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Electrical transport in Na, K, Rb, and Cs fullerides:
Phase formation, microstructure, and metallicity
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The electrical properties of the alkali-metal fullerides have been investigated via parallel resistivity
measurements and photoelectron spectroscopy. Phase formation associated with the incorporation of
Na, K, Rb, and Cs into C6p films is reAected by the dependence of resistivity on temperature and alkali-

metal concentration. Photoemission spectra show the details of the filling of states derived from the
lowest unoccupied molecular level and the consequences of electron correlation. For K-C6Q and Rb-C6Q

films, the resistivity and photoemission results indicate metallic character only for the A3C6Q phase.
Changes in the temperature coefficient of resistivity for Rb-C6Q as a function of doping reveal the granu-

lar nature of the film and show the transition from insulating to metallic character. In contrast, the Na
and Cs fullerides are insulators for all concentrations. The temperature-dependent resistivity results for
Na C6p show a phase transformation at 226 K for x between two and three, but neither phase is metallic.

INTRODUCTION

Investigations of the alkali-metal fullerides A„C60 have
raised questions concerning the development of discrete
phases and their metallic or insulating character, particu-
larly for thin films. To date, there have been very few
studies of electrical transport of the fullerides in the nor-
mal state that could reveal the relationship between
phase formation, electronic structure, and electron trans-
port. Kochanski et aI. have discussed resistivity mea-

0
surements of K C60 films with -60 A grains that demon-
strate that the minimum in p(x ) occurs at x =3+0.05
and that potassium saturation occurs at x =6. Xiang
et al. have reported temperature-dependent resistivity
results for single-crystal K3C60 that show that the x =3
phase behaves like an ordinary metal.

In this paper, we discuss resistivity and photoemission
measurements of the Na, K, Rb, and Cs fullerides made
from films of C60 exposed to increasing amounts of alkali
metals. Differences in behavior across the alkali-metal-
fulleride family reAect phase formation and the impor-
tance of electron correlation in determining the electrical
properties near the metal-insulator transition. Valence-
band photoemission results demonstrate the transfer of
charge from the alkali-metal atom to fill states derived
from the lowest unoccupied molecular orbital (LUMO) of
C60. Analysis of core-level photoemission spectra, de-
tailed in Ref. 3, indicates phase separation with preferen-
tial occupation of interstitial sites based on the size of the
alkali-metal ion. Resistivity results presented here affirm
the growth of discrete phases in A„C60 films and they
show how these phases inAuence electron transport. The
temperature dependence of the resistivity establishes that
the Na and Cs fullerides are insulating at all concentra-
tions. In contrast, K C60 and Rb C60 show metallic
behavior near x =3, and the change in resistivity as a
function of stoichiometry and temperature can be
effectively described within the framework of granular

metal theory, i.e., the nucleation and growth of a metallic
phase in an insulating medium. The very low conductivi-
ties of the metallic phases are consistent with significant
electron-electron repulsion effects.

EXPERIMENT

Resistivity and photoemission measurements were per-
formed on films grown on sapphire substrates. The resis-
tivities of fulleride films were determined using the
method of Van der Pauw. For electrical contact, triangu-
lar pads were formed on the corners of the 1-cm sap-
phire wafers by successively evaporating 1000 A of Ti
and Ag. Subsequently, copper wires were attached to the
pads with silver epoxy. The temperature dependence of
the resistivity, p(T), was measured from 45 to 425 K.
The temperature was determined using a Au-Fe/Chromel
thermocouple in intimate contact with the sample holder.
A filament adjacent to the holder was used for heating.
Cooling was provided via a closed cycle He refrigerator.

Purified C60 was evaporated from Ta boats located 8

cm from the sapphire substrate. The amount deposited
was monitored with a quartz-crystal thickness monitor.
The alkali metals were sublimed from well-degassed
SAES getter sources arranged in a similar geometry.
Chamber pressures were maintained below 2X 10 Torr
while depositing C60 and below 3X10 ' Torr during
alkali-metal deposition. The substrates were held at 300
K during film growth. Post-growth annealing was done
at 425 K for —10 min.

High-resolution photoemission valence-band spectra
were obtained in a chamber equipped with a He lamp as
well as an Al K x-ray source. Photoemitted electrons
were collected with a double-pass cylindrical mirror
analyzer. The resolution (electrons plus photons) was 160
meV for the He lamp results. The total resolution, in-
cluding the thermal broadening of the Fermi function,
was 195 meV. Concurrently, films were grown on a
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grounded Pt foil to assess charging related to photoemis-
sion. Such effects were negligible except when the mea-
surements were done at low temperature or at ultralow
dopant concentrations.

ELECTRICAL TRANSPORT

Concentration-dependent resistivities

It is now well known that photoemission and inverse
photoemission processes produce final states with
energy-level spectra for pure C6Q that are shifted from the
ground state because of electron-electron correlation.
Good agreement between theory and experiment can be
obtained by aligning the bands derived from the highest
occupied molecular orbitals (HOMO) for the occupied
states. Alignment of the LUMO-derived band shows
good agreement for the unoccupied states. These elec-
tric states are delocalized on the scale of the molecule, yet
localized on the scale of nearest neighbors so that narrow
bands are produced. Electron energy-loss measurements
and optical-absorption measurements show an onset
near 1.5 eV, but extrapolation of the HOMO and LUMO
bands measured by photoemission and inverse photoemis-
sion ' gives a band gap of 2.6 eV (the band-center-to-
band-center energy is 3.7 eV). The apparent discrepancy
can be understood by noting that the lowest-energy opti-
cal absorption creates an electron-hole pair localized on
an individual molecule, i.e., a Frenkel exciton, whereas
the ionizing processes of photoemission and inverse pho-
toemission create separated X —1 and N+1 states. The
energy difference between the separated and unseparated
configurations is a measure of the correlation energy, -2
eV. ' As far as transport properties are concerned, the
energy required to generate intrinsic separated charge
carriers is the true band gap. C6Q films show slightly
enhanced conductivity when exposed to photons of ener-

gy —1 eV less than the band gap. ' '" This reAects the
generation of free carriers via the interaction of excitons
with defects or surfaces, an effect that is well known for
polynuclear aromatic molecular crystals. '

Measurements of electrical transport in pure C6Q are
difficult because of its high intrinsic resistivity and the
sensitivity to light exposure and trace impurities that in-
troduce band-gap states. ' Studies of the photoinduced
xerographic discharge' in mixtures of C6Q and C7Q and
studies of the resistivity of pure C6o at high pressures'
suggest electronic transport via localized states. In fact,
transport of charge carriers in all the insulating fullerides
can be thought of in terms of hopping between negatively
charged C6Q molecules where the overlap of molecular or-
bitals is small. Electron localization is less severe in the
metallic fullerides and transport is dominated by multiple
scattering events, as will be discussed below. We can
make reliable resistivity measurements only when p (500
Q cm, a condition that is reached by doping when the
overall stoichiometry is A C6Q, x -=0. 1. We note that the
resistivity of oxygen-free C6Q films has been reported to be
10 Qcm (Ref. 15) while films composed of mixtures of
C6Q and C7o exposed to air have a resistivity near 10
n cm."

Starting from pure face-centered-cubic' (fcc) C6O, x-

ray diffraction studies' have reported K3C6Q and
Rb3C6o phases where the C6Q lattice remains fcc and the
alkali-metal ions occupy octahedral and tetrahedral inter-
stitial sites. K-, Rb-, and Cs-C6Q form a body-centered
tetragonal A4C6Q phase, and further doping results in a
saturated body-centered-cubic (bcc) c4 6C60 phase. Also
identified have been NazC6Q Na3C6Q and +a6C6o p
where the C6o lattice remains fcc. From valence-band
and core-level photoemission analysis, the fcc phases of
these fullerides (except for Na3C6O) have been identified in
our thin films samples. ' Core-level studies show that
the fcc octahedral and tetrahedral sites provide bonding
configurations for the K, Rb, and Cs ions that are spec-
troscopically distinguishable. By this method, Poirier
et al. have reported that Rb and Cs fill only octahedral
interstitials at low concentration giving an A, C6Q phase
(NaCl structure). The chemical environment is very simi-
lar in the tetrahedral interstitial sites of the A4C6o and
A 6C6o phases and the A 4C6Q phase cannot be unambigu-
ously isolated by core-level fitting. Recently the valence-
band signatures of K4C6o have been identified. Photo-
emission spectra ' ' show nearly identical C 1s core-
level and valence-band behavior for the saturated phases,
regardless of whether the phases are derived from bcc,
(K, Rb, Cs) or fcc (Na) structures. Hence the features in
the electronic structure at x =6 are molecular in nature
and are derived from the C«& orbitals. (This is in contrast
to what is observed for the alkaline earth fullerides where
hybridization is important. ) The goal of the present
study was to measure the resistivity p(x, T) of fulleride
films so that the transport properties could be correlated
with structural and electronic properties for all values of
x and temperatures between 45 and 425 K.

Figure 1 summarizes resistivity results obtained during
alkali-metal incorporation in 500—4000-A C6Q films. The
symbols indicate points at which exposure to the alkali-

metal source was interrupted, the sample annealed, and

photoemission spectra taken to determine the x value.

The solid lines drawn through the measured points of
Fig. 1 approximate the resistivity behavior during the ex-

posure between annealing cycles. The stoichiometries
were deduced from the carbon and alkali-metal core-level
intensities and the relative intensity of the LUMO-
derived feature. As a reference point, it was assumed
that the saturated phase was A6C6Q. The estimated un-
certainty is x =+0.2. Four-point probe measurements
were monitored continuously during alkali-metal expo-
sure. Current/voltage readings exhibited a -5% drift
over a few minutes when exposure was interrupted at 300
K. Smaller variations were induced by annealing at 425
K for 10 min. Thereafter, the magnitudes of p(x ) at
room temperature were unchanged. This is consistent
with facile diffusion of alkali-metal ions and the forma-
tion of film microstructures that were stable against mild
annealing. All the films in this study were at least 500 A
thick to avoid the thickness dependence of p(x) reported
by Kochanski et al. ' for K3C6Q films.

Each curve of Fig. 1 shows a rapid decrease in resistivi-
ty upon doping to x-0.5, then a slower decrease to a
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FIG. 1. p(x) for thick films of C«doped
with Na, K, Rb, and Cs. Points indicate where
exposure to the alkali-metal source was

stopped and x-ray and ultraviolet photoemis-
sion spectra were acquired to determine con-
centration. The labels indicate the known ful-

leride phases at 300 K. The minima in p(x)
occur for stoichiometries corresponding to
Na2C6o K3C6o Rb3C6o and Cs3 5C6o Struc-
ture in p(x) can be associated with the devel-
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minimum between x =2 and 3.5 before increasing to a
maximum at x =6. The minimum resistivity values
occur at different stoichiometries for the different ful-
lerides. The minimum resistivity values were very close
to those reported by Haddon et al. , namely 0.11 Q cm
for Na-C6p, 0.0031 Q, cm for K-C6p 0.028 Qcm for Rb-
C6p, and 0.20 0 cm for Cs-C6p. At the minimum resistivi-
ty for each fulleride, the resistivity was measured as a
function of temperature to determine the temperature
coefficient of resistance (TCR). In this way, the metallic
or insulating character of the film could be determined
since metals become better conductors at lower tempera-
tures (TCR) 0) while insulators show better conductivi-
ties at higher temperatures (TCR(0). We found that
Na- and Cs-C6p are insulators even at their minimum
resistivity. In contrast, K- and Rb-C6p show metallic
behavior for x near 3. Note that the p(x) curves of Fig. 1

show structures that are due to phase formation, features
not previously observed.

The labels in Fig. 1 draw attention to the
stoichiometries of the fulleride phases at 300 K.
Stoichiometries away from the indicated phases produce
samples containing a mixture of two phases, even for
equilibrium growth. This is a consequence of the Gibbs
phase rule. Thus the deposition of alkali-metal atoms
onto a C6p film will initially yield a solid solution or a
phase, but doping beyond the solubility limit results in
the nucleation of fulleride grains in the solution phase

matrix. The first fulleride phase is x =1 for Cs and Rb,
x =2 for Na, and x =3 for K. The size of these grains
will depend on the interfacial free energy and kinetics of
growth. It is important to recognize that doping under
conditions that prevent equilibrium phase formation can
introduce additional phases that coexist with the first
two. Such nonequilibrium growth has been discussed for
K C6p in detail elsewhere ' where it was shown that
the K4C6p phase appears during vapor-phase deposition
before completion of the x =3 phase. To fully under-
stand the electrical properties of fulleride films, we must
determine the properties of each phase and examine
effects related to the microstructure.

Figure 1 shows that the resistivities of Na C6p K C6p,
and Rb C6p films are similar for x (0.5 even though Na
prefers tetrahedral sites, Rb prefers octahedral sites,
and K ions occupy both sites. The differences in p(x)
for x )0.5 undoubtedly reAect the fact that the films are
derived from disparate equilibrium phases. The
stoichiometries of the first line phases imply differences in
the relative amounts of the fulleride phases for a given x
value and, probably, the rnicrostructure in this two-phase
regime. The presence of a Rb&C6p phase but not a K,C6p
phase is clearly seen in the p(x) behavior near x =1
where there is a larger resistivity and shoulder in p(x) for
Rb ]C6p. Hence a film with x = 1 for Rb C6p will be
predominantly nonmetallic Rb&C6p wheleas a K C6p film
with x =1 will be a-C60(K) plus metallic K3C6o. Na2C60
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is nonmetallic and the film resistances are larger than for
the Rb- and K-C6o films, though p(x) for 0&x &2 falls
intermediately between the Rb C6o and K C6o curves.
Figure 1 also shows that the resistivity of Cs C6o is much
higher than the other fullerides for the a phase and in the
region where there is phase separation into a-C6o(Cs) and
CsiC6o. This may well be a consequence of the Cs ions in
octahedral sites producing a lattice expansion that
reduces the intermolecular wave-function overlap relative
to the smaller Rb ions in the corresponding sites of
Rb&C6o

The minimum resistivity values occur at
stoichiometries when the films are derived almost entirely
from a single phase, near Na2C6o, K3C6o, Rb3C6o, and
Ca4C6o corresponding to stable phases near half-band
filling. As mentioned above, K3C6o and Rb3C6o are me-
tallic and Na2C6o and Cs4C6o are insulators. For Na,
there has been a report that Na3C6o forms at elevated
temperature but disproportionates into fcc-based Na2C6o
and fcc-based Na6C6o at low temperature. From the
resistivity results of Fig. 1, we find that p(x) has started
to increase by x =3 at 300 K. This indicates that what-
ever coexists with Na2C6p for x near 3 has a higher resis-
tivity and cannot be metallic. Qualitatively, a model as-
suming only ideal Na2C6o and Na6C6o phases for Na„C6o
cannot reproduce the observed shoulder in p(x) at
x -3.5. It is plausible that the shoulder about halfway
between 2 and 6 is a consequence of disorder in the
alkah-ion distribution. Such disorder would affect the
hopping integrals that describe transport in these molecu-
lar crystals. This disorder could be the result of a solid
solution phase between x =2 and 6. Unfortunately, a de-
tailed description of octahedral site filling for 2 &x & 6 in
Na C6o to determine whether there is phase separation or
solid solution behavior must await analytical refinement
of x-ray diffraction results.

For the fullerides of K, Rb, and Cs, x-ray diffraction
analysis ' has shown the formation of the A 4C6o
body-centered tetragonal structure. The p(x) results for
K C6o and Rb C6o show a shoulder at x =4, indicating
that the A4C6o phases have resistivities intermediate to
those of the A3C6o and A6C6o phases. The A4C6o com-
pounds are nonmetallic, as demonstrated by a negative
TCR and the lack of photoemission intensity at the Fer-
mi level. ' Cs C6o consistently maintains a higher
resistivity than K- and Rb-C6o and there is a very broad
resistivity minimum at x =-3.5 before completion of the
CS4C6o phase.

The resistivity results for each alkali-metal fulleride
show an increase as x approaches 6. Photoemission
valence-band spectra' ' for the A6C6o phases of Na, K,
Rb, and Cs show complete filling of the sixfold-
degenerate LUMO band and a shift of the LUMO band
away from EF, i.e., when there are no holes in the LUMO
states to pin Ez. The resistivities of K6C6o and Rb6C6o
are substantially lower than Cs6C60 (Fig. 1), again
presumably because the alkali-ion-induced lattice dilation
for K and Rb is smaller. For Cs C6o, we speculate that
there is a high tolerance to Cs vacancies for the Cs4C6o
and Cs6C6o phases, consistent with the fact that the

Cs6C6o phase is more difficult to prepare and less stable to
annealing in Uacuo than the other saturated alkali-metal
fullerides. Thus the amount of disorder would be large
for x near 4 and 6 and electrical transport would be hin-
dered. For Na6C6o, there are four Na ions in the octahe-
dral site of the fcc structure and one in each tetrahedral
site so direct comparison is not possible. Finally, com-
parison shows that the resistivities for the A6C6o phases
are much lower than for pure C6o. While both C6o and
A 6 C6p are closed-shell molecular crystals, the transport
gaps for the A6C6o structures are smaller than for pure

13
C6o.

Granular metal transport in K and Rb fullerides

Interest in the K and Rb fullerides has been particular-
ly strong because their A3C6o phases are metals and ex-
hibit superconductivity. ' ' Here we focus on the
Rb C6o system since it forms a nonmetallic Rb i C6o
phase, in addition to the metallic Rb3C6o phase, and the
effects of the transition from the x = 1 to the x = 3 phase
can be readily seen in the temperature-dependent trans-
port properties. In the discussion below, we compare our
results to those predicted based on a granular metal mod-
el, i.e., a model for the effective resistivity of a solid de-
rived from phase-separated grains of metallic and nonme-
tallic constituents.

Transport properties for composites of immiscible met-
al and insulator phases, known as granular metal films,
exhibit three distinct behaviors, termed metallic, transi-
tional, and dielectric, according to the volume ratio of
the metal and insulator grains. At high metal concentra-
tions, isolated particles of the insulator are dispersed in a
metallic continuum. At low metal concentration the
roles of the two species are reversed as the insulator
makes up the continuum and the metallic grains are iso-
lated. A maze or labyrinth structure of interconnected
metal and insulator particles marks the transition be-
tween the metallic and dielectric regions at intermediate
metal concentrations. The overall electrical properties of
granular metal films depend critically on these
concentration-dependent structures. Films in the metal-
lic region behave like common metals with the stipulation
that transport is dominated by electron scattering effects
due to grain boundaries. In the dielectric region, elec-
trons can move only by tunneling between isolated metal-
lic grains. In the transition region, transport of charge
carriers is derived from both tunneling and electron per-
colation through interconnected grains. Each structural
region, shown schematically in the insets of Fig. 2, is
characterized by the sign of TCR.

Figure 2 shows a logarithmic plot of p( T) versus T
for Rb C6o with x values that correspond to volume ra-
tios of Rb3C60 to Rb, C60 of 0.20 (x = 1.4), 0.55 (x =2. 1),
and 0.90 (x =2.8). The insets represent the general mi-
crostructure in each region. Figure 2 shows that the
TCR is negative in the dielectric region, x =1.4, then
goes to zero in the transition region, x =2. 1, and is posi-
tive in the metallic region, x =2.8.

The dielectric region of a granular metal film is charac-
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terized by a negative TCR because charge transfer can
occur only by tunneling between isolated metal grains.
Charge transfer between two neutral grains produces
neighbors of positive and negative charge. Hence there is
a charging energy that is dependent on the grain size,
grain separation, and the dielectric strength of the insula-
tor. In the limit of small electric fields, tunneling is
thermally activated and described by Boltzmann statis-
tics. Sheng, Abeles, and Arie have derived an expres-
sion where the logarithm of the resistivity was propor-
tional to T ' for a film in the dielectric region, assum-
ing a distribution of grain sizes for the metallic com-
ponent. Since the nucleation and growth of Rb3C60
grains in the Rb, C60 matrix should produce random grain
sizes, we compare our results to this model. From Fig. 2,
it is clear that p(T) for x = 1.4 shows the characteristic
T '~ behavior, confirming the applicability of the mod-
el. Significantly, comparison of the behavior for x =1.4
to that for granular metal films consisting of Ni-SiOz, Al-
Alz03 or Au-Alz03 (Ref. 35) shows nearly identical tem-
perature dependence in the dielectric region for this same
volume fraction of the metal phase, -0.2.

The TCR decreases as x increases from 1.4 to 2.1 and
p( T) retains its linear dependence on T ' . This de-
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FIG. 2. p(T) for Rb C6o with x =1.4, 2.1, and 2.8 plotted vs
T ' . These films are composed of metallic Rb3C6o grains in a
matrix of insulating RbIC6o, i.e., a granular metal as depicted in
the insets. The linear behavior for x = 1.4 is indicative of trans-
port via tunneling between isolated metallic grains of variable
size (dielectric regime with insulator dominating). The resistivi-
ty is independent of temperature at x =2. 1, characteristic of a
transition between insulator and metallic behavior when tunnel-
ing and electron percolation contribute equally to conduction.
At x =2.8, the film exhibits true metallic behavior and the resis-
tivity lies just below the Mott limit.

crease in the TCR is expected because the spacing be-
tween metal grains decreases. As metal grains fuse, a
random network of metallic channels allows electron per-
colation to contribute to the conductivity, supplementing
the tunneling process. The TCR goes to zero when the
conductivity of the film is determined equally from con-
tinuous metal networks and tunneling, as shown for
x =2. 1 in Fig. 2. The resistivity at this point is
4.5X10 Qcm, a value very close to the Mott limit,
i.e., 5X10 Qcm. This value is consistently seen in
granular metal systems with similar metal-to-insulator
volume ratios. For conventional granular metals (e.g. ,
Au in Alz03, Ni in SiOz), however, p(x) shows a greater
decrease with concentration in this transition region.
This can be understood by noting that the insulating
Rb, C6O phase has a relatively low resistivity
(p= 35 X 10 0 cm) and the metallic Rb3C6O phase has a
high resistivity compared to metal-insulator films such as
Ni-SiO).

The small but positive TCR for Rbp 8C6o is characteris-
tic of a granular film in the metallic regime. The rate of
decrease in the TCR slows with cooling but remains posi-
tive to 45 K. Our results for Rbz. sC60 and Kz. 7C6o (n«
shown) are equivalent to those reported for single crystal
K3C60 (Ref. 2) even though the samples studied here,
grown on sapphire, are certainly polycrystalline and com-
posed of small, randomly oriented grains. Other reports
for thin film samples of K-C6O have shown insulatorlike
behavior upon cooling (TCR(0 for T(200 K). We
speculate that the nonmetallic TCR behavior observed
previously reAects the presence of impurities, not the
polycrystaHine nature of the film as previously suggested.
Small amounts of oxygen, for example, would have a pro-
found effect on the fulleride film makeup. %'hile the
grain size does not change the sign of the TCR, grain size
is more important for characterization of the supercon-
ducting properties of the fullerides. In particular, the
width of the transition temperature at T, is much sharper
for films having grains larger than the superconducting
coherence length of 100 A. '

Modification of the electrical transport properties of
granular metals due to grain boundary scattering has
been studied extensively. In composites where the met-
al volume fraction dominates, the average metallic grain
size can be modified by annealing. Samples consisting of
large metallic grains exhibit a slow decrease in resistivity
with increasing metal concentration since insulator parti-
cles offer a small scattering surface area. Electron
scattering is much more effective in small-grained granu-
lar films since charge carriers must follow a tortuous
path. Figure 1 shows that the resistivity changes gradu-
ally with concentration for Rb C6O as x approaches 3,
acting like a large-grained material. Hence electron
scattering involving R13C6o grain boundaries is not
significant. Indeed, nearly identical resistivities of large
and small grained samples of K3C60 (Refs. 1 and 2) indi-
cate that the resistivity is independent of grain size.

The effective electron scattering length A. influences the
magnitude of the resistivity. A simple treatment of trans-
port using the Boltzmann equation gives a value of A, on
the order of a single C6o molecule, a scattering length
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0
that is small even for 100-A grains. While this very small
k could reAect orientational disorder that is present in
the crystal, a more likely explanation is that the short
electron scattering length rejects correlation in this
doped molecular solid. Moreover, the wide LUMO-
derived feature and low conductivity of Rb3C6o suggest
that conduction electron states are still somewhat local-
ized, as discussed previously based on photoemissions re-
sults for K3C6o. While phonon-electron interactions
could also provide a mechanism for localization, this
effect must be small because the magnitude of the spec-
tral weight shift observed in LUMO can only be ex-
plained by electron-electron effects.

We emphasize that only the 33C60 phases of K and Rb
are metallic, and thus these phases can be the only singu-
larly alkali-metal-doped super conducting fullerides.
Indeed, Rb or K doping beyond x =3 resulted in a
second transition between the metallic 3-phase and the
insulating 4-phase. The p(T) results for Rb3 3C6O are
identical to those for Rbz, C60 where TCR=O. The TCR
became negative with further Rb incorporation and the
T '~ dependence on p(T) was recovered.
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FIG. 3. p( T) for Na2 3C6O and Rbo»C6o showing negative
temperature coefficients of resistance as is characteristic of insu-
lators. For Rbo»C60, the broad transition in p(T) reflects the
reduction in rotational motion and enhanced ordering at low
temperature, i.e., the temperature-dependent effective overlap of
the fullerene charge distribution. For Na, 3C60, the discontinui-
ty in p( T) at 226 K reflects a reversible phase transformation.

Temperature-dependent phase transformations

Changes in the resistivity with temperature for a fixed
concentration make it possible to detect phase transfor-
mations, complementing such techniques as differential
scanning calorimetry. Since each phase has a charac-
teristic resistance and, for nonmetallic phases, a charac-
teristic activation energy, the resistance should change
discontinuously and the slope of p(T) should change at a
phase transition.

For pure C6o, there is a well-known phase transition at
249 K due to a conversion from the fcc to the simple cu-
bic (sc) structure. This reflects an optimization of the
molecular orientations with the bonds of the high m. elec-
tron density of one molecule arranged in areas of low
electron density of adjacent molecules. While the high
resistance of pure C60 makes it impossible for us to ob-
serve this ordering transition, we felt that suitable alkali-
metal doping might enable such measurements. To our
knowledge, the fcc-sc transition has not been observed
previously in alkali-metal-doped C6O. From simple steric
considerations, the occupation of tetrahedral sites should
more severely inhibit the simple cubic optimization, so
we judged Rb doping with octahedral site occupancy to
offer a better chance of observing the ordering transition.
Hence we investigated Rboz&C6o, where the microstruc-
ture rejects the presence of the Rb&C60 phase with com-
plete octahedral site occupancy and the a-C60(Rb) phase
with preferred filling of the octahedral interstitials.

Figure 3 shows that p(T) for Rbo z~C60 is nearly con-
stant from 170 to 210 K but then drops rapidly until Aat-
tening out at -360 K. The rate of change is largest be-
tween 240 and 275 K. The transition occurs between the
room-temperature value where the molecules are spin-
ning isotropically and the low-temperature value where
the molecules are essentially fixed but merohedrally disor-
dered. ' ' ' The slopes of the lines drawn for T) 290 K
and T &210 K give the TCR in the low- and high-

temperature regimes. Since the wave-function overlap
between nearest-neighbor C6o molecules should vary with
rotational orientation, the hopping probability of charge
carriers will change and this will in turn affect the resis-
tivity. Thus the broad transition region rejects the de-
crease in the rate of molecular rotation with decreasing
temperature. The broad transition is consistent with
NMR measurements that have shown a widening of the
characteristic ' C spectral line over a 100-K region as the
molecular rotation is reduced. The width of our transi-
tion may be exaggerated since the solubility limit of the a
phase should be temperature dependent. Note, however,
that changes in content in the e phase should not add
features to the resistivity curve beyond broadening the
background.

The report of an fcc Na3C60 phase, along with the ab-
sence of superconductivity in Na-C60 and a resistivity
minimum at x =2, motivated us to examine p(x, T) for
Na C6O for 2 ~ x ~ 3. Figure 3 shows that p( T) for
Na2 3C6o exhibits a jump near 225 K and a change in the
TCR. This behavior indicates an ordering transition that
we have not observed for x &2 or x )3. While there is
still uncertainty in the distribution of Na ions in the octa-
hedral site for 2 ~ x ~ 6, the present results and those of
Ref. 25 suggest further study would be fruitful. At the
same time, neither the transport nor the photoemission
results indicate metallic character at any temperature for
Na C6o orx near 3.

Klectromc structure

The above discussion has emphasized the
stoichiometry- and temperature-dependent electrical
behavior of the alkali-metal-fulleride films. Parallel pho-
toemission spectra were acquired to correlate the resis-
tivity measurements with changes in occupation of the
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FIG. 4. Representative valence-band spectra of A C« taken
in parallel with the resistivity measurements. All of the spectra
are normalized to height, not to concentration. The leading two
features for pure C«are derived from molecular m. states.
Alkali-metal incorporation draws the molecular LUMO-derived
band below E+. Rb2 6C«exhibits metallic character because of
its dominant Rb3C«content. The spectra of Cs32C«and
Na2C«show that both fullerides are insulators.

LUMO-derived band. Figure 4 shows photoemission
spectra from the two leading bands of C6p and the occu-
pancy of the LUMO band for representative fullerides.
The photoemission results agree with the resistivity re-
sults, showing no emission at EF for the nonmetallic Na
and Cs fullerides and substantial emission for metallic
Rb„C6p. The 10—90% width of the Fermi-level cutoff is
195 meV at 300 K. The curves are normalized to con-
stant height to emphasize line-shape features and peak
positions relative to EF. Curves on the right are scaled
by the figure indicated relative to those on the left.

It has been shown previously that the C6p valence
bands extend -20 eV below Ez with narrow-band struc-
tures that are characteristic of a highly symmetric mole-
cule in a van der Waals solid. ' The leading two features,
HOMO and HOMO-1, are centered 2.3 and 3.7 eV below
E~ in pure C6p. Their relative intensities depend on the
photon energy due to matrix element effects, and these
effects must be taken into account when determining x
values from valence-band emission.

Rb2 6C6p exhibits a distinct Fermi-level cutoff together
with a broadening of spectral features derived from
HOMO and HOMO-1. For a film with this
stoichiometry, we expect a mixture of the Rb&C6p and
Rb3C6p phases so that the broadening refiects the overlap
of emission from the two places. Analogous broadening
has been observed for K-C6p and the contributions from

the constituent species have been identified. For both,
the metallic Fermi edge rejects the metallic resistivity;
we find no evidence of a pseudogap. As for K-C6p the
width of the LUMO-derived band is inconsistent with
band-structure calculations and rejects electron-electron
correlation in the metallic phase.

The top curve of Fig. 4 was obtained for Na-C6p, corre-
sponding to the stoichiometry having the minimum resis-
tivity. Na2C6p is characterized by a LUMO-derived peak
that is 1.1 eV from the HOMO band, compared to 1.6 eV
for the metallic fullerides, and the absence of emission at
EF. With increasing doping, a new feature developed
-0.5 eV below EF, without overlapping Ez, and the film
resistivity increased. Gu et al. have argued that the
different fullerides fall on opposite sides of a metal-
insulator transition mediated by electron-electron repul-
sion. For Na-C6p, correlation effects produce a gap be-
tween upper and lower Hubbard-like bands and insula-
torlike transport properties.

Figure 4 also shows the valence-band spectra of
Cs3 2C6p This composition was chosen intermediate be-
tween the resistivity minima at x =3 for K and Rb ful-
lerides and x =3.5 for Cs„C6p. While emission at Ez di-
minishes in K- and Rb C6p for 3 )x )4, no states are ob-
served at EI; for Cs C6p in this concentration range. In
fact, the LUMO-derived feature for Cs3 2C6p is very simi-
lar in shape and position to those observed for the iso-
structural A4C6p phases of K and Rb, ' ' centered 0.6
eV below E„. The absence of emission at EF is consistent
with the much larger resistivity of Cs-C6p compared to
K-C6p or Rb-C6p for a comparable stoichiometry. Again,
band theory would predict the Cs4C6p phase to be metal-
lic but electron correlation induces a band splitting.
These results indicate that the composite film is derived
from a mixture of insulating Cs phases.

CONCLUSION

Electrical transport in the normal state for the alkali-
metal fullerides reAects the growth of discrete phases and
the importance of correlation in these doped molecular
crystals. The TCR results show that only the K3C6p and
Rb3C6p phases are metallic and they have conductivities
that are consistent with highly correlated metals. Rb C6p
undergoes an insulator-metal-insulator transition as x in-
creases from 1 to 4 and the p(x, T) results are well de-
scribed in the framework of granular metal theory.
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