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Electrical Resistivity and Stoichiometry of 
CaxC6, and SrxC6, Films 

R. C. Haddon, G. P. Kochanski, A. F. Hebard, A. T. Fiory, 
R. C. Morris 

The temperature- and concentration-dependent resistivities of annealed Ca,C,, and 
Sr,C,, films were measured near room temperature. Resistivity minima were observed at 
x = 2 and 5. The resistivities of these films were p,,, -1 ohm-centimeter for x = 2 and 
p,,, - 1 0-2 ohm-centimeter for x = 5. This latter value is comparable to the resistivities 
found in similar experiments on K&,,films. There is a maximum in the resistivity between 
x = 2 and 3, and another at x - 7. The conductivity is activated over the whole range of 
compositions, and the activation energy scales with the logarithm of the resistivity. The 
results suggest that the conductivity and superconductivity observed in Ca,C,, are as- 
sociated with the population of bands derived from the t , ,  level of C,,. 

Solid C,, and C70 undergo doping with 
alkali metals to produce conductors (1). For 
A = K or Rb, the A$,, phases are super- 
conductors (2-5). It has been shown that 
Ca intercalates into the C,, face-centered- 

"V 

cubic lattice to form a solid solution and 
that a phase transformation occurs near a 
Ca/C6, ratio of 511 to produce a simple 
cubic structure that is a superconductor 
with a superconducting transition tempera- 
ture T, = 8.4 K (6). Photoemission studies 
indicate that C,, films lead to a metallic 

UV 

state on exposure to Sr vapor (7). Insofar as 
we are aware. no studies have reuorted on 
the transport properties of these systems. 
We present here resistivity measurements of 

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

CaXC6, and SrxC6, films, as a function of 
temperature and doping. We find that Ca- 
and Sr-doped C6, films show a resistivity 
profile that is entirely different from that 
observed on doping with alkali metals (1, 
8). The results suggest that the conduc- 
tivity and superconductivity observed in 
CL=I,C,~ are associated with the population 
of bands derived from the t,, level of C60. 
This implies that the most conducting state 
of the alkaline earth-doped phases arises 
from C6,'- molecules with 6 > r > 12, 
perhaps hybridized with Ca states. 

We followed the general scheme adopt- 
ed to study KxC6, films in ultrahigh vacuum 
(UHV) (8), but there were important im- 
provements in the experimental procedure. 
The UHV chamber used in this work was 

equipped with a Radak I evaporation source 
(Luxel Corporation) so that the C,, films 
were erown in situ and were not exuosed to - 
0, before doping. Results in the literature 
suggest that exposure of C,, films to 0, 
leads to changes in the Raman spectrum 
(9), although the exact nature of this effect 
remains to be clarified. Furthermore, this 
modification allowed us to establish that 
the doped films were equilibrated under the 
conditions of our experiment by subsequent 
addition of C,, to Ca,C,, films. The C,, 
films were grown from material produced in 
the spark erosion process (10) and purified 
by liquid chromatography (1 1). Films pro- 
duced in this way consist of random poly- 
crystalline grains of dimension -60 A (12). 
The Ca and Sr were deposited by thermal 
evaporation of the pure metal from a tung- 
sten wire basket (R. D. Mathis Company). 
The UHV chamber also contains a quartz 
crystal microbalance so that we could di- 
rectlv monitor the amounts of C,, and 

UV 

metal that were deposited. The system was 
baked before deposition, and the base pres- 
sure was below lop8 torr. 

In the case of K doping the conductivity 
responded immediately to the addition of 
metal to the film (9 ) ,  whereas in the pres- 
ent study a high-temperature anneal was 
necessary to equilibrate the system and 
obtain meaningful resistivities. We used 
thin C,, films (100 to 500 A), in order to 
reduce the time reauired for the svstem to 
reach equilibrium. The electrical measure- 
ments were made with substrates similar to 
those described previously (9), except that 
we used sapphire as the substrate material 
and evaporated A1 and Ag multilayers for 
contact pads. The quartz crystal microbal- 
ance was calibrated with Rutherford back- 
scattering (RBS) measurements on a C,, 
film grown on clean hydrogen-terminated 
Si. Ex situ RBS analysis of the Ca and Sr 
peaks in the doped C,, films when com- 
bined with the C,, determination from the 
microbalance gave us the film composition. 
Results obtained at intermediate doping 
levels confirmed the linearity of the re- 
sponse of the quartz microbalance with 
deposition, and thus the measurements 
from the quartz microbalance can be used to 
obtain the film composition at each resis- 
tance determination. We estimate the un- 
certainty in our derived values of x at k0.3, 
due mainlv to nonuniformities in the metal 
sources and the error in the RBS measure- 
ments on thin metal/C,, films. 

After a number of trial experiments, we 
used a l-min anneal at 180°C to equilibrate 
Ca and Sr in the C,, film. With lower 
temperature anneals (down to 100°C), we 
obtained essentially the same behavior but 
the features observed in the resistivity were 
less distinct. At temperatures above 200°C, 
there was an increase in the contact resis- 
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values, and in some experiments we ob- 
served x values of 3 for the maximum. 

Fig. 1. The resistivity and the activation energy 
of the conductivity of an annealed Sr,C,, film 
190 A thick at 60°C in UHV as a function of x. 
The stoichiometry was determined by use of a 
quartz crystal microbalance and ex situ RBS 
measurements. 

tance of the film, particularly at low doping 
levels. The resistivity values reported here- 
in were determined at 60°C, and the acti- 
vation energies were obtained from resistiv- 
ity data measured in the range 60°C < T < 
160°C. 

The resistivity and the activation energy 
are plotted as a function of composition for 
C,, films 190 A thick in Figs. 1 and 2. The 
resistivity of the C6, film drops on exposure 
to Sr and reaches a minimum with pminl = 
0.5 ohm-cm at a SrXC,, composition of x = 
2.0 (Fig. 1). We estimate that the resistiv- 
ity maximum occurs at x = 2.9 with pmaxl 
r 2.5 ohm-cm. As x increases, the resistiv- 
ity drops two more orders of magnitude to 
another minimum at a SrXC,, composition 
of x = 4.9, where pmin2 = 1.1 x lopz 
ohm-cm. On further doping the resistivity 
increases until a second maximum is 
reached at x = 6.6 and pmax2 = 3.2 x lopz 
ohm-cm. 

The results obtained on Ca doping of 
C,, films (Fig. 2) are qualitatively similar to 
our Sr results, although the features visible 
in the resistivity data are sharper in the case 
of Sr than Ca. The first minimum in the 
CaXC6, film occurs at x = 2.0 with pminl = 
1.0 ohm-cm. The shoulder in the resistivity 
has x = 2.3 and pmaxl r 1.1 ohm-cm. The 
second minimum occurs at x = 5.0, where 
pmin2 = 5.8 x lop3 ohm-cm, and the 
second maximum is at x = 7.1 and pmaX2 = 
2.2 x lopz ohm-cm. The behavior of the 
CaXC6, film was very sensitive to annealing 
in the region x = 2 to 3. Prolonged or 
high-temperature anneals in this region 
moved the first maximum toward higher x 

However, irrespective of thermal treat- 
ment, the Ca-doped C,, films did not show 
the well-defined minimum and maximum 
between x = 0 and 3 that is characteristic of 
Sr doping. In the Sr film shown in Fig. 1 
the ratio of pmaxl to was 5.0, whereas 
the highest value of this ratio in any Ca- 
doped film was 1.5. 

A further characteristic difference be- 
tween the two metals is the resistivity value 
at the minima: the ratio pZ;?/pz;? = 
2.0, whereas pZ;?/pz:$ = 0.5. Thus, Sr 
achieves a lower resistivitv at the x = 2 
composition but Ca has a lower final resis- 
tivitv at x = 5. Particularlv in the case of 
Ca doping, the resistivity minimum at x = 
5 approaches the values reported for K3C,, 
films: = 5.5 x loF3 (400 A film) and 
2.2 x loF3 ohm-cm (> 1000 A film) (8). 
The value of pz;? = 5.8 x lop3 ohm-cm 
may be compared with a value of p z ?  
= 6.3 x ohm-cm measured for a film 
190 A thick in the same apparatus. 

Beyond x = 5 the resistivity increases 
until x - 7. The decrease in resistivity on 
further doping is presumably the result of 
conduction by the metal, either as a result 
of the formation of a Ca or Sr overlayer or 
perhaps the result of the incorporation of 
high concentrations of metal atoms into the 
film itself. 

The activation energies for the conduc- 
tion urocess were obtained from Arrhenius 
plots and are included in the lower parts of 
Figs. 1 and 2. These values parallel the 
logarithm of the resistivity throughout the 
doping profile. The activation energy at 
pminl is higher for CaZC6, (0.14 eV) than 
for SrZC,, (0.10 eV), whereas at pmin2 it is 
lower for Ca5C6, (0.018 eV) than for 
Sr,C,, (0.021 eV), just as is found with the 
resistivities. In contrast to what was found 
for KxC6, films, the conduction is activated 
at all CaXC,, and SrXC,, compositions. 
However, even in the case of the K3C,, 
granular films, the conductivity is metallic 
only in the vicinity of room temperature 
and in the temperature range 200 K > T > 
20 K it shows an activated temuerature 
dependence (1 3). This temperature depen- 
dence may reflect the granularity of the 
pristine C,, films (1 2), which has a marked 
effect on the transport properties of the 
resulting K,C,, films (13, 14). Recent re- 
sistivity measurements on K3C6, single 
crystals show a classic metal-like tempera- 
ture dependence and an extremely sharp 
superconducting transition (1 5). Similarly, 
microwave loss measurements show that T, 
is depressed in granular Rb3C,, films (1 6). 

The resistivities may be interpreted in 
terms of the band structures of these mate- 
rials (5, 11, 17), and to a first approxima- 
tion by calculations on the C6, molecule 

Fig. 2. The resistivity and the activation energy 
of the conductivity of an annealed Ca,C,, film 
190 A thick at 60°C in UHV as a function of x. 
The stoichiometry was determined by use of a 
quartz crystal microbalance and ex situ RBS 
measurements. 

itself (18). The C60 molecule has two low- 
lying, triply degenerate molecular orbitals 
[t,, lowest unoccupied molecular orbital 
(LUMO) and t,, LUMO + 11 (5, 7, 18). 
The first of these, the t,, level, is responsi- 
ble for the conductivity of the alkali metal- 
doped A3C6, phases (1). As a result of the 
high electron affinity of the fullerenes (18, 
19), the possibility of populating the next 
level (t,,) has been discussed (7, 1 1, 17, 
18). 

It seems clear that between x = 0 and 3 
the electronic structure of the doped C,, 
film is dominated by the population of the 
t,, level as observed with alkali metal dop- 
ing. The maximum in the resistivity be- 
tween x = 2 and 3 suggests that the t,, level 
becomes filled in this interval. The 
phases are insulators (1, 8), and this behav- 
ior is reflected in the Ca,C,, and Sr,C,, 
films. Nevertheless, particularly in the case 
of Ca it is apparent that the fully ordered 
x = 3 phase is difficult to form. Presumably 
this is a reflection of the poor size match of 
the third CaZ+ to the octahedral site in the 
C,, lattice. The face-centered cubic lattice 
of C,, contains two tetrahedral interstitial 
sites of radius 1.12 A and one octahedral 
interstitial site of radius 2.06 A per C,, 
molecule (20). The crystal ionic radii of the 
metals are as follows: Na+, 0.95 A; K+, 
1.33 A; Rb+, 1.48 A; Caz+, 0.99 A; and 
Srz+, 1.13 A. Thus, if an ionic model is 
adopted between x = 0 and 3 and the Ca 
and Sr fully transfer their electrons to C,,, 
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then the ionic sizes fall between Naf and 
K+. Even if the charge transfer is not 
complete (as suggested by the photoemis- 
sion results on Sr) (7), it is clear that Ca 
and Sr will be good fits for the tetrahedral 
sites, and we speculate that Ca2C,, and 
Sr2C6, are structurally similar to Na2C,, 
(2 1). In the case of Ca, the weak resistivity 
maximum probably reflects disorder in the 
film or a tendencv toward disvrovortionation 

L & 

as a result of the poor size match of the third 
Ca ion to the interstitial octahedral site. We 
note that CaZ+ is similar in size to Naf,  
there is evidence of disorder in the Raman 
spectrum of Na,C,, films (22), and bulk 
Na3C6, has been shown to undergo a low- 
temperature disproportionation (2 1). 

Beyond x = 3 it is therefore apparent 
that the conductivity is due to carriers in 
the t,, level, perhaps hybridized with Ca 
and Sr s states as suggested in the photo- 
emission studies (7). Thus, the supercon- 
ductivity observed in bulk Ca5C6, (6) ap- 
parently originates in bands derived from 
the t,, level of the C,, molecule. 

Note added in proof: See the recent pho- 
to-emission studies (23). 
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Charge Donation by Calcium into 
the t , ,  Band of C,, 

G. K. Wertheim, D. N. E. Buchanan, J. E. Rowe 
Photoemission spectra of compounds prepared by the reaction of C,, films with calcium 
show two distinct metallic phases, whereas alkali-doped C,, films have only one. In the 
first phase the bulk ti, band, derived from the lowest unoccupied molecular orbital of C,,, 
is partially occupied. This is followed by an insulating phase that has the composition 
C+C,, in which the t,, band is filled and has properties analogous to those of &C,,. 
Continued exposure to calcium produces a second metallic phase in which electrons are 
donated into the ti, band. The superconductivity of Ca,C,, is associated with the t,, band. 

According to a recent report (I), Ca5C,, is 
a superconductor like the A3C6, com- 
pounds formed by the alkali metals A = K, 
Rb, and Cs. In view of the divalent char- 
acter of Ca, it seems unlikely that the 
charge donated to the C,, is the same in 
both materials. However, it is not clear 
from transuort measurements alone (1) ~, 

whether the mechanism for conductivity 
and for superconductivity is the same in 
Ca-doped fullerides as in alkali compounds. 

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

Photoemission spectroscopy can answer this 
question by providing a direct view of the 
occupied electronic structure. Care must be 
exercised, however, because this technique 
probes a surface layer comparable in thick- 
ness to the layer spacing of C,,. Neverthe- 
less, we can identify the band responsible 
for the superconductivity, that is, whether 
it is the t,, band as in the alkali metal 
compounds or the second empty band de- 
rived from the t,, orbitals. 

The prospect that the t,, band is occu- 
pied at first seemed remote because Chen et 

al. (2) report a hybridized band involving 
only the t,, states of C,, and the outer ns 
levels of Mg; Sr, and Ba (n = 3, 5, and 6) 
in other alkaline earth compounds of C,,. 
We report here that Ca,C,, does not con- 
form to this pattern, exhibiting the sequen- 
tial filling of the t , ,  and t,, bands with 
increasing Ca content. We find that the 

u 

superconductivity is associated with the 
second unoccupied band of C,,, which has 
t,, symmetry. 

Calcium differs from the heavier alkali 
and alkaline earth ions for which metallic 
C,, intercalation compounds have been 
reported in having a significantly smaller 
ionic radius, 0.99 A, as compared to 
1.33,1.47, 1.67, 1.12, and 1.34 Afor  K, 
Rb, Cs, Sr, and Ba, respectively. Other 
elements with small ionic radii, for exam- 
ple, Na (0.97 A) and Mg (0.66 &, are 
reported to form insulating compounds 
with C,, (2, 3). The tetrahedral sites in 
C6, have a radius of 1.12 A and can 
readily accommodate the small Ca2+ ion. 
The octahedral sites are much larger and 
can accommodate an atom with a radius of 
2.06 A. A small ion like Ca2+ will be 
displaced from the center of the site along 
one of the eight (111) directions, toward 
one of the neighboring tetrahedral sites (1). 
It will then contact only three of the six C6, 
molecules that define the octahedral site. 
Multiple occupancy by up to four ions has 
been suggested (I). However, the incom- 
pletely screened Coulomb repulsion between 
these ions probably makes the site energeti- 
cally less favorable for additional ions. 

The Ca-doped fulleride samples used in 
this study were prepared as thin films on a 
W(100) substrate that had been cleaned by 
sputtering and annealing. Two procedures 
were used: (i) films of C6, 100 to 200 A 
thick, deposited from a Knudsen cell onto 
the room-temperature substrate, were sub- 
sequently exposed at room temperature to 
Ca vapor from another furnace with a BN 
crucible and (ii) a thick Ca layer was 
deposited at 78 K followed immediately by a 
layer of C,, 100 A thick. In the first 
method data were taken both immediately 
after exposure and after a brief anneal to 
425 K. In the second method measurements 
were made as this Ca-C,, sandwich was 
annealed at temperatures up to 400 K. We 
took the uhotoemission data with 21.2-eV 
He I resonance radiation, using a 50-mm 
hemispherical electron-energy analyzer 
(Vacuum Science Workshop). A nominal 
instrumental resolution of 100 meV was 
used throughout. This is sufficiently small 
compared to the width of the spectral fea- 
tures of both C6, and Ca,C6, that the data 
show no discernible instrumental broaden- 
ing, except at the Fermi cutoff. 

Figure 1 demonstrates the importance of 
annealing on C6, films after exposure to Ca 
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