢)(K) and K;C¢,. Inspec-
tion shows that the smaller hexagons, defined by the
half-order spots, are no longer visible. These half-order
spots are characteristic of the simple-cubic structure with
its larger lattice constant. Their disappearance is expect-
ed because the K;Cq grains dominate at this
stoichiometry. The larger hexagons indicate a 10+1 A

GaAs[170]
GaAs[001]

FIG. 1. LEED results at 40 K from a highly ordered K-Cyg,
film grown on GaAs(110) (electron energy 60 eV, film thickness
200 A). (a) The hexagonal LEED pattern of K, ;Cy, is indica-
tive of the simple-cubic lattice of Cq, at 40 K. A moiré pattern
is produced for growth on step-free surfaces because domains of
Ceo(111) can optimize substrate registry with [110] oriented at
+3.5° relative to GaAs[111]. This moiré pattern produces the
dim and bright areas in (a) and the effect is modeled schemati-
cally in (b) where two simple-cubic arrays are rotated 7° relative
to one another. (c) The LEED pattern for x =2.2 shows that
the simple-cubic pattern is lost as the fcc K;Cq, pattern, charac-
terized by the larger hexagons, increases. Again, the patterns
from domains rotated +3.5° are clearly evident in (c). They are
represented schematically in (d) where there are two spots for
each hexagonal net position. The LEED pattern deteriorates as
K concentration is increased to 2.8 and 3.7 and the K;Cq, grains
are converted to body-centered KCg, grains.
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lattice spacing that is consistent with the fcc K;Cy,(111)
structure. Figure 1(d) shows a schematic of two hexago-
nal patterns rotated by 7°, corresponding to the fcc
LEED pattern of Fig. 1(c). No moiré pattern is produced
on the screen for the larger hexagons but the double spots
are clearly evident.

Variations in the intensities of the LEED spots relative
to the background provide a measure of the surface
structural disorder and the mixture of the two (or more)
phases present.!” Continued deposition of K beyond that
represented by Fig. 1(c) reduces the quality of the LEED
pattern. This reflects the growth of K,C, grains on ex-
tended terraces of K;Cy,(111). As discussed elsewhere
based on photoemission results,'>!* the formation of
K,C¢, at the surface occurs for global stoichiometries
below x =3 because true thermodynamic equilibrium
cannot be achieved by vapor phase growth in vacuo.

Figures 1(e) and 1(f) show the effects of doping to
x=2.8 and 3.7, respectively, where the growth of the
K,C, phase markedly reduces the quality of the LEED
pattern. The lack of a discernible LEED pattern in these
studies for stoichiometries above x =4 can be explained
in terms of surface disorder introduced by the lattice ex-
pansion associated with the fcc to bct phase transition.
The surface disorder introduces random-phase shifts in
the diffracted electron wave functions, reducing the spot
intensities.!”

LEED studies were also carried out on Na, Rb, and Cs
fulleride films grown under conditions identical to those
of K-C¢, These studies demonstrated that highly or-
dered films could be produced, with differences that
reflect the phase diagrams of the respective alkali-metal
fullerides. For Rb-Cg,, the LEED results were similar to
those of K-Cg,, showing the highest-quality fcc pattern
for x near 2, a reduction in quality for x approaching 4,
and then the loss of a discernible pattern. In studies con-
ducted at 40 K, the simple-cubic pattern was greatly re-
duced at x =0.4, consistent with the formation of a fcc
Rb,Cq, phase. For Cs-Cqy, the LEED results showed
that the low-temperature simple-cubic pattern disap-
peared as the fcc 4,Cg, phase grew, but the fcc pattern
faded quickly after x =1. The disappearance of the
A Cq fee pattern in Cs, Cgy, for lower x than in Rb, Cq,
and K, Cq, reflects the fact that doping beyond x =1 re-
sults in the nucleation of a body-centered phase (a Cs;Cg,
phase does not exist®). Finally, the Na-Cq, results were
unique in that the fcc pattern persisted until x =6. This
is in good agreement with studies of the bulk structure'®
where the fcc structure is maintained for all alkali-metal
concentrations. For Na-Cgj, there is multiple occupancy
of the octahedral site for x > 3 so that the transformation
to a body-centered phase does not occur.

B. Temperature-dependent LEED of Cg,

Early structural studies of pure C¢, showed an ordering
transition at 249 K that involved a fcc to simple-cubic
transformation.?2 The structural transition is associated
with a change in the basis from one molecule to four.
Above 249 K, the molecules are orientationally disor-
dered, with rotational diffusion between symmetry-
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inequivalent positions. The orientational ordering has
been shown to be dynamic in bulk studies? with the mole-
cules ratcheting between symmetry-equivalent positions
below 249 K.

Figure 2 shows LEED patterns obtained for a 100 A-
thick Cy, film using 25-eV electrons (k =2.56 A™!). The
(00) spot is now seen directly above the electron gun. The
pattern of Fig. 2(a) differs from that of Fig. 1 because it
shows a single hexagonal pattern with Cg,[110] aligned
with GaAs[112] rather than two hexagonal patterns with
a 7° rotation between them. The single orientation is ob-
tained by growing the film on a heavily stepped
GaAs(110) surface. Evidence of a stepped surface was
seen in the LEED spots of the GaAs surface. The spots
were elongated in the GaAs[112] direction, indicating
steps in this direction with terrace widths less than the
~100-A coherence length of our LEED system.!”
Scanning-tunneling-microscopy studies have shown
that close-packed (110) directions of Cg, overlayers
form along GaAs steps and the layers grow outward from
the step-by-step flow. A high density of GaAs[112] steps
will force an alignment of GaAs[112] and Cg[110], giv-
ing the orientation observed in Fig. 2. Cg, alignment
with the step edges avoids the +3.5° rotation that dom-
inates when the step separation is large and nucleation
occurs on the terraces. Even so, we do see a slight rota-
tional misalignment between grains, giving rise to the
elongated spots near the edges of the screen in Figs.

(a)-2(d). The C¢y LEED pattern does not vary across
the 4X4 mm? surface, indicating aligned grains and a
well-ordered surface.

The images of Figs. 2(a)-2(d) show the Cy, LEED pat-
tern obtained at 40, 110, 200, and 230 K (electron energy
25 eV). The separation of the spots at low temperature
indicates a surface cell with a lattice constant of 20+1 A
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FIG. 2. (a)-(d) LEED results for undoped Cq, at 40, 110, 200,
and 230 K showing the washing out of the half-order spots with
1ncreas1ng temperature (electron energy 25 eV, film thickness
100 A). The reduction is a consequence of increased librational
motion above ~90 K and the reduction in the simple-cubic or-
der parameter.

in the close-packed ( 110) directions, as expected for sim-
ple cubic C¢,(111). As the temperature is raised from 40
K, the intensities of the spots diminish. The intensity
changes are a result of enhanced incoherent scattering as
the librational amplitude grows. This can be understood
in terms of a rotational Debye-Waller factor
exp[ —(u-Ak)?], where u is the displacement from equi-
librium of a carbon atom scattering site due to librational
motion. '’

Comparison of Figs. 2(a) and 2(d) shows that the small-
er hexagons characteristic of the low-temperature Cg,
phase are not visible near 230 K and the pattern of larger
hexagons persists to 300 K. The loss of the half-order
spot intensity reflects the reduction in the simple-cubic
order parameter, as expected given the bulk phase trans-
formation of C¢y.> The transition to the disordered phase
that can be determined visually from the LEED pattern
occurs at 230120 K. Given the uncertainty in tempera-
ture, one should be cautious in concluding that the mole-
cules become disordered at a temperature below the bulk
transition of 249 K, although, in principle, a lower transi-
tion temperature would be possible because surface mole-
cules have fewer neighbors to impede rotational diffusion.

Temperature-dependent LEED studies of undoped
Ceo(111) with 60-eV electrons showed the disappearance
of all spots at ~230 K. Equivalent studies of fcc
K;C¢(111) showed a clear pattern at 300 K. This indi-
cates that the K ions impose an ordering of the surface
molecules. For the undoped films, the loss of LEED in-
tensity can be understood in terms of the reduction of
coherence in the scattered waves because of phase
differences introduced by atomic displacements from
equilibrium. Inherent in the Debye-Waller effect is the
fact that backscattered electrons with shorter wavelength
(higher k) experience larger phase shifts for the same
average displacement, (u ), and are more sensitive to the
random orientation than forward-scattering probes such
as x-ray diffraction, neutron diffraction, and transmission
electron diffraction.!” These three techniques, as well as
LEED at 25 eV (k =2.56 A1), all have a smaller change
in wave number upon diffraction than 60-eV electrons
(k=3.70 A™!). Thus, the fcc Cgo(111) pattern is visible
at 300 K only for low electron energies.

C. K-Cq, spectroscopic results

Figure 3 shows valence-band spectra measured at 40 K
from a highly ordered Cg, film doped with K. The spec-
tra, which are normalized to keep constant the height of
the feature at ~4 eV, are referenced to the grounded
spectrometer Fermi level. Dilute doping induces an ini-
tial shift of the Cg, features as E; moves from a position
2.2 eV above the highest occupied molecular orbital
(HOMO) center to a position near the conduction-band
minimum, as for doping with any alkali metal.!®!! Dop-
ing to x=0.1 also produces a 1.5-eV-wide LUMO
feature, a sharp cutoff at E, and a shoulder at ~1.6 eV.
The LUMO signatures are characteristic of K;Cyy (Ref.
9) and the shoulder corresponds to the leading portion of
the HOMO for the K;Cgq, phase. The appearance of
emission from a K;C¢, minority phase suggests that the
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solubility limit for the solid solution a-Cg(K) phase is
below K, ;C4. The shape of the LUMO feature remains
essentially unchanged for 0.1 =<x <2.2, consistent with
the existence of only the a-C4(K) and K;C¢, phases
below 425 K.* The HOMO- and (HOMO — 1)-derived
band of K;Cg4, are shifted 0.6 eV relative to the corre-
sponding levels of a-C¢(K) because Ep lies within the
LUMO band. The superposition of emission from the
two phases accounts for the broadening of the spectra.
This broadening is particularly evident for K, ,C¢, where,
from the lever rule, the sample should be ~70 % K;Cq,.
Since the spectra for 0.1 <x <2.2 represent contributions
from a-Cg(K) and K;Cq,, each with distinct line shapes
and intensities determined from core-level analysis, it is
possible to mathematically subtract the a-Cq,(K) contri-
bution, as discussed in Ref. 9 and shown in Fig. 4.

For x =2.8, there is increased emission near ~0.5 eV
that signals the formation of the K,C¢, phase. This phase
grows with K incorporation until there is no emission at
E for x =4.2. The x =4.2 spectrum provides the signa-
ture of the insulating K,Cq, phase.’’ LEED results

KXCGO
hv=21.2 eV

Photoemission Intensity (arb. units)

4 3 2 1 E
Energy (eV)

FIG. 3. Valence-band spectra of K,Cq, within 5 eV of Ep
showing an increase in LUMO intensity with K concentration.
The shape of the LUMO-derived band is largely unchanged for
0.1<x <2.2 because it originates from a single phase in this
range of stoichiometries, as dictated by the K-Cg4, phase dia-
gram. The spectrum for x =2.8 shows enhanced emission at
~0.5 eV as the insulating K,C¢, phase starts to form. The
x=4.2 spectrum is derived almost entirely from K,C¢ and
shows no emission at Ep. When the LUMO-derived band is
completely filled, there is a shift of all features to higher binding
energy.
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confirm the disappearance of the fcc K;Cq, pattern at this
concentration. Saturation doping to x = 6 results in com-
plete filling of the LUMO-derived band. When x reaches
6, the Fermi level is no longer pinned at the valence-band
maximum by vacancy levels in the LUMO band. The re-
sulting rigid shift in energy of all of the spectral features
provides evidence of occupancy of the LUMO levels with
few defects that would pin the Fermi level at the LUMO
band edge.

Figure 4 compares the spectral signatures of K;C¢, and
K ,Cq, to calculations® of the density of states of these ful-
lerides. The K;C¢, curve was constructed by subtracting
the a-C4(K) HOMO and HOMO—1 features from the
spectra for x =2.2 of Fig. 3. This K;Cy, curve (or the
raw data, for that matter) shows a metallic cutoff at E
but the LUMO feature is much broader than predicted
by local-density-approximation (LDA) calculations (1.5
eV vs 0.3 eV).2b22 The features at 0.3 and 0.7 eV cannot
be related to band-structure effects. Instead, the 0.3-eV
feature almost certainly reflects electronic coupling to
vibronic modes of the fullerene, analogous to the
Franck-Condon broadening observed for gas phase Cg.*
The broad feature at 0.7 eV most likely reflects a transfer
of spectral weight from the coherent part (at Ez) to the

K-Cq,
hv=21.2 eV
40 K

2

=

]

£

G2

=

g7

c

[0

£

5

3 2 1 E
Energy (eV)

FIG. 4. Comparison of local-density calculations of the den-
sity of states of K;Cqy and K,Cgy, with experiment showing good
agreement for the HOMO-derived features but poor agreement
for the band nearest Er. The experimental K;Cq4y curve was
produced by subtracting the a-Cy(K) component from a
K, ,Cso spectrum where the amount subtracted was fixed by the
x value. The discrepancies between theory and experiment
reflect the importance of electron-electron correlation. For
K;Cyqp, there is a shift of spectral weight away from Er. For
K 4Cso, an insulating state is produced.
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incoherent part of the spectral feature. This electron-
correlation-induced broadening has also been observed in
transition-metal oxides where the strength of the on-site
Coulomb energy was related to the relative intensities of
a narrow coherent feature at E; and a broad incoherent
feature below Ey.24%

From Fig. 4 it is clear that the photoemission spectrum
for K,Cq, is not at all what would be expected based on
the independent-electron picture of filling of the three
bands derived from the LUMO levels. In particular,
K,Cq, seems to be an insulator, not a metal. The band
splitting needed to produce an insulating state points to
the importance of electron correlation in these narrow-
band molecular solids. Transport measurements for
high-quality K-Cq, films show that the resistivity is ~25
mQ cm for K,Cyy, about an order of magnitude higher
than the typical limit for metals.?®  Likewise,
temperature-dependent studies show the resistivity in-
creases as temperature decreases (activated transport), in-
dicating nonmetallic character.!> The Mott-Hubbard
splitting of the LUMO level then places K,Cg, on the in-
sulating side of a metal-insulator transition. As will be
shown below, electron-electron effects are also important
in the 4,Cg4, phases when band broadening is again evi-
dent.

Knupfer et al.?’ have suggested that plasmon losses
could account for the 0.7-eV feature of K;C4,. They
treated the many-body effects by considering coupling to
an intrinsic charge-carrier plasmon rather than as a
coherent and incoherent part of the spectral feature with
weight distribution influenced by electron correlation.
We suggest that models developed for metals or for insu-
lators are close to their limits near the metal-insulator
transition and neither may be strictly valid. Regardless
of how the many-body effects are treated, however, it is
clear that variations in stoichiometry place the A4;Cq,
structure on the metallic side of a metal-insulator transi-
tion and the other structures on the insulator side.

D. Rb-Cg, spectroscopic results

Figure 5 shows valence-band spectra for states within 5
eV of Ej for a highly ordered 200-A film of Rb Ceo for
0.4=x=6. As for K-C4, the LUMO intensity evolves
with alkali concentration until saturation at x =6 when
the valence-band features shift, as indicated, and E lies
within the gap. There is an important difference com-
pared to K-C¢,, however, because the Rb,C¢, phase is
present even at low temperature.* (K;Cg, is formed only
for 7> 425 K so that its signature is absent in the 40-K
spectra.) The existence of a Rb;Cy, line phase requires
that Rb incorporation beyond the solubility limit results
in Rb,Cq, nucleation and two-phase coexistence, even for
single-crystal starting materials. The presence of emis-
sion from the Rb;C¢, phase near E (discussed below) as-
sures a different LUMO appearance from that seen for
K-Cq, for low stoichiometries. Continued Rb incorpora-
tion produces metallic Rb;Cy, with a Fermi-level cutoff
and features at 0.3 and 0.7 eV below E, as for K;Cg,.
The Rb,Cy, phase nucleates before x =3, accounting for
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the broad feature at ~0.5 eV. The growth of the 0.5-eV
feature and the changes in LUMO are clear in the spec-
trum for x =2.4. The spectrum for x =3.9 corresponds
to the highest stoichiometry with observable emission at
Ep.*® While it was relatively straightforward to decom-
pose the spectral features for K-Cg, to obtain the signa-
ture of K;Cq, it is more difficult (and not unique) for
Rb;Cy, because the features of both Rb,Cy, and Rb,Cg,
are present near x = 3.

The nucleation of K,Cg4, and Rb,Cg, occurs for global
stoichiometries below x =3 because of growth kinetics.
While the Gibbs phase rule of equilibrium thermodynam-
ics precludes three-phase coexistence, kinetic factors
must be considered under vapor phase growth conditions
at 180°C. The kinetics describe the diffusion of alkali-
metal atoms on the surface or into the film and the
different pathways that allow it to be incorporated into a
fulleride phase. One pathway involves surface or bulk
diffusion to edges of existing A;C¢, grains where incor-
poration would lead to grain growth and eventual conver-
sion to a single crystal of 4;Cg, (the equilibrium path-

|qbXCGO
hv=21.2 eV
40 K

z
c
>
o
e
S
= -—
[72]
C
[
Q
=
3.9
[
S \ —
[2]
2 2.4
o)
S :‘
o } 1.9
R 1 |
o i
’ 1! 1.4
| —
\ A0 04
] ] 1 k'I"_"""'—
5 4 3 E,
Energy (eV

FIG. 5. Rb-Cq, valence-band features for a highly ordered
film measured at 40 K (film thickness 200 A). The x =0.4 spec-
trum shows a LUMO feature indicative of a Rb;Cy, phase. The
shoulder apparent at 1.9 eV in the x =0.4 and 1.4 spectra corre-
sponds to the Rb;Cso HOMO emission. A new HOMO shoul-
der appears at 1.6 eV for x =1.9, indicative of the Rb;Cg, phase.
The x =1.9 spectrum also shows an increase in emission at 0.5
eV because of premature Rb,C¢ nucleation. Emission at Ep di-
minishes as the insulating Rb,Cg, grains grow until it is almost
zero at x=3.9. Continued Rb incorporation produces the
RbeCy insulating state and results in a shift to higher binding
energy of all the emission features.



9092

way). The other describes the spontaneous formation of
stable seeds of 4 ;Cg4, induced by alkali addition to 4;Cq,
surfaces. One should expect A4,C¢, formation since the
energy gain for alkali-metal incorporation is large (~1.7
eV/atom relative to the standard state’) and the surface
will provide conditions that enhance A4,Cq, transforma-
tion. Hence, kinetics would be important in dictating the
microstructure and phase formation for the fullerides.
The nucleation of 4,Cg, at lower x for Rb than K (1.9 vs
2.5) is consistent with the larger size of Rb ions and the
reduced bulk diffusivity of Rb through the fulleride film.

E. CS'C60

Figure 6 shows the valence-band features for Cs-Cgy.
Previous studies’ have indicated that there is a stable
Cs,Cq phase at low temperature, that the Cs;Cg, phase is
not formed, that the Cs,C¢, phase exhibits bct structure,
and that saturation occurs at x =6. From Fig. 6, doping
to Csg 3Cgo reveals emission at E but the LUMO-derived
emission is broader than predicted by one-electron band-
structure calculations, though still narrow compared to
the 4,C¢, LUMO features of K- and Rb-C, (discussed
below). In contrast to K-C¢, and Rb-Cg,, Cs incorpora-
tion after x ~1 results in a reduction of emission at Ep,
consistent with the absence of a metallic Cs;Cy, phase.
Hence, incorporation past x =1 produces a mixture of
Cs;Cq4o and insulating Cs,Cq,. The latter is typified by the
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FIG. 6. Valence-band spectra for Cs-C¢, measured at 40 K.
Doping to x =0.8 produces a broad band at Er and a shoulder
near 1.9 eV. The shoulder is due to the HOMO band of the
CsC¢o phase. The LUMO band broadening for x =1 is related
to electron correlation. Cs;Cg, is not metallic because the states
at E are localized. Fermi-level emission is drastically reduced
after x =1 because no A4;Cg, phase forms.
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spectrum for x =3.8. LEED studies show that the fcc
pattern fades quickly after x =1, as expected because the
bet Cs,Cqy phase grows. The shoulder at ~2 eV for
x =0.8 arises from the HOMO band of the Cs,;C, phase,
shifted 0.7 eV from the HOMO band of a-C4,(Cs). The
CsCgo spectrum at the top of Fig. 6 shows the customary
shifting of fulleride valence-band features once the
LUMO bands are filled and defect levels are eliminated.
The fact that the 4,C, phases of K, Rb, and Cs show no
emission at Ej strongly suggests that the effects responsi-
ble for the insulating character are linked to the proper-
ties of the fullerenes and are relatively insensitive to the
details of the extended lattice.

F. Na-C60

Figure 7 shows the valence-band emission within 5 eV
of E for a 200-A-thick Na,C, film for 0.1<x <6. The
spectra were acquired while the film was held at 450 K.
The x=0.1 spectrum shows a LUMO-derived feature
that is nearly Gaussian in shape with a width of ~0.7 eV
centered at 0.6 eV. There is no emission at E. Contin-
ued Na incorporation produces an increase in LUMO
emission at the same position and the growth of a corre-
sponding HOMO feature at 2.2 eV. Saturation occurs at
x =6 with the familiar shift of all features to higher bind-
ing energy. Attempts to increase the Na content beyond
x =6 were unsuccessful under these growth conditions
even though Na,;C¢, samples have been produced under
other conditions.”® (LUMO+1 occupancy has been ob-
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FIG. 7. Valence-band spectra for Na-C4, measured at 450 K.
In contrast to the other fullerides, doping with Na fails to pro-
duce a band with states at E,. Instead, there is a band centered
~0.6 eV below E that grows with x. Although Na,Cq, exhib-
its a fcc structure with multiple occupation of the octahedral
hole, the valence-band spectrum of Na¢Cy, is very similar to
that for the saturated phases of the other fullerides. This em-
phasizes that it is the ionization state of Cg, rather than the de-
tails of the arrangement of alkali-metal atoms that determines
the electronic states of A4, Cq, films.
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served for Cqy deposited on alkali-metal surfaces, as dis-
cussed in detail in Sec. IIIH.) LEED results indicate no
change from the fcc host lattice for x >4. This is con-
sistent with previous structural studies'®?® that report
multiple occupancy of the octahedral site to obtain
stoichiometries higher than Na;Cq. Even with this
unique structure, the valence-band spectra of NayCg, are
very similar to those of the bcc 4 4Cyy components. The
similarity for NagCgy, Cs¢Cep RbgCep and K¢Cg, again
suggests the importance of the host molecular properties
in determining the electronic characteristics of the ful-
lerides.

Emission at E was observed at low stoichiometries for
K, Rb, and Cs fullerides, as discussed above, and its ab-
sence for Na-Cq, may be related to the unique structural
properties of the Na-Cq, system. In particular, an 4,Cg,
phase with ions occupying the tetrahedral sites of the fcc
host lattice has been reported only for Na-Cq,.!8 Hence,
it is likely that the x =0.1 and 1.9 spectra of Fig. 7
represent emission from an insulating Na,Cg, phase.
This suggests that correlation effects are more pro-
nounced for the phases with an even number of electrons
in the LUMO-derived bands (2 and 4) than the phases
with odd x (1 and 3) where there is emission at Ej.

Valence-band spectra of several Na-Cq, films were also
collected at 40 and 300 K but evidence of oxygen con-
tamination was apparent at these temperatures.!! In ad-
dition to O 1s emission we also observed a reduction in
the LUMO feature at 0.6 eV and the growth of a new
feature at 1.5 eV. We attribute the 1.5-eV feature to ad-
sorbed NaO and/or NaOH on the fulleride surface. The
1.5-eV feature has been observed previously for other
alkali-metal fulleride films but only after ~30 h at 40 K.
The differences suggest that the Na fulleride is less stable
against oxides or hydrocarbon formation on the surface
than the other alkali-metal fullerides.”’ No evidence of
contamination was apparent at 450 K, indicating that the
contaminants were volatile.

G. Rb,Cg, and Cs,Ceo

Figure 8 compares the LUMO-derived emission
features at 40 K for K, ,C¢, Rbj 7Cgp, and Cs gCg, cor-
responding to stoichiometries at which the LUMO emis-
sion should be overwhelmingly K;C¢, Rb;C4, and
Cs;Cqo, as labeled. The spectra are normalized to the
maximum intensity of each curve to emphasize line-shape
changes. For K;Cq, the integrated LUMO emission is
~3 times that for Rb;Cg, and Cs;Cq,. The K;Cg, spec-
trum shows the broadening discussed above and features
at 0.3 and 0.7 eV. The results for the 4,Cg, phases show
common features with a nearly Gaussian shaped peak
~0.5 eV wide and an asymmetry to higher binding ener-
gy.

Comparison of the Rb;Cyy and Cs;Cg, spectra to the
calculated density of states’! for Rb;Cg, (bottom of Fig.
8) shows poor agreement with calculations that predict a
total LUMO bandwidth (occupied and unoccupied) of
~0.6 eV and an occupied portion of ~0.15 eV. The
discrepancy can be understood in terms of a transfer of
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spectral weight away from E into the incoherent part of
the spectral feature, as for 4;Cg,. However, the 4,Cq
phases exhibit emission consistent with a more standard
Mott-Hubbard interpretation than for 4;Cg,, suggesting
more pronounced correlation effects. Within the frame-
work of Mott-Hubbard theory, the energy necessary to
remove an electron from one C¢, molecule and place it on
a neighboring molecule is the Hubbard U. U is estimated
to be ~1.6 eV for Cgq, (Refs. 29 and 30) and is approxi-
mately the same for 4¢C¢, (Ref. 30). When U is compa-
rable to the width of the conduction band a pseudogap
should open,?® reducing the density of states at E, and
producing a broadened density of states below Ep, as ob-
served for Rb;Cq, and Cs;Cy.

The low carrier density of the Rb;Cg and Cs;Cg,
phases produces resistivities above the classic Mott limit
for metals and measurements of the temperature
coefficient of resistivity indicate nonmetallic character for
x near 1."* From Fig. 8, however, there is emission at
E, and such emission would normally suggest metallic
character. This apparent paradox can be resolved by
considering Anderson localization of the electronic states
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FIG. 8. LUMO emission from films of K, ,Cyy, Rbg 7Csp, and
Cs( 3Cqo that are representative of the phases indicated. Each
curve is normalized to its maximum intensity to emphasize
line-shape changes. The A4,C¢, phases show nearly Gaussian
features ~0.5 eV wide centered 0.25 eV below Er with emission
extending to Er. In contrast, LDA calculations (Ref. 21) pre-
dict an occupied portion of the LUMO-derived band that is
only ~0.15 eV wide for Rb;Cy,. We attribute the difference to
electron correlation effects that split the LUMO band and pro-
duce a dip at Er. Comparison to transport results indicate that
the electrons at Ey are localized, probably by merohedral disor-
der in the fullerene lattice. The LUMO emission for the K ful-
lerides is characteristic of the A;Cg4, phase with features 0.3 and
0.7 eV below Ep for 0.1 <x <2.2 that fall outside the realm of
LDA predictions.
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surrounding Ey. Localization of what would ordinarily
be the transport states is a result of disorder in the crystal
lattice that interrupts the periodicity necessary for ex-
tended states. In the 4,C¢, phases there are two possible
sources of disorder, merohedral and ion position. Even
when the Cg, molecules are locked in position they are
randomly  distributed between two orientations
(merohedral disorder). In addition, there may be vacan-
cies in the octahedral sites that would contribute disor-
der, but little is known about the detailed filling for
0=x =1. These interruptions in periodicity tend to lo-
calize electronic states near band edges, creating a mobil-
ity gap.?® For increased electron densities (as in the
A;Cy, phases), the Fermi level moves toward the middle
of the LUMO-derived bands where there are delocalized
states and metallic transport properties are obtained.

H. Occupation of LUMO +1 levels in 4-Cg, systems

Figure 9 summarizes photoemission spectra for Na-Cg,
systems prepared under different conditions. The top
spectrum represents a NagCg, film produced by saturat-
ing a 200-A fullerene film with Na vapor in ultrahigh
vacuum. This spectrum demonstrates complete occupa-
tion of the LUMO levels and the preceding sections have
shown equivalent spectra for the other saturated A4Cg,
phases. Attempts to increase the stoichiometry by vacu-
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FIG. 9. Photoemission spectra for Cg, molecules deposited
on alkali-metal multilayers (center two curves) showing occupa-
tion of the fullerene LUMO +1 levels. Analysis of the emission
intensity indicates the transfer of eight electrons per Cq. The
abundance of alkali atoms and lack of steric hindrances to
alkali-fullerene bonding suggest that this is an upper limit for
charge transfer, C4® . The top spectrum shows that LUMO is
completely filled for a Cq, film saturated with Na by vapor expo-
sure and there is no LUMO+ 1 emission.
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um vapor deposition for any alkali metal have failed.
Yildirim et al.?® recently achieved a higher doping level
for Na-Cg, by growth in a closed thermodynamic system.
They identified a Na, C4, phase with a stoichiometry of
x ~ 10, and suggested that this “superfulleride” might be
superconducting as a result of partial occupation of the
LUMO +1 band.

To create a condition where LUMO+1 occupation
could be achieved and the coordination of Cy, with
alkali-metal atoms could be maximized, we condensed
less than one monolayer of Cqy onto alkali-metal films
that were formed and held at 40 K. This low-
temperature condensation process minimizes the tenden-
cy of the fullerenes to form an ordered array that would,
in turn, introduce steric hindrance to alkali coordination.
The middle photoemission spectrum of Fig. 9 shows that
this process does indeed yield substantially higher elec-
tron charging of the fullerenes relative to the vapor ex-
posed sample. Based on the emission intensity of the
LUMO+1 states, we conclude that each fullerene has ac-
cepted eight electrons. The LUMO+1 feature appears
symmetric, centered 0.8 eV above the LUMO and 0.4 eV
below Ep. It is interesting to note that these superful-
leride spectra contain sharp features even though deposi-
tion at 40 K must produce substantial disorder in the as-
grown alkali-metal film and the fullerides themselves
probably appear as Cq®  states with a decoration of
alkali-metal ions around them. This again implies that
the C4, molecular states dictate the spectral signatures
and the alkali act as charge donors, at least until x
exceeds 8. The ease with which the fully coordinated
Ceo®~ structure forms demonstrates that the energetics of
alkali-fullerene bonding favor a charge state greater than
6—. The inability to produce them in crystalline solids
must be related to off-setting energies associated with lat-
tice dilation. Only for Na is the octahedral hole
sufficiently large to accommodate more than one ion.

The spectroscopic results show no increase in
LUMO+1 occupation between Na and the more electro-
positive K and Rb atoms, as can be seen by comparing
the middle two curves of Fig. 9. Thus, the heat of forma-
tion of the A,C¢, species is positive with respect to an
AgCqy species on an alkali-metal surface. The implica-
tion for Na4Cq, is that the atoms in the octahedral site
are not all fully ionized but form hybrid states derived
from Na and Cq,. There must then be valence charge in
the octahedral site and its character must be important in
determining the physical properties of the Na,,Cg, solid.
We note that there is some analog in the superconducting
CasCyg structure where the LUMO+ 1 band is clearly hy-
bridized with Ca s states. !

Finally, the photoemission spectra for NayC, and
K;3Cq, Fig. 9, show nearly zero emission at Ey, despite
the fact that the molecular LUMO +1 level is sixfold de-
generate and density-of-states calculations?? (DOS, Fig. 9)
would suggest a partially filled band for an A44C, crystal.
The small emission at E; can be attributed to the alkali-
metal substrates. The low intensity is consistent with a
much smaller photoemission cross section for the Na 3s
and K 4s levels relative to the C 27-derived LUMO+1
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level. The splitting of LUMO+ 1 may be a result of the
highly asymmetric crystal field at the Cy/alkali-metal in-
terface.

IV. CONCLUSIONS

In this paper we have demonstrated that correlation
plays an important role in the electronic properties of all
alkali-metal fulleride phases. The A4,Cy, phases formed
for Rb and Cs are seen to be nonmetallic as a result of
Andersen localization and exhibit LUMO emission
broadened by correlation effects. Spectroscopic evidence
indicates that the 4,Cy, phases are Mott insulators and
ordered A4;Cq, films have metallic character. Highly or-
dered, well-annealed A4;Cg, films show a LUMO-derived
emission feature that has an apparent bandwidth ~4
times larger than predicted by band-structure calcula-
tions. The width of the LUMO-derived feature is a result
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of electron-electron interaction since U and W are com-
parable and there is a feature ~0.7 eV below E that is
not represented in LDA calculations. Nonequilibrium
growth is evident in all the fulleride systems.
Temperature-dependent LEED studies show that the
molecules on the Cg,(111) surface undergo a phase transi-
tion from simple cubic at low temperature to fcc at
230+20 K. Partial occupation of the (LUMO+1)-
derived bands was achieved by depositing Cq, molecules
on alkali-metal films.
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FIG. 1. LEED results at 40 K from a highly ordered K-Cy,
film grown on GaAs(110) (electron energy 60 eV, film thickness
200 A). (a) The hexagonal LEED pattern of K, Cy, is indica-
tive of the simple-cubic lattice of Cg, at 40 K. A moiré pattern
is produced for growth on step-free surfaces because domains of
Ceo(111) can optimize substrate registry with [110] oriented at
+3.5° relative to GaAs[111]. This moiré pattern produces the
dim and bright areas in (a) and the effect is modeled schemati-
cally in (b) where two simple-cubic arrays are rotated 7° relative
to one another. (c) The LEED pattern for x =2.2 shows that
the simple-cubic pattern is lost as the fec K,Cg, pattern, charac-
terized by the larger hexagons, increases. Again, the patterns
from domains rotated £3.5° are clearly evident in (c). They are
represented schematically in (d) where there are two spots for
each hexagonal net position. The LEED pattern deteriorates as
K concentration is increased to 2.8 and 3.7 and the K;C, grains
are converted to body-centered K,Cq, grains.
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FIG. 2. (a)-(d) LEED results for undoped Cg, at 40, 110, 200,
and 230 K showing the washing out of the half-order spots with
increasing temperature (electron energy 25 eV, film thickness
100 A). The reduction is a consequence of increased librational
motion above ~90 K and the reduction in the simple-cubic or-
der parameter.



