molecular solid acts as a metallic solid. As
shown in Fig. 1, the energy separation is
ultimately 1.6 eV. This is remarkably close
to that observed in photoemission from
negatively charged Cq ions in the gas phase
(21), despite obvious changes induced by K.
The apparent position of the LUMO and
HOMO bands again appears too far from
Eg when the Fermi level energy reference is
no longer pinned to an intrinsic level of the
molecular system. This accounts for much of
the shift observed between the spectra of
Fig. 1 for 70- and 100-min exposures. Ex-
amination of the distribution of empty states
of Cgo measured with inverse photoemis-
sion (bottom curve) shows that the first and
second features are separated by ~1 V. In
the ground state, the conduction band of
KsCgo probably lies ~1 eV above the va-
lence band. The fact that no emission is
observed above the LUMO-derived bands
for 100 min and that the LUMO peak lies
far below Eg confirms the picture that an
insulating molecular solid is formed after full
intercalation with all three LUMO-derived
bands occupied. Hence, the stoichiometry is
KgCep for that crystal.

Exposure of a K¢Cgo-based film (charac-
terized by the spectrum for 100-min expo-
sure) to additional K deposition resulted in
the nucleation of K metal on the surface.
This was reflected by a metallic Fermi level.
There were no changes in the valence bands
that would indicate that a second unoccupied
band was being filled. Annealing of the sam-
ple to enhance K intercalation resulted in the
elimination of the emission at Ey, and a slight
sharpening of the valence band features. The
inability to force appreciable additional K
incorporation is consistent with the filling of
all available tetrahedral sites of the bcc lattice
(16). The addition of more ions of K would
start populating the next group of bands of
Ceo Which are ~1 eV higher in energy. This
would reduce the enthalpy of reaction by the
same amount, making it negative so that
reaction would be unfavorable.

Finally, the annealed sample was exposed
to molecular oxygen in situ. The result was
the formation of K-oxide, the leaching of K
from the intercalated film, and the loss (to
measurements with our surface sensitivity)
of emission from the fullerenes. This is
consistent with the results of Haddon et al.
(13) that showed severe degradation upon
exposure to air.

The results of Fig. 1 explain the changes
in conductivity (13) and the return to insu-
lating character after complete K incorpo-
ration. In the metallic state, they indicate
that the conduction band states of K, Cg, are
C p,-derived but are disordered. Insight
into the mechanism responsible for super-
conductivity at 18 K can be gained by
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comparing the results for K, Cg to those for
intercalated graphite (22). Superconductiv-
ity in the 0.15 to 0.55 K range for KCg,
RbCg, and CsCg and its absence in LiCq and
the higher stage intercalates has been ex-
plained by scattering between carbon
states and partially occupied cation s states
(22). Electron-phonon scattering within the
graphite layers is believed to be too weak to
explain the superconducting properties.
From the McMillan equation, a supercon-
ducting transition temperature of 18 K in
K, Cso would imply that the electron-pho-
non coupling constant, A, would be 0.65 if
we assume that the Coulomb pseudopoten-
tial is u* = 0.1 and the Debye temperature
is 700 K. Reasonable assumptions about the
range of the Debye temperature and p* lead
to values of A between 0.5 and 1.0 such that
the system is characterized by strong electron-
phonon coupling. For graphite intercalated
compounds, the coupling constant is small, A
~ 0.25. Since the calculated density of states
at the Fermi level is smaller in K, G4, than in
intercalated graphite, this implies that the
electron-phonon coupling is substantially
stronger in the fulleride. In Cgg, the curvature
of the bonding network induces s-p hybrid-
ization in the  states (which should more

-accurately be called mostly-r or 1r-like states).

Such hybridization would enhance the single
site matrix elements for electron scattering
between two mostly-m states by phonons (4),
and this could explain the stronger coupling
and the higher transition temperatures in the
fulleride.
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Photoemission Spectra and Electronic Properties

of K, Ceo

G. K. WERTHEIM, J. E. ROWE, D. N. E. BucHANAN, E. E. CHABAN,
A. F. HEBARD, A. R. KorTAN, A. V. MAKHTJA, R. C. HADDON

Photoemission spectra of vacuum deposited layers of Cg,, before and after exposure to
K vapor, show that the K donates its conduction electron into the band derived from
the lowest unoccupied molecular orbital. A compound with composition of K;Cg,
corresponding to the maximum conductivity, has been prepared. In it the potassium
atoms presumably occupy both the octahedral and the two tetrahedral interstitial sites
of the face-centered-cubic (fcc) Cgq structure.

HE DISCOVERY OF NEW METHODS
of synthesis of fullerene carbon mol-

ecules (1) has led to a proliferation of

AT&T Bell Laboratories, Murray Hill, NJ 07974.

studies of the properties of solid C4y (2-6).
Most of these studies show that the solid
form of Cs, is highly molecular in nature
with electronic structure (2, 3) that differs
little from that of the gas phase molecule.
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Fig. 1. Valence band photoemission spectrum of

a vacuum-deposited Cg, film, taken with He I

resonance radiation. The zero of energy is placed
at the HOMO.

However, recent reports demonstrate that
the reaction of Cg( with alkali metal vapor
results in a material with metallic conductiv-
ity (4), which becomes superconducting at
low temperature (5). These new results have
prompted an investigation of the electronic
structure of potassium-doped Cg, using
photoemission spectroscopy.

The samples used in this investigation
were prepared by vacuum deposition of Cgq
vapor from a collimated pyrolytic BN cruci-
ble onto Si(100) substrates within the ultra-
high vacuum (UHV) measurement chamber
of the photoelectron spectrometer. The
photoemission spectra were obtained with a
50-mm hemispherical electron spectrometer
and He resonance radiation, using He I
(21.2 eV) for the valence band of the Cqq
and He II (40.8 ¢V) for the K 3p core
electrons. The reaction with the K vapor was
also carried out in the UHV chamber of the
spectrometer, using vapor generated from a
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Fig. 2. K 3p photoemission spectrum of K;Cq,
film at room temperature, taken with He II
radiation. The peaks at 14.4 and 16.2 eV are due
to the excitation of valence band states by residual
He I radiation.
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commercial SAES Getters source. Super-
conducting samples have been prepared by
the same technique.

A spectrum obtained from a clean, poly-
crystalline layer is shown in Fig. 1. The
highest lying peak to which we have as-
signed the zero of the binding energy scale is
the band derived from the highest occupied
molecular orbital (HOMO). The sharp cut-
off near 14.4 ¢V corresponds to the deepest
state which can just be excited to the vacuum
level. Subtracting the cutoff energy from the
photon energy defines the position of the
vacuum level. The resulting ionization po-
tential of solid Cq is 6.8 €V. This is some-
what smaller than the ionization potential of
gas phase molecular C4,, which is 7.6 eV
2).

When a thin sample is exposed to K vapor
at room temperature a strong K 3p signal is
obtained, but the valence band spectrum
becomes weak and featureless. The full
width at half maximum of the K 3p doublet
is much greater than the 0.02 ¢V of natural
width or the 0.26 eV spin-orbit splitting of
bulk K metal, suggesting either that many
inequivalent sites are occupied or that there
is substantial phonon broadening. With the
sample in this condition, ‘the valence band

-spectrum is broadened and attenuated, indi-

cating that there is at least a monolayer of K
adsorbed on the surface. (The electron mean
free path in metallic K is of the order of the
layer spacing at this kinetic energy.) The loss
of the resolved structure in the valence band
is presumably due to the interaction of the
surface Cq, molecules with the adsorbed K
layer.

After heating the sample to ~150° to
175°C, the intensity of the K 3p signal
decreases, narrows slightly, and shifts to
higher binding energy. Presumably some of
the potassium diffuses from the surface into
the bulk, although a small amount may
evaporate. The resulting He II spectrum is
shown in Fig. 2 with the K 3p peak near 18
eV kinetic energy. (The two lines at lower
kinetic energy are due to the excitation of
the two most weakly bound features of the
valence band, excited by residual He I radi-
ation.) The binding energy of the K 3p
electrons, with zero assigned to the highest
occupied band at 35.7 €V kinetic energy, is
18.0 ¢V. The remaining K now occupies the
interstitial sites in the fcc Cgq lattice. Since
there are only two types of sites available for
the K, one octahedral and two tetrahedral
per Cgo molecule, the large width of the K
3p signal must be due to phonon broaden-
ing. Comparable phonon widths are com-
monly found for sub-monolayer alkali ad-
sorbates on metals and semiconductors (7).

More interesting is the fact that on expo-
sure to small amounts of K a new band starts

to appear at the Fermi level (see Fig. 3b).
On further exposure it grows into a band
located just below the Fermi level (see Fig.
3c). The structure of the rest of the valence
band is largely recovered, but the bands are
shifted to smaller binding energy and remain
wider than in the native film. For this range
of composition, essentially identical spectra
have also been obtained with Rb. The new
band, which lies 1.7 ¢V above the HOMO
of Cgp, corresponds to emission from elec-
trons donated into the lowest unoccupied
molecular orbital (LUMO) by the potassi-
um. The shift is somewhat smaller than the
gap between the HOMO and the LUMO in
the clean film (1.9 V) inferred from the C
1s energy loss spectrum (3). However, this
gap may well change with the occupation of
the interstitial sites. We can rule out the
possibility that we are detecting the signal of
the K 4s electron, because the photoelectric
cross section of that state per electron is
almost two orders of magnitude smaller
than that of the C 2p level for 21.2 eV
photons.

From the intensity of the newly occupied
level we can determine the composition of
the near-surface layer, which is sampled by
photoemission. The intensity of the band
derived from the LUMO is about one-third
that of the HOMO band. Since the latter
contains ten electrons (3, 8), the composi-
tion-of the K-doped layer near the surface is
K;Cso, provided the photoelectric cross sec-
tions are the same for the HOMO and
LUMO. Since the 1.38 A ionic radius of K*
is only slightly larger than that of the tetra-
hedral site (1.12 A) and smaller than that of
the octahedral site (2.06 A), it is tempting to
postulate that K;Cg can be described sim-
ply by the filling of these sites, resulting in
the BiF; structure (9). With three electrons
donated into the LUMO-derived band it is
half filled, resulting in maximum conductiv-
ity.
The ionization potential of this newly
occupied level in the K-doped film is ~4.3
eV. This value is not as well determined as
that of the native compound, because the
high binding energy cutoff is not as sharp in
the doped material. This indicates that the
K-intercalated C4, compound is not entirely
homogeneous and may account for the in-
creased width of the valence band features
shown in Fig. 3. This is not unexpected
since electrical conductivity measurements
indicate that as many as six K atoms per Cg,
molecule can be intercalated (4). Indeed, on
further exposure to K vapor the spectrum
changes significantly. The bands broaden
and shift to larger binding energy, and the
LUMO peak increases in area and develops
a tail toward the Fermi energy. This is
presumably an indication of the phase tran-
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Fig. 3. Valence-band photoemission spectra of
K, Ceo films prepared by vacuum doping, com-
pared to that of Cgp. The zero of the energy scale
is at the Fermi level of the spectrometer, deter-
mined from the Fermi cutoff in In.

sition to the bcc (body-centered-cubic)
structure, which can accommodate six inter-
stitials per molecular Cg unit.

The apparent similarity between the reac-
tion of Cgo with K and the formation of
graphite intercalation compounds is, at first
sight, surprising. Graphite is a semimetal
with strongly dispersing  bands that over-
lap at the Fermi energy. Solid Cgq is a
molecular insulator with narrow bands and a
gap of 1.9 eV between the HOMO and
LUMO. Nevertheless, there is no doubt that
in both materials a metal results from the
donation of alkali conduction electrons into
unoccupied states of the native material.
However, it appears that in solid Cgq, the
charge transfer is nearly complete, that is,
one electron is transferred per intercalated K
atom. In graphite intercalation compounds
the charge transfer inferred from measure-
ments of photoemission intensity near the
Fermi energy is less than unity, with a value
of 0.3 obtained for Cs (10). However, band
mapping of LiCg shows that the Li 25 band
lies above the Fermi level and that the rigid
band model is not obeyed (11).
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Molecular Beam Scattering from Liquid Surfaces

MARY E. SAECKER, STEVEN T. GOVONI, DANIEL V. KOWALSKI,
MACKENZIE E. KING, GILBERT M. NATHANSON*

By means of controlled collisions of atoms and molecules with liquid surfaces,
molecular beam experiments can be used to probe how gases stick to, rebound from,
and exchange energy with molecules in the liquid phase. This report describes
measurements of energy exchange in collisions between gases (neon, xenon, and sulfur
hexafluoride) and polyatomic liquids (squalane and perfluoropolyether). Energy
transfer depends critically on liquid composition and is more efficient for the
hydrocarbon than for the perfluorinated ether.

OLLISIONS BETWEEN GAS-PHASE
‘ and liquid-phase molecules are the

first step in establishing mechanical,
thermal, and chemical equilibrium between
gases and liquids. Gas-phase molecules strik-
ing a liquid can scatter immediately away or
they can bind to liquid-phase molecules at
the surface on their way to solvation, reac-
tion, film formation, or evaporation. These
elementary processes can be probed by mo-
lecular beam scattering techniques that are
widely applied to gas-gas and gas-solid
chemical reactions (1). By directing beams
of atoms and molecules at liquids of low
vapor pressure in vacuum, we are learning
how gases stick to, rebound from, and ex-
change energy with organic and inorganic
liquids. Scattering experiments on liquids
have been performed only rarely (2). We
describe here studies to measure the ex-
change of energy when gases (Ne, Xe, and
SFg) collide with polyatomic liquids (perfluo-
ropolyethers and hydrocarbons). Our exper-
iments show that the amount of energy
transferred on impact depends critically on
the nature of the liquid.

We used two liquids: squalane, a long-
chain hydrocarbon, and Krytox 1506, a
long-chain perfluorinated polyether (PFPE).
Squalane (99.9%, Aldrich), 2,6,10,15,19,23-
hexamethyltetracosane, has a density of 0.81
g/em?; a vapor pressure below 1077 torr, a
surface tension of 30 dyne/cm, and a viscosity
of 0.3 poise at 25°C. Krytox 1506 (Du Pont),
F-[CF(CF3)CF,0], 4(avg)~CF,CFj, has a den-
sity of 1.88 g/cm?. Its vapor pressure lies below
4 x 1077 torr, and it has a surface tension of

Department of Chemistry, University of Wisconsin-
Madison, Madison, WI 53706.

*To whom correspondence should be addressed.

18 dyne/cm and a viscosity of 1.3 poise.

The liquids are placed inside a high-vac-
uum chamber to remove ambient gases and
to allow the incident beam of atoms or
molecules to collide only with the liquid
surface. Impinging beams are created by
expanding Ne, Xe, or SF, mixed with He or
H, through a pinhole aperture at 295 K.
The nearly monoenergetic beam strikes the
liquid surface, and the recoiling species are
monitored by a mass spectrometer oriented
at 90° to the incident beam. The raw data
are time-of-flight (TOF) spectra that record
the time for the scattered species to travel
19.5 cm from a slotted wheel to the mass
spectrometer. The spinning wheel chops the
scattered beam into 11- or 28-us pulses to
measure arrival times. In these studies, the
liquid surface is oriented at 45° with respect
to both the incident beam and the mass
spectrometer; the peak arrival times, howev-
er, do not change with surface rotation.

Clean and continuously renewed liquid
surfaces are produced by two methods
shown in Fig. 1. In one method (Fig. 1A), a
vertical, ribbon-like stream is produced by
liquid flowing through a highly polished
stainless steel jet with a rectangular exit slit
5.0 mm by 0.3 mm (3). The incident beam
strikes the planar liquid surface (moving at
100 cm/s) as it leaves the jet. The stream is
then recirculated by a vacuum-sealed gear
pump. A second method (Fig. 1B) uses a
slowly rotating wheel that is partially im-
mersed in a liquid reservoir (4). The wheel
drags along a thin liquid film that is scraped
by a razor blade, leaving behind a liquid
layer 0.25 mm deep. The molecular beam
strikes the freshly wiped surface 0.25 s later.
Laser reflections from the fresh surface show
that it is macroscopically flat to within 0.5°.
The data presented here were recorded with
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