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The high-temperature
resisitivity of K and Rb-doped Ceo single crystals was measured with pulsed heating techniques and analyzed within the parallel-resistor
extension to Bloch-Boltzmann
transport theory. RbaC,jo exhibits resitivity saturation with p$ M
6 f 3m%rm, corresponding
to a saturation mean free path of
eRb
sat z 1 % 0.5k In contrast K&o does not show signs of resistivity saturation up to 800 K, suggesting that & > 3mQ-cm
and a&, < 1.5A. The electronic states at high temperature have a
characteristic
length scale significantly smaller than t,he fee lattice
constant.
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which assumes a separation of vibrational and electronic
timescales and a single-particle
view of electron dynamics. In particular, Bloch-Boltzmann
theory predicts its
own demise: a “run-of-the-mill”
conductor will exhibit
resistivity saturation as the mean free path approaches
the interatomic spacing. The low temperature
mean free
path in the alkali-doped fullerenes is fairly short, suggesting that, these materials are plausible candidates for
t,he observat,ion of resistivity saturation at high temperatures. However, if t,he alkali-doped fullerenes are dominated by correlative or nonadiabatic
effects they will
not necessarily be hostage to high-temperature
resistivity
saWration.
Previous experimental
work has been interpreted
as
evidencing an absence of saturation for temperatures
up
to 550 Ii in K3Cs0 and Rb&
thin films[lO]. These measurements were t,aken to support the possibility of novel
transport mechanisms such as resonant tunnelling. HOWever, as pointed out by these authors, an accurat,e evaluation of the high temperature
resistivity in these materials
requires a detailed consideration
of the temperature
dependent density of states, an effect which could mask the
signature of resistivit,y saturation.

The family of alkali-doped
fullerenes contains the
highest-T,
isotropic three dimensional superconductors
presently
known.
Several experimental
results point
towards electron-phonon
mediated superconductivit,y
in
these materials.
In particular, the carbon isotope effect
is substantial[l,
21 and both Raman measurements[3] and
inelastic neutron scattering[4] yield phonon linewidths
consistent with moderately strong electron-phonon
coupling.
Theoretical
calculations
of the elect,ron-phonon
coupling lend additional credence to this model[5, G, 7, 81.
On the other hand, t,he alkali-doped fullerenes have several characteristics
which suggest that the d&ailed preconditions of the standard BCS theory may not be fllfilled. The characteristic
phonon energy scale (% 0.1 eV)
approaches the energy scale of int,raband electronic dynamics (M 0.4 eV) Calculations of metallic screening in
the doped material suggest t,hat the Coulomb int,eraction
is efficiently screened, but with the possibility of a significant long-range Hubbard U[9]. Measurements of normalstate transport
properties provide a means to evaluate
t,hr degree t,o which these materials can be described
within Bloch-Boltzmann
transport
theory, a t,reatment

1% report, the first, high temperature
pulsed heating
resistivity measurements
up to 800 I\; on K- and Rbdoped CsO single crystals. The data are analyzed wit,hin
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the parallel-resistor
extension to Bloch-Boltzmann
transport theoryI
with a temperature-dependent
density of
states to obtain a saturation
mean free path of lsat z
1 f 0.4A for RbsCse, on the order of the carbon-carbon
bond length of 1.4 A. KaCns does not show obvious signs
of saturation up to 800 K, suggesting an upper bound of
lsaf < 1.5A. Both results are consistent with the expectations of resistivity saturation within Bloch-Boltzmann
transport
theory. These results indicate that the electronic states relevant to high-temperature
transport have
a characteristic
length scale significantly smaller than the
fee lattice constant.
Single crystals of Can were doped with Rb and K
in the standard fashion[l3], with iterative dope/anneal
stages proceding until a final resistivity
minimum is
reached.
Since the metallic phase A&s
(A = K, Rb)
is not the saturation
phase of the intercalation
process, it is useful to ask if a uniform A&& phase can
be easily obtained in a bulk sample.
In this context
we note that direct resistivity
measurements
on bulk
samples yield results which are 2-3x higher than estimates based on various indirect, theoretical,
or optical
probes[l4,
15, 16, 17, 18, 191. Doping of bulk samples
most likely begins with the formation of islands of doped
material in pristine C,je. The finite vacancy energy of
AaC,jn guarantees that the equilibrium dopant concentration at moderate temperature and dopant level will be
somewhat substochiometric.
In addition, at sufficiently
high doping rate it may become possible to nucleate
AICso or A&& inside the doped portions of the sample
before the substochiometric
A&&s phase diffuses through
the crystal.
A heterogeneous
doping profile would account for the discrepancy
between direct and indirect
measurements of the DC resistivity in A&se. We emphasize that the functional form of the temperature
dependent resistivity is independent of detailed doping profile.
Modulo differences in effective geometry, the temperature
dependent resistivity of different samples of both KaC&e
and Rb3Cso is precisely reproducible.
A major concern of high-temperature
resistivity measurements in these materials is the possibility of thermallydriven rearrangement
of the intercalant species, in particular deintercalation
and/or formation of Ad&n, AeC,jn,
or solid solution A,Csa phases at high temperature.
To
minimize these effects we use a pulsed heating apparatus
which can heat the sample from room temperature to 800
K on a timescale of a few seconds. A tungsten heating
element is bonded to a small (2 mm x 2 mm) sapphire
slab onto which the AsCsn sample is attached with four
0.002” diameter gold wires in a stress-free configuration.
The samples are typically 500x 150 x 65 pm, small enough
to ensure that the wires provide good thermal contact
with the substrate.
The sample temperature is measured
with a miniature type-E thermocouple
bonded directly
to the top of the sample. The sample resistance is measured using a high-speed ac technique to avoid spurious
thermal EMF’s.
Fig. 1 shows the results of several runs of pulsed heating on single samples of both KsCae and RbsCao. The
dashed lines below 300 K are dc resistivity data for the
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Figure 1: High temperature
resistivity of KaC,js and
RbjCso.
Different symbols represent sequential pulsed
heating runs. Data for T< 300 K (dashed lines) were
obtained using conventional slow-cooling techniques.

same samples obtained by the more conventional slowcooling technique. The high-temperature
data in Fig. 1
are reproducible over several pulsed heatings excursions,
indicating minimal deintercalation
or irreversible intercalant rearrangement.
Similar results were obtained for
different crystals of K&a
and Rb&e.
We note that
freshly doped samples of KBCso often exhibit an interesting resistive anomaly near 380 K consisting of small,
smooth hysteretic resistive step of order lo%, possibly accompanied by a very slight change in slope. This anomaly
is also observed in samples that are heated in a nonpulsed manner. The origin of this anomaly is at present
unclear, but it may reflect a change in effective geometry
of the conducting portion of the sample or a change in
lattice constant in the As&s portion of the sample, either a stress-induced
expansion due to a structural transition in a minority phase or an expansion local to the
As&, phase due to an orientational order/disorder
transition in the doped material. In any case, this anomaly
is “annealed out” and disappears after one or two high
temperature
cycles of the sample, yielding the smooth
and reproducible p(T) behavior shown in Fig. 1.
Turning to data analysis, we begin with a discussion of the theoretical treatment of resistivity saturation.
Bloch-Boltzmann
transport theory fails as the electronic
mean free path approaches the lattice spacing. One can
account for this effect by imposing a phenomenological minimum electron scattering time rssatr which corresponds to a length scale, 4,,t = T~,,~vJ~,on the order
of the interatomic
spacing.
This minimal time acts as
an offset to the Poisson distribution
of electron scattering events, yielding a parallel resistor model of resistivity
saturation,[l2,
111
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At all temperatures,
the finite offset 7sT,,tyields a resistivity slightly lower than that expected from conventional
transport
theory.
At high temperatures,
the resistivity eventually saturates at the value paat. The BlochBoltzmann resistivity PBB is composed of two parts, a
residual resistivity po and an electron-phonon
resistivity
pep,which are assumed to contribute additively in accord
with Mattheisen’s
rule. The electron-phonon
contribution is modelled within the Ziman resistivity formula[20],

P(T)

= -

8ir2

Wma=

w,2kBT/ o

AwagF(w)
cash (&)

- 1

rlw
’

(2)

where wp is the plasma frequency and &F(w)
the frequency dependence
of the transport-relevant
electronphonon coupling.
We approximate
&F(W)
with the
form of the coupling relevant to superconductivity,
namely
a2F(w). The transport form is weighed by the differences
in Fermi velocities between the electronic states- for
isotropic coupling the forms are identical. We take three
different models of the on-ball contributions
to cu2F(w)
with different weights of contributions
from the range
of on-ball phonon frequencies.
These models yield average phonon frequencies of i;, N 500K[5], W w 1200K[6],
3 N 2000K[7]. Each model is augmented by the addition of variable coupling to a low-frequency mode set at
w = 150K. This low frequency mode is a generic representation of possible contributions
from alkali atom optic modes, librational modes, or interball translational
modes. In all cases, the coupling to this mode turns out
to be small, and the important features of the calculated
resistivity are not sensitive to variations in the frequency
of this mode from 50 to 200 K.
At first sight one might think that the presence of
resistivity saturation could simply be read off of a graph
of resistivity versus temperature.
However, the special
properties of the alkali-doped fullerenes necessitate a detailed theoretical treatment.
In particular, the characteristic phonon frequency is quite high; within the experimentally accessible temperature
range the system may
never reach the high-T limit in which the resistivity is
strictly proportional
to the temperature.
More importantly, the density of states at the Fermi level N(0) for
the alkali-doped fullerenes is a sensitive function of the
lattice constant which varies considerably due to thermal expansion.
Any application of standard results for
interpreting the temperature dependence of a metallic resitivity (i.e. zero temperature
back-extrapolation,
hightemperature
linearity) must procede with caution in light
of this strong temperature
dependence.
The electronphonon component of the resistivity is expected to be
proportional
to the density of states squared, one factor of N(0) from wi, another from the scattering time in
the formula pep= -$ where wl, is t,he plasma frequency.
Alternatively,
the density of states dependence can be
recast as a dependence
on Fermi velocity wherein the
conductivity
is proportional
to Fermi velocity squared.
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we again obtain

a resistivity

propor-

tional to density of states squared. An increasing N(0) as
a function of T will contribute positive curvature to p(T),
obscuring the signature of saturation.
The temperature
dependence of the residual resistivity is less clear. Theoretically, one expects a density of states dependence to
the residual resistivity if the residual scattering mechanism is slaved to a microscopic time scale or energy
scale, and a density of states-independent
residual resistivity if the mechanism is slaved to a microscopic length
scale, as suggested by Gelfand and Lu[18]. Experimentally, the residual resistivity of Rb&
shows a significant
pressure dependence[Zl].
In addition, several sources of
information[lO,
14, 15, 161 indicate that the residual resistivity in K&&o is roughly f of the residual resisitivity
of Rb&&o, a difference which could be attributed to the
difference in density of states between these two materials. In the present analysis we assume that the residual
resistivity scales as the density of states squared. Should
this assumption be in error, the effect upon the final results should be small since the low temperature
residual
resistivity is a small fraction of the total resistivity at
high temperatures.
Lastly, we note that although the
low frequency interball phonons will be strongly temperature dependent,
the fits to the Ziman formula suggest
that the coupling to these modes is small.
We obtain the temperature
dependent
density of
states by combining the density of states as a function of lattice constant
from a LDA band-structure
calculation[22] with the experimental coefficient of thermal expansion to yield the density of states as a function of temperature.
Although the actual system is orientationally disordered, the disorder serves primarily to
smear out the fine structure in the density of states[23]the scaling of density of states with lattice constant
should be similar to that of the ordered system. In fact,
the result for the ordered system is in reasonably good
agreement with NMR measurements
of the temperature
dependence of fi[24].
The thermal expansion for both
K3C,jo[25] and Rb&so[26] has been measured from 5 K
to 300 K. Above 100 K the lattice constant is accurately
modelled with a linear temperature dependence, the form
chosen for extrapolation
to 800 K. The density of states
has been calculated for lattice constants from 14.0 A to
14.435 A. Treatment of the Rb3CG0 experiment requires
extrapolation
beyond the range of calculated values. We
compared two functional forms for this extrapolation,
a
least squares cubic polynomial fit, and a fit to the form
N(a)=NO (a - ri)‘, with N, = 0.058&,
a = 10.21 8,
and 77 = 4.34 as fitting parameters.
Both forms yield
comparable fits with similar extrapolations.
The variations in extrapolation
are taken into account in the estimation of uncertainties.
We normalize the experimentally
determined
resistivity curves by appeal to an analysis of upper critical field data which yields values of the T=O scattering time.115, 161 Combining these results with theoretical
values for the plasma frequencies of K&so and Rb$&
(1.2 and 1.11 eV respectively)[27, 281 yields values of the
T=O resistivity of 0.18fO.O6mR-cm
and 0.57&0.21m%
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cm respectively,
in reasonable accord with theoretical
calculations[l8,
171. Normalizing the data of Fig. 1 to
these values yields the absolute resistivity curves in Fig.
2 (open circles). The shaded areas indicate the range of
uncertainty
in the normalization.
Representative
theoretical fitting curves are included in this figure.
Two ancillary points are immediately
evident from
the theoretical analysis. First, a temperature-dependent
density of states is necessary to obtain a satisfactory fit
to the full range of experimental
data for KaCsu. The
continuous (dashed) curve following the KaCsO data in
Fig. 2 shows the best fit with (wit,hout) a temperaturedependent
density of states for the model with w M
12OOh’. The fit at constant N(0) is substantially
worse.
Secondly, the fits using the coupling spectrum with lowest average frequency (a=500 K) are quite poor, as evidenced by the dashed fit to the RbaCca data in Fig 2.
This result suggests that the relative contributions of onball phonons to the electron-phonon
coupling is centered
at moderate to high frequencies.
Finally, we note that
the values of the total electron-phonon
coupling X derived from these analyses are in accord with the range
expected for a BCS superconductor[29].
The high-temperature
resistivity of RbaCea is in reasonably good agreement with the parallel resistor model
of saturation.
The data deviates from the fitted form at
the highest temperatures,
perhaps suggestive of the limitations of the phenomonological
parallel resistor model or
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Figure 2: Normalized restivity versus temperature for
I&C&n (lower curve) and Rb&a
(upper curve). Shaded
areas indicate indicate uncertainties
in resistivity normalization.
Solid and dashed curves are theoretical fits.
For Rb3Cso the dashed line fit uses the electron-phonon
coupling spect,rum from Jishi et al.
(D M 500 I\;),
whereas the solid line fit uses the spect,rum of Varma
et al. (G N 2OOOK). Both models include a temperaturedependent density of states. The fits to the K~CSO data
use the coupling spectrum from Schluter et al. (i;l = 1200
I~). The solid fit, includes a temperature-dependent
density of states whereas the dashed fit does not.

IN ALKALI-DOPED

C,

Vol. 93, No. 12

of the Bloch-Boltzman
transport theory itself. The spectrum with w z 12001i yields psat = 5.1 f 1.9m0-cm while
the model with 3 M 2OOOk yields psaf = 6.3 f 2.4mR-cm
(this fit is shown in Fig. 2 as the solid curve following
the RbaCea data). The saturation length can be derived
from these values by appeal to theoretical values for the
plasma frequency and Fermi velocity (1.8 x lo7 cm/set
for KsCea and 1.6 x lo7 cm/set for RbaCea) which are
obtained from LDA electronic structure calculations in
the orientationally
ordered structure[27, 281. The results
for Rb3Cso are esat = 0.9 f 0.4A for 3 x 1200 K and
Bsat = 1.0 f 0.5A for ij = 2000 K, saturation lengths on
the order of the carbon-carbon
bond length.
The K-doped sample does not show obvious signs of
saturation.
The theoretical analysis yields a lower bound
on the magnitude of the saturation resistivity. The solid
curve following the KaCns data in Fig. 2 is the best fit to
the model with W % 1200 K and psat = 6.4f2.0 m&cm.
Smaller values of psat yield unsatisfactory
fits to the data.
The model with w z 2000 K yields an analogous bound
of psat > 4.8 * 1.5 mR-cm. Taking 4.8 f 1.5m%cm as
a lower bound on psat yields a bound on the saturation
length of esat < 1.1 f0.4A. Like the situation for RbaCes,
this value is consistent with the C-C bond length. A comparison of the normalized resistivity data for K3Ces and
Rb3Cso in Fig. 2 clearly shows that even at the highest temperatures
reported (~800 K) the KaCca sample
has not yet reached a resistivity regime similar to that
in which the RbsCcu sample begins to exhibit resisitivity
saturation.
We note two experimental
uncertainties
which could
have significant impact of the conclusions of this work.
First, the absolute value of the resistivity is somewhat in
question. We note that estimates of the resistivity from
fluctuation measurements[l4]
are smaller than the values
used in the present analysis.
Using these fluctuationderived values would yield saturation lengths 2x larger
for Rb$&
and 1.5x larger for KaCse. On the other
hand, if one believes that the direct measurements
of
the resistivity represent intrinsic properties, one obtains
saturation
lengths roughly 2-3x shorter than derived
in this work. These values, substantially
smaller than
the carbon-carbon
bond length, would be at odds with
the parallel resistor extension to Bloch-Boltzmann
transport theory. We believe that the direct measurements
of
the absolute resistivity are least accurate due to uncertainties in the effective volume of the sample. Second,
we note that an experimental
measurement
of the lowtemperature
constant volume resistivity[21] suggests that
the spurious positive curvature introduced by constant
pressure measurement
is substantially
greater than that
predicted by a temperature
dependent density of states,
indicating that the signature of saturation adjusted to
constant sample volume may be stronger than that resulting from the present analysis, yielding a longer Bsnt.
Detailed consideration
of this point awaits experimental
data on the constant volume resistivity at higher temperatures. Finally, we remark that inclusion of the temperature dependence of the low frequency interball modes
would yield slightly (- 10%) longer saturation mean free
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paths without substantively
altering the conclusions of
the analysis.
Measurements
of the high-temperature
resisitivity in
K$&, and Rb$&
imply that the electronic mean free
path has a minimal value on the order of the carboncarbon bond length. These results indicate that the single particle states relevant to transport at high temperature have a characteristic
length scale much smaller than
the fee lattice constant of roughly 14 A. Although calculations for the orientationally
disordered AaC60 lattice(l7]
suggest that the extended-state
description of electron
dynamics is applicable at T=O, the present work indicates

that the character of the appropriate
electronic states
changes significantly from low to high temperatures.
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