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An effective medium theory for studying the electronic structure of the orientationally disordered
M3Csp fullerides is developed and applied to study various normal state properties. The theory is
based on a cluster-Bethe-lattice method in which the disordered medium is modeled by a three-
band Bethe lattice, into which we embed a molecular cluster whose scattering properties are treated
exactly. Various single-particle properties and the frequency-dependent conductivity are calculated
in this model, and comparison is made with numerical calculations for disordered lattices, and with

experiment.

PACS numbers: 71.25.Pi, 71.25.Tn, 74.70.Wz

In the metallic fullerides M3Cgp doped with the large
alkali metals, the fullerene molecules are quenched into
an orientationally disordered state [1]. In this state, each
of the Cgg molecules is centered on the sites of an fcc
Bravais lattice and adopts a high symmetry setting, with
the twofold symmetry axes aligned along [001] crystal
directions. There are two inequivalent ways of achieving
this orientation on each lattice site, and the intensities
of x-ray reflections measured for these solids are well de-
scribed by a merohedrally disordered structural model in
which the choice of setting varies randomly from site to
site in the solid {1]. It is now widely accepted that mero-
hedral disorder is either a dominant or a contributing
factor to a number of the observed electronic properties
of these doped systems [2]. In this paper we apply an ef-
fective medium theory to study the conduction-electron
states in these disordered solids.

The amplitude for electronic hopping across bond 7
between neighboring fullerene sites in these systems can
be represented by a real 3x3 matrix, T),,(7), in which
each of the matrix elements corresponds to a possible
choice of orbital polarization u(v) = z,y,2z in the t1,
manifold on the initial and final sites [3-6]. Orientational
disorder on the fullerene sites leads to a model with off-
diagonal disorder in a Hamiltonian for an electron which
carries with it an internal “orbital” degree of freedom,
represented by a three component field. Gelfand and Lu
(3] made the interesting observation that the sizes and
signs of the various matrix elements in T' can be changed
by changing the relative molecular orientations on the
terminal sites. This is a representation-dependent state-
ment, since the signs and sizes of the various elements
in T are also changed by any local rotation of the inter-
nal tj,, orbital bases on either of the terminal sites. Of
course, physically measurable quantities in this problem
can always be expressed in a representation-independent
(gauge invariant) manner that does not refer to a spe-
cific convention for defining the orbital polarizations on
the various molecular sites. For example, the total den-
sity of states is obtained from a trace over the single-
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particle Green’s function, N(E) = —(1/x)Imtr G+ (E),
where the trace requires a sum over both sites and over
the orbital degrees of freedom on a single site. If one
considers a moment expansion of the Green’s function,

- GE) = (-;-) + (%>2H+ (%)31{1&1

+<%>4HHH+---, 1)

the product H™ at nth order in this expansion describes
a possible closed path of an electron containing n steps
in configuration space. The required tr H™ may depend
on the molecular orientations encountered, but it is inde-
pendent of any particular orientation of the orbital basis
on each site.

To study the product H™, we examine a composite op-
erator which describes the forward and backward propa-
gation of a particle along a single bond 7 in the manner

' 0 T
s = (o, "5

where M and N can each adopt the values “A”or “B,”
denoting the two possible orientational settings on the
initial and final sites. Diagonalizing this hopping opera-
tor, one sees that for any hopping matrix T, the eigen-
values of the composite operator Hpong must be ordered
in pairs + [ ¢, |, for which their eigenvectors, RE, are
related by symmetry. An eigenvector describing a hop
from site ¢ to site f can be constructed from two nor-
malized three-component vectors u, (o = 1,3), so that
R, = (1/v/2) (n,i»Un,s). For each of these normalized
vectors u, the three components can be interpreted as
three direction cosines, which locate a point on the sur-
face of a reference sphere in three dimensions and define a
set of principal axes (orbital polarizations) for the action
of the bond-hopping operator.

The elementary hop from i to j can therefore be repre-
sented by the 3x3 matrix operation Hy; = UJT hU; where

(2)
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h is a diagonal matrix containing (by convention) only
the three positive eigenvalues of Hyong, and U; is a matrix
whose rows are the three components of the eigenvectors
of Hpond Projected onto the site . Here the action of the
internal hopping operator h is positive definite, and all
sign conventions are then in the U matrices, which rotate
a state vector on the surface of the reference sphere. In-
terestingly, one finds that the diagonal elements of h in
this problem depend only weakly on the molecular ori-
entation. As an example, in Table I we list the diagonal
elements of h obtained from the hopping matrices of [3].
For the most important (largest) of these terms, the frac-
tional variation of the amplitude is only of order 10%, so
it is apparent that the dominant effects of disorder in this
problem are introduced through the polarizations of the
molecular orbitals, and not through the amplitude fluctu-
ations. We will therefore ignore this amplitude variation
between the two configurations and focus solely on the
variation of the U matrices as we pass from bond to bond
in the structure. The nth order terms in Eq. (1) then de-
scribe a process in which the internal orbital polarization
for a test particle rotates as it propa.gates on its closed
n~-step trajectory on the lattice.

For propagation in a disordered medium in which the
U’s are varying randomly from bond to bond in the struc-
ture, for large loops one expects a single reference or-
bital polarization to propagate symmetrically over the
reference sphere and not to contribute spectral weight
in the one-particle Green’s function. This cancellation
rule fails for an orientationally ordered crystal, since the
large n-fold loops remain highly correlated. Finally, even
for the orientationally disordered system, at large order
n the special class of “Brinkman-Rice” [7] retraceable
paths, which propagate randomly from some reference

" site and exactly retrace their steps back to the origin, al-
ways makes a positive-definite contribution to the trace
(even in this vector model) and determines the behavior
of the Green’s function.

In view of this we now construct an effective medium
for which only the retracing paths are included in the
single-particle Green’s function. This network has the
topology of a tree, or Bethe lattice, with one “ingoing”
bond and eleven “outgoing” bonds at every node of the
network. This network should be distinguished from the
usual simple Bethe lattice in that the electron field on
each site is now described by a three-component vector,

TABLE I. The three positive eigenvalues of the bond hop-
ping operator Hyong for transitions between molecules with
like (AA) and unlike (AB) settings. The eigenvalues of Hyond
are ordered in pairs % |h|.

AA AB
4.445 5.029
1.910 . 2.670
0.255 0.431
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and the hopping amplitudes along each of the bonds are

" then given by the 3x3 matrices discussed above, which

explicitly depend on the fcc bond orientations. In the
approximation that we ignore the weak amplitude fluc-
tuations which are listed in Table I, the intermolecu-
lar hopping matrices between like (AA, BB) and unlike
(AB, BA) molecular orientations can be transformed into
each other by suitable local rotations of the orbital co-
ordinate system on each lattice site. This local gauge
freedom is ultimately eliminated on a physical lattice by
the closure of rings of bonds in the network. On the tree
which contains no closed rings we need consider only the
dynamics in the fully orientationally ordered configura-
tion.

The construction of the single-particle Green’s func-
tion for the fulleride tree is now straightforward. The
Dyson expansion for the Green’s function EG(E) =
I + HG can be closed by introducing an effective field
®(7135; F) such that G x(E) = ®(7y; E)Gs,k(E). These
®’s are complex energy-dependent 3x3 matrices which
satisfy the self-consistency condition E®(t) = H(7) +
2o H(T)®(7)®(7). Once the ®’s are obtained, the
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FIG. 1. Densities of states calculated for the fulleride tree
and for molecular clusters embedded in the tree. Here and
elsewhere in the paper the energy axis is in units of ¢ ~ 10
meV, which sets the energy scale for electronic hopping be-
tween neighboring sites. Top panel: Density of states for the
tree. Middle panel: Densities of states for three embedded
tetrahedral clusters with various molecular settings. Bottom

" panel: Densities of states at the core of embedded 19-site

(dashed) and 43-site (heavy solid) clusters. The noisy curve
gives the results of a quenched average on an orientationally
disordered lattice.
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diagonal block of the one-particle Green’s function is
Goo = [E - H(1)®(r, B)]~"

The density of states for the fcc fulleride tree is shown
in Fig. 1. The symmetry about E = 0 follows from the
fact that closed paths on the tree require an even num-
ber of steps. The bandwidth obtained here is very nearly
the bandwidth obtained from simulations on lattices with
quenched orientational disorder, a feature which reflects
the fact that the retracing paths control analytic struc-
ture in the Green’s function for the disordered medium.

Interestingly, single-particie spectra obtained from nu-
merical simulations on lattice models with orientational
disorder exhibit a relatively large asymmetry with spec-
tral weight enhanced at negative energy in the conduc-
tion band. This is a result of the phase coherent prop-
agation of an electron through the closed rings of bonds
on the fce lattice, and the effect can be used to extract
a refined estimate of the elastic mean free path in the
disordered system. To illustrate this we construct a se-
ries of clusters containing the smallest closed threefold
rings on the fec lattice, and embed these clusters within
an effective medium treated in the tree approximation
developed above. In the middle panel of Fig. 1 we show
results obtained for a tetrahedral prism in the fcc struc-
ture (four sites which are mutually nearest neighbors),
with the external bonds tethered to limbs of the Bethe
lattice. Here, because of the presence of closed rings of
bonds, the orientational settings of the four sites inside
the cluster must be specified, and the figure shows results
for the three possible choices: A4, A3B, and AsBs. For
the two embedded tetrahedral clusters containing bonds
between unlike orientations, the spectra are asymmetric
with spectral weight enhanced at negative energies.

Similar calculations in which the size and symmetry of
the embedded cluster are varied show that the dephas-
ing of the orbital polarization introduced by the effective
medium is a very strong effect in this problem, due essen-
tially to the large coordination number on the fcc lattice.
Consequently, even for fully orientationally disordered
clusters, the effects of the short-range ring resonances
through several coordination shells must be retained be-
fore the data converge suitably to those obtained from
lattice simulations on completely disordered fullerides.
In the bottom panel of Fig. 1, for example, we display
results obtained from embedded clusters containing ran-
domly chosen AigBg and AssPBs; molecular configura-~
tions. These models just close the second (002) and third
(112) coordination shells, respectively, around a reference
molecule at the origin. After closing the third coordina-
tion shell on the lattice, the spectra provide a relatively
good description of numerical data (also shown) obtained
from a quenched average over an ensemble of orienta-
tionally disordered 27-site lattices. Apparently, in the
orientationally disordered solid the effective elastic mean
free path is somewhat larger than expected, and extends
through several (typically 2-3) coordination shells on the
fce lattice. The physical point is that one requires phase-

coherent propagation of the electron over this distance

~ before the constructive interference from the short range

threefold ring resonances can begin to compete with the
very strong dephasing of the electron orbital polarization
introduced by its coupling to the external medium.

The above discussion can now be extended to study
the frequency dependence of the conductivity at T' = 0,

62
o) = 5 / B GENCH (E+w), @)

where G(E) = ReG(E) + isgn(F — ) Im G (E), p is
the fermion chemical potential, and j;; = (i/B)H;;7i; is
the current operator in the ijth bond. The integrand
in Eq. (3) describes a loop correlation function obtained
from a trace over products of Green’s functions and ver-
tex operators [8]. The conductivity calculated in this ef-
fective medium is most naturally formulated in terms of
a nonlocal bond-bond response function o(r,r') so that
ir) = (1/Q) fdr' o(r,r")E(r'). Integration over all r
and ' yields the ¢ = 0 limit of the correlation function
which is measured with optical probes. Here, the be-
havior of o(r,r’) for large | r — ' | can be calculated ex-
actly by introducing a vertex function, I'(t; E, E'), which
describes the contributions to the current density from
processes in which an electron and hole, created inside a
reference bond, propagate outward along the same path
in the effective medium, and ultimately recombine in an
external bond of the network. This vertex function plays
an important role in this problem and can be calculated
from the self-consistency condition [9]

I E,E) =TW)(r; E, E')
+>&(r, BYT(7; B, ENO(r,E), (4

T

where ) (1; E, B') = 5(1)®(r, E') + ®(r, E)j(—7). The
full current operator entering our discussion then takes
the form j;; = jg?) + 6;;T;(E, E'), where the first term
is the bare current-density operator acting inside a refer-
ence bond of our cluster, and the second term is a (site-
diagonal) boundary term which sums all the external con-
tributions to the current density due to excitations which
leave the cluster through that boundary site.

Our results for the zero-temperature conductivity as a
function of frequency on the fulleride tree are shown in
Fig. 2. The top panel shows the separate contributions
from the intrabond diagonal part of the conductivity
o(r,r) (solid), and the ¢ = 0 contribution from the inter-
bond off-diagonal elements (1— 6, }o(r, ') summed over
r’ (dashed). We find that the intrabond contribution has
a low-frequency value near 1750 S/cm. By contrast, the
nonlocal piece provides a contribution of ~ 650 S/cm
at zero frequency, and decreases monotonically with in-
creasing frequency. This interbond term carries roughly
one-fourth of the total spectral weight in the system, and
is the remnant in the disordered model of the damped

~Drude response expected of a normal metal. The total
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FIG. 2. Frequency-dependent conductivity on the Bethe
lattice. Top: The intrabond (solid) and interbond (dashed)
contributions to the nonlocal conductivity. Bottom: The total
conductivity (heavy curve) is compared with results obtained
from a disordered lattice model containing 32 molecular sites
(histogram). In the light curve the spectral weight in the
interbond contribution is collapsed to a lifetime-broadened
Drude peak with a phenomenological width y = 6t.

conductivity obtained by summing these contributions is
shown in the lower panel; it is very weakly frequency de-
pendent in the range 0. < w < 15¢, and has a limiting
value =~ 2400 S/cm at low frequency.

The separation of diagonal and off-diagonal compo-
nents of the nonlocal conductivity provides a very natural
method for distinguishing the interband and intraband
contributions to the response function for this highly dis-
ordered medium. However, the two are more difficult
to separate solely on the basis of their frequency depen-
dence. In fact, this is true of the experimental data as
well [10,11], and has led to some uncertainty as to the
appropriate separation of the conductivity into contribu-
tions from the “bound” charge and that from the diffusive
low-frequency dynamics of the “free” conduction charge
in the disordered medium.

The data presented in Fig. 2 describe the conductiv-
ity calculated numerically for orientationally disordered
superlattices [4] reasonably well. We observe that the
residual resistivity calculated for the tree is 25% larger
than that reported from previous theoretical work, due
to the fact that the Bethe lattice yields a systematic un-
derestimate of the effective elastic mean free path in this
system. From our discussion above, the effective mean
free path is £ ~18 A, while for the bare tree this correla-
tion length is clearly smaller, of order the intermolecular
spacing. As a test of this conjecture, we have replotted
these data collapsing only the interbond (dashed) contri-

bution into a low-frequency Drude peak with a natural
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width of v = 6t, giving a good description of the super-
lattice data out to w = 15t, while slightly overestimating
it for higher frequencies. ’
Experimentally, the conductivity shows a broad midin-
frared peak [10,11) near 1200 cm~*, and comparison with
the data of Fig. 2 then provides an experimental estimate

- of the energy scale parameter, ¢t ~ 10 meV. This value is

reassuringly close to the value of t = 14 meV obtained
from a comparison with the band calculations on the fully
ordered phase, using local-density theory [12]. Extrapo-
lations of the conductivity obtained from an analysis of

" the measured reflectivity spectra on K3Cgp at 25 K yield
. 0(0) ~ 1400 S/cm {11]. An independent low-temperature

extrapolation by the Berkeley group [13] yields a slightly
larger value of o(0) ~ 2000 S/cm, in closer correspon-
dence with the theory presented here.

We should mention that elastic scattering from
the residual “amplitude” fluctuations in the electronic
Hamiltonian, neglected in our model, will provide an ad-
ditional elastic scattering mechanism for orientationally
disordered solids, although we expect these to be quite
weak. More importantly, the residual effects of electron-
electron interactions, which are generally regarded as sig-
nificant in the solids, and which are completely neglected
in this treatment, can be expected to systematically sup-
press the low-frequency conductivity. A quantitative the-
ory for treating these effects in this class of disordered
conductors has yet to be developed.
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