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Electron-scattering mechanisms in single-crystal KsCeo
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The temperature-dependent resistivity of single-crystal K3C60 is studied from the point of view
of electron-electron and electron-phonon scattering. The electron-phonon analysis suggests that
conventional electron-phonon coupling would be sufBcient to account for the superconductivity, with
contributions to the coupling kom both high-frequency intraball and low-frequency interball modes.
The resistivity was also compared to a quadratic temperature dependence, suggestive of electron-
electron scattering at anomalously high temperatures.

Determination of the transport mechanisms in alkali-
doped CsII can provide valuable information pertinant
to superconductivity. Recent transport measurements~ z

for single crystals of KsCsp have been analyzed in terms
of both electron-electron and electron-phonon scattering
processes. For simplicity, it is assumed that one or the
other mechanism is dominate, so as to elucidate the pri-
mary physical consqeuences of either scattering process.

The small bandwidth and large on-site Coulomb
interactions in the doped fullerenes suggest a role for
electron-electron interactions. The standard treatment
of electron-electron scattering yields a T2 temperature
dependence from phase-space factors. Motivated by
these considerations, the resistivity data have been fit
to a form p(T) = a + bTz, shown as the solid line in
Fig. l. A log-log plot of the raw experimental data
actually yields a slope of 1.73. The situation is remi-
niscent of the organic conductors, several of which ex-
hibit a nearly quadratic temperature dependence up to
high temperatures. 4 The theoretical Tz dependence as-
sumes constant volume. Thermal expansion should in-
crease the density of states at the Fermi level, produc-
ing a resistivity p(T) = a+ b [No(T)T], where No(T) is
the temperature-dependent density of states at the Fermi
level. We have taken account of this effect by combining
thermal expansion data for undoped Cso (Ref. 5) and den-
sity of states versus lattice constant results from a pseu-
dopotential calculation. s The quality of the fit decreases,
as evidenced by the dashed line in Fig. 1. The inset shows
a log-log plot of the resistivity data corrected for thermal
expansion compared to a line of slope 2. The thermally
corrected data have a shallower slope and are slightly
nonlinear. We note theoretical results that suggest that
metallic screening could be very efficient. " The possible
relevance of electron-electron scattering could be further
tested by examining the robustness of the near-quadratic
temperature dependence at di6'erent lattice constants.

We next examine the data from the point of view of
electron-phonon coupling. We begin vrith the Ziman re-
sistivity formula,
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FIG. 1. Fits of theoretical electon-electron scattering
models to the experimental resistivity (circles). The solid line

is a Bt to the form a+bT . The dashed line is a fit to the form

a + b [¹(T)T],where No(T) is the temperature-dependent
density of states. The experimental data has been normal-

ized to the value at T = 260 K. The inset shows a log-log

plot of the resistivity after correction for thermal expansion

compared to a line of slope 2.

which relates the resistivity to the transport electron-
phonon coupling function o.„F(~). In most cases
o~~,F(~) provides a reasonable approximation to cs2F(w),
the expression relevant to superconductivity. The trans-
port expression weighs the difFerences in Fermi veloci-
ties between different points on the Fermi surface. The
two expressions could be significantly different if the
electron-phonon matrix elements have a strong depen-
dence on wave vector. However, the intramolecular
phonons should exhibit very little dispersion, strongly
suggesting that the electron-phonon coupling for these
modes is isotropic in k space. Orientational disorders
should further encourage isotropic coupling. The situa-
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tion is less clear for the lower-frequency librational, vi-

brational, and alkali modes. Phase-space factors sug-
gest that phonons along Cartesian directions will be
preferentially weighed in the electron-phonon coupling
integral. These nesting phonons have two flavors: those
that bridge across necks of the Fermi surface and those
that nest along the flat sides of these necks. The first
(second) variety yields fairly large (small) difFerences in
Fermi velocities. If the electron-phonon matrix elements
for the low-frequency phonons are anomalously large or
small for either variety of nesting wave vector, then these
modes could contribute to o,~~,F(u) and o. F(u) to difFer-

ing degrees. As a caveat, the phase-space results assume
orientational order, at variance with experiment. s

The Ziman formula assumes an isotropic, energy-
independent scattering time. A fcc crystal such as KsCss
should be reasonably isotropic. The approximation of
an energy-independent scattering time typically overes-
timates the resistivity at intermediate temperatures. s In
addition, the Bloch-Boltzmann transport formalism as-
sumes that N(0)~D, b„, is small, a questionable assump-
tion for a system with high phonon frequencies and a po-
tentially large density of states. A final concern is that
the Bloch-Boltzmann theory fails for mean free paths on
the order of the interatomic spacing. Recent upper crit-
ical field measurements on single-crystal samples imply
a T = 0 mean free path on the order of 27 A. ,

z substan-
tially larger than the interatomic separation and some-
what larger than the intermolecular spacing.

Before analyzing the experimental resistivity data, we
discuss the importance of the absolute magnitude of the
resistivity to the calculations. Experimental geometri-
cal uncertainties make an accurate determination of the
resistivity problematical. For this reason, we appeal to
an analysis of upper critical field data, which yields a
scattering time of 1.7+0.5 x 10 i4 sec (Ref. 2). The
scattering time measurement determines the overall scale
of the electron-phonon coupling, while the functional
form of the temperature-dependent resistivity provides a
constraint on the frequency distribution of the electron-
phonon coupling.

In order to gain a measure of physical insight into the
form of n~z, F(u), we first fit the data with a b function
form, Q~z, F(u) = ~~Au6(u —2), yielding 9 400 K and
A 0.6. This drastic simplifying assumption is not di-
rectly physically relevant. However, the simple fit implies
that a more physical analysis should involve modes with
frequencies both above and below 400 K.

To proceed further, we consider various theoretical cal-
culations for the electron-phonon coupling. The model
of Jishi and Dresselhaus. iz (JD) emphasizes the lower-
frequency radial intramolecular modes, producing an av-
erage frequecy of roughly 500 K and A —1. The models
of Schluter et aL s (SLNB) involve contributions from a
broad range of H~ modes with an average frequency of
(d]zg 1000 K and A —0.6. The particular model cho-
sen for detailed analysis is the first listed in Table I of
Ref. 13. In contrast, the calculations of Varma et al.
(VZR) yield significant coupling only to the two high-
est Hz modes at frequencies near 2000 K, with A —0.5.
These models are evaluated by two criteria: the corre-

spondence of the theoretical and experimental tempera-
ture dependences, and the magnitude of A necessary to
reproduce the experimentally measured resistivity. For
each model, the overall coupling strength and the resid-
ual resistivity were adjusted in a least-squares fit to the
data.

Referring to Fig. 2, JD produce a reasonable fit to
the temperature dependence over the range 0—260 K. At
high temperatures the theoretical curve has a somewhat
smaller slope than the experimental results. SLNB and
VZR do not adequately reproduce the measured tem-
perature dependence. The quality of the fits is decreased
further if the residual resistivity is fixed at the experimen-
tal value. The insufficient curvature at low temperatures
suggests additional coupling at a lower frequency. Moti-
vated by this consideration, we include a lower-frequency
contribution of adjustable strength, with the results pre-
sented in Fig. 3. The new phonon mode was set at a
frequency of 150 K, but the quality of the fit and the
magnitude of the coupling to this lower mode are roughly
unchanged for frequencies in the range 20—200 K. For
SLNB and VZR, this modification greatly improves the
agreement with experiment. This result is not an artifact
of the additional free parameter; the fit is not improved
if the additional mode is placed at a frequency above 400
K. Within the accuracy of the analysis, these three mod-
els yield agreement with experiment which is comparable
to that obtained by the electron-electron analysis.

Is there a physical motivation for the inclusion of a
lower-frequency mode? A simple calculation yields an
estimate of A for intermolecular translational modes.
Within a tight-binding model, the bandwidth W varies
as an overlap integral between electronic states P(r) and

P(r+ R). Consider the change in the overlap integral un-

der a change in lattice constant, where we assume that
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FIG. 2. Fits of theoretical electron-phonon scattering
models to the experimental resistivity (circles). The solid,
dashed, and dotted lines are for the models VZR (Ref. 14),
SLNB (Ref. 13), and JD (Ref. 12), respectively. The data
have been normalized to the value at T = 260 K.
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FIG. 3. Fits of theoretical electron-phonon models with
an additional phonon mode at 150 K. The curve assignments
are the same as Fig. 2.

the fullerene electronic states are unchanged,

6W P" (r)b'U(r) P(r + R)dr,

where U(r) is the deviation from superposed molecular
potentials. This expression has the same form as a real-
space formulation for the McMillan-Hopfield parameter

(Is), which enters the expression for A as A =
where (a ) is an average squared phonon frequency, M
is the molecular mass, and N(0) is the density of states
at the Fermi level. A low-q longitudinal intermolecular
vibrational phonon will produce a local change in the lat-
tice constant. Using pseudopotential calculations to esti-
mate the bandwidth and change in density of states upon
lattice contraction, we approximate A by the expression

bÃ 2
W ( & ) /NM(a2), which yields A of order 0.1 for

a mode of frequency 100 K. More sophisticated tight-
binding calculations for high-q intermolecular modes in-
dicate large changes in the band structure, indicative of
significant electron-phonon coupling. ' Low-frequency li-

brational modes could also exhibit significant coupling,
since the overlap integrals between C60 molecules will be
sensitive functions of their relative orientations. 7 Polar-
ization of the C6o molecules by alkali atom vibrations
could also produce a low-frequency contribution to the
electron-phonon coupling.

The resistivity has also been fit to an n2E(cu) corre-
sponding to a uniformly scaled version of the inelastic
neutron scattering intensity. The approximation of con-
stant coupling strength is unlikely to be valid, since the
scattering data includes modes of qualitatively distinct
character. In fact, this naive fit yields too strong a tem-
perature dependence at low temperatures, indicating ex-
cessive coupling to low-frequency modes. If the modes
below 25 meV are removed by hand, the fit is too flat

TABLE I. Best-fit values of A to the tempera-
ture-dependent resistivity for various theoretical models of the
electron-phonon coupling. The appellation "low" refers to a
coupling function with an additional low-frequency mode at
150 K. The appellation "thermal" implies that a correction
for thermal expansion has been applied.

Model

SLNB
SLNB (low)
SLNB (low, thermal)
VZR
VZR (low)
VZR (low, thermal)
JD
JD (low)
JD (low, thermal)

~high

0.9-1,7
0.6-1.1
0.5-0.9
2.0-3.6
1.4-2.5
1.2-2.1
0.4—0.6
0.4-0.6
0.3-0.5

0.1—0.17
0.1—0.17

0.1—0.17
0.1-0.2

0.01—0.02
0.03—0.04

at low temperatures, suggesting that the lower frequency
modes contribute to the scattering process, but less so
then implied by the magnitudes of the peaks in the neu-
tron scattering.

Table I shows the values of A deduced from the fits
to the resistivity data for each of the theoretical forms
for o. F(u) T.he range of values corresponds to a scat-
tering time in the range 1.7 + 0.5 x 10 sec. 3D yield
A slightly lower than that required to produce the ob-
served T„whereas VZR yields A too big. These results
suggest that an electron-phonon model for superconduc-
tivity should include contributions from a range of in-

tramolecular vibrations.
A correction for the effect of thermal expansion on the

density of states yields a 10—15% reduction in the cou-
pling to the higher-frequency modes and little change in
the coupling to the lower-frequency mode. These changes
do not substantively alter the conclusions of the analysis.
The temperature dependence of the resistivity is repro-
duced to the same accuracy with or without the treat-
ment of thermal expansion.

An estimate based on theoretical results for other
superconductors2o suggests that the preceding analysis
will yield a near-BCS gap ratio of

& T
—3.6 —4.0.

kIBT,
Preliminary tunneling measurements yield

& &
——5.3,2'

kgT,
while infrared measurements suggest & & 3 —5. It
has been suggested that strong coupling to low-frequency
vibrational modes could account for a large gap ratio.
The unambiguous determination of this important super-
conducting parameter merits further effort.

In conclusion, an analysis of resistivity data on doped
single crystals of K3C60 suggests that the superconduc-
tivity is consistent with conventional electron-phonon
coupling involving a range of intramolecular phonons.
Within this analysis, the coupling strength to lower-

frequency modes does not contribute significantly to ei-
ther the superconducting transition temperature or the
gap ratio.

Note added in proof. Recent measurements of the op-
tical reflectivity of K3C6p and Rb3C60 imply a near-BCS
gap ratio. 3
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