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Electron-phonon coupling strength and implications for superconductivity
in alkali-metal-doped fullerenes
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A comparison between the electron-phonon coupling strength in graphite intercalation compounds
and alkali-metal-doped Cego is considered. It is shown that the curvature of Ceo leads to a slight
reduction in the modulation of the single-site matrix element in comparison with the corresponding
value in graphite. Nevertheless, the curvature of Ceo makes it possible for electrons to couple with
the low-frequency radial modes. This coupling causes the value of the dimensionless electron-phonon
coupling parameter, A, to be reasonably large. The large value of A together with a large value of
the density of states at the Fermi level readily yields a transition temperature of the order of 25 K

for alkali-metal-doped Ce¢o compounds.

The discovery of the Cgg molecule with its fascinat-
ing structure,! followed by the ability to synthesize solid
thin films of Cgp,? has led to a rapid increase in research
activity on the fullerenes. Furthermore, the fact that,
upon doping with alkali metals, Cgp becomes supercon-
ducting at temperatures exceeding 30 K is of particu-
lar importance.3”® The understanding of the mechanism
of superconductivity in these materials is thus also of
great importance. In this work we consider the influ-
ence of the curvature of the Cgg molecule on the strength
of the electron-phonon coupling. Comparison between
alkali-metal-doped Cgg and alkali-metal graphite interca-
lation compounds, which also exhibit a superconducting
transition,” is shown to be helpful in understanding the
superconductivity in M3Cgg, M denoting an alkali-metal
atom.

The electron-phonon coupling in M3Cgg is described in
terms of a tight-binding Hamiltonian,® which is believed
to be appropriate for the 7 bonds in carbon systems.’
The tight-binding Hamiltonian, based on the assump-
tion that the orbital on the carbon atom follows the dis-
placed atom without any appreciable deformation,!® can
be written as

H= Z J(n,s;n’,s')a:‘,,,anly,:, (1)
n,n’ s,s’

where (n,s) represents the atomic site, n denoting the
unit cell and s the position of the atom within the unit
cell, al,s(an,,) is the creation (annihilation) operator for
one electron in the orbital, ¢(r—R, ; —u, ;), R, ; being
the equilibrium position of the atom at site (n, s) and u, ,
its displacement from equilibrium. The matrix element
J(n,s;n’,s") in Eq. (1) is given by

J(n,s; n’sl) = / ¢*(r - Rﬂ’,.s’ — Up/ s + Rﬂ,s + un,s)
xV(r)¢(r)dr (2)
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and represents the interatomic matrix element of the
atomic potential V(r) between orbitals belonging to
nearest-neighboring atoms.

The electron-phonon coupling is obtained by expand-
ing J(n,s,n’,s’) to first order in u, ; — uy 4,

J(n,s;n',s") = Jo(n,s;n',s")
+(Un,s — Upr o) - VJ(n,s;n',8"). 3)

The Hamiltonian is then given by

H = Ho+ He-pn, (4)
where
Hy = z Jo(n,s;n',s')ai,,a,,:’,: (5)
n,s;n’ s’
and
Hepn = Z (Un,s - Unr s1) - VJ(n,s;n’,s’)a:‘,,,an/',u
n,sin’,s’

(6)

The quantity VJ(n,s,n’,s’) is the intrinsic electron-
phonon coupling parameter, which we evaluate in this
work and compare with its value in graphite and graphite
intercalation compounds. Normally J depends only on
the distance between neighboring atoms, and VJ is di-
rected along the bond between adjacent atoms,!'? causing
the electron-phonon coupling to be nonvanishing only if
the phonon mode involves bond-stretching atomic dis-
placements. This is the reason that in graphite, for ex-
ample, the electrons do not couple to the A, phonon
mode, which corresponds to atomic displacements per-
pendicular to the graphite sheet, causing angle bending
but no bond stretching. It is not transparent what the
corresponding situation in Cgg is, since the orbitals stick-
ing out of the fullerene sphere are not pure p, orbitals,
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in contrast to the orbitals perpendicular to the carbon
sheet in graphite, which are pure p, orbitals.

To calculate the influence of curvature on the value
of VJ in Cgg, we start by constructing the relevant sp
hybrids on carbon atoms. We choose a Cartesian coor-
dinate system as shown in Fig. 1. The origin is placed
at the equilibrium position of carbon atom 1, and the
z axis is taken along a bond common to two hexagons.
The y axis is taken to lie in the plane of a hexagon, and
the z axis is taken perpendicular to the z and y axes.
Then one can construct three hybrids directed along the
three bonds. The fourth hybrid |¢), which corresponds
to the p, orbital in graphite, is then uniquely determined
by the requirement of the orthonormality of the hybrid
wave functions. It can be shown that it is given by

) = aols) + e1lpz) + @2lpy) + aslp:), (7)
where
1/2
an= [ —=28(1+25)
o= ((1—4ﬁ)(1-—ﬂ)) ’
1/2

142

ay=— ((1+2g)(1—4g)) ,

6(1-8)
1/2
Q3= <'(_1——34@) 3
and B = cos(108°).
The corresponding hybrid on atom 2, |¢’), is given by

|¢") = aols’) + e |p) + az|p) + aslp’) 9)

if the coordinate system centered at atom 2 (the primed
system) is chosen as shown in Fig. 1, in which the y’ axis
lies in the second (primed) hexagon and normal to the z’

P

FIG. 1. A sketch of the coordinate systems used in de-
termining the hybridization scheme for carbon atoms in Ceo.
The z, y, z coordinate system is centered at atom 1, where the
z axis is directed towards atom 2, and the y axis lies in one of
the two adjacent hexagons. The z’,y’, 2’ system is centered
at atom 2, where the £’ axis points towards 1 and the y' axis
lies in the hexagon adjacent to the one in which the y axis
lies.
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axis. The matrix element J(0,1;0,2) is then given by
J(0,1;0,2) = (#'1V]¢). (10)

The calculation of VJ(0,1;0,2) proceeds by calculat-
ing the change in the interatomic matrix element as atom
2 is given an infinitesimal displacement in an arbitrary
direction. Four different kinds of matrix elements will
appear in the calculation, and they are defined by

VU :_<an1|P:c,2),
Ve =(s,1]s,2),
V-’P:_(s,llpz,2>,
vr :(p211|p112))

where the bond is taken along the z axis, and the four
matrix elements V7, V* V*P and V™ are defined such
that they are negative.

After lengthy calculations, we find the following

(11)

vJ(0,1;0,2) = i%[ aV* 4 209, VP

+aiV? + (g + a3)V7]. (12)
Despite the impression that the admixture of s, p,, and
py components would lead to an enhancement of the ma-
trix element, and consequently an enhancement of the
electron-phonon coupling,!! it turns out that

V(0,1:0,2) = 1 [0.93V" ()],

(13)
ro being the equilibrium distance between atoms 1 and 2.
Equation (13) is obtained by using Harrison’s d~2 uni-
versal scaling for interatomic matrix elements.!? The in-
trinsic electron-phonon coupling strength in Cgg is there-
fore ~ 93% that in graphite. The curvature in Cgp thus
leads, contrary to what was previously assumed,*! to only
a slight weakening of the single-site matrix element for
electron-phonon coupling between the mostly p, hybrids.
Similar results are obtained if VJ(0, 1;0, 3) is calculated,
where atom 3 is such that the bond joining it to atom 1
is common to a hexagon and a pentagon.

It may seem strange that the inclusion of ¢ character
into the mostly = bonding would lead to a lowering of the
absolute value of the interatomic matrix element J, but
the hybridization scheme is such that the p, component
of the mostly 7 hybrid is oriented such that its nega-
tive lobe points towards the neighboring atom. There-
fore, although the absolute value of J(0,1;0,2) increases
as a result of the overlap of the two p, components on
neighboring atoms, it also decreases even more due to
the overlap of these negative-lobe p, components with
the s components on the two atoms. The decrease, as
the calculation shows, is larger than the increase by 7%.

The results obtained above indicate that in Cgg, just
as in graphite, the electrons would couple only to phonon
modes involving bond stretching. Contrary to the case
of graphite, however, the radial modes in Cgg do involve
bond stretching,'®!* unlike the corresponding As, mode
in graphite, which only involves angle bending. In fact,
the completely radial A; breathing mode in Ceo, whose
frequency is 492 cm™!, involves only bond stretching and
no angle bending.’® 17 So does also the high-frequency
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tangential A; mode at ~1469 ecm™! in Cgg. These two
modes are then expected to be strongly coupled to elec-
trons in M3Cso. Furthermore, the low frequency H, ra-
dial modes as well as the high frequency H, tangential
modes are also expected to couple strongly to electrons
in view of the bond stretching involved in these modes.

The dimensionless electron-phonon coupling parame-
ter, A, which appears in the McMillan formula!® is ob-
tained from the electron-phonon coupling matrix element
g,':; defined by the relation

1 v
He-ph = W Z glc;cl-}-qck(bqlf‘v + biqu'y)’ (14)

kg
where V is the volume of the crystal, c}:(ck) is the cre-
ation (annihilation) operator for an electron with wave

vector k and spin o, and b}L,,A, (bgu~) is the creation (an-
nihilation) operator for a phonon with wave vector q,
branch v, polarization v, and frequency w, ,. Ignoring
the coupling between Cgp molecules, we obtain

1/2
o =) (15)
kq 2pwgs kk'>

where

Z 72 = 0.93V™(ro)aqoq 2
. kRl = )

1.g gl-
TS,

The terms in the summation are negligible unless s = r
and s’ = 7/, for which case we have

D&, an) (€], a) =1 (19)
.

and
S (@A) (@ A0 )URUL = (U2 (G-400)®  (20)
s,8’ 8,8’

where (U?) = 1/60. The summation over s’ extends from
1 to 3, while the summation over s, which extends from
1 to 60, can be replaced by averaging cos®n, n being the
angle between § and &,,s, over a sphere,

(@ d) = 2 [ cos? ndn = 0. (21)
s, s’ 0

In order to calculate the dimensionless electron-phonon
coupling parameter A we still need to double average
> H{%:|? over the Fermi surface. Noting that

o _ Jdo [do'(K — k)2 tup!
((gN = [do [doroy gt (22)

where do and do’ are elements of the Fermi surface, vp
and v} are the corresponding Fermi velocities. Assuming
that the Fermi surface is spherical, we obtain

((¢*)) = 2kF, (23)

Z (e;yu : ér"')(ézu

RAPID COMMUNICATIONS

2599

, 1 : :
L = 5 3 €., VI(0,50,8)(e 04— U7 0,

(16)

which is independent of k. Here €] , is the phonon po-
larization vector, normalized to unity, k' = k+ q, p is
the density of the M3Cegy solid, d; is the vector position
of the atom at site s within the unit cell. The sum in
Eq. (16) over s extends from 1 to 60, while the sum over
s’ extends from 1 to 3, and the factor of 1 is needed to
prevent double counting. U is the normalized eigenvec-
tor of the electronic Hamiltonian that corresponds to the
molecular state of Ceg, which would widen into the en-
ergy band under consideration.!® These eigenvectors are
real and are obtained in the limit of vanishing interball
coupling by diagonalizing a 60 x 60 matrix, which is zero
except for three entries of 1 in each row.

Deﬁning d_,,l = (d,l - d,)/ld,l - d,l, a = |d3/ - d,l,
and § = q/|q|, we can write

el vde _ ei0dy v gqeivde(4q - d, ,0), (17)

which is a valid approximation, since ga < 1 because a
is much smaller than the lattice vector of the fcc lattice.
Thus we have

Ay )t (A=) (G AN (G - Bgyr ) U Ust Up Uy (18)

r

kr being the Fermi wave vector. The coupling constant
A is then given by

X\ = N(Er)Z, (24)
where
[ 0.93V7 () agokp\” 1
Z= 3( 5 2; Mot (25)

Here N(EF) is the density of states per spin per Cgg
unit and M is the mass of a Cgp molecule. If the d—2
scaling for interatomic matrix elements is adopted, then
goa = 2. The value of V"(rg) in Cgo can be taken to be
the same as in graphite, which is 2.4 eV.20:2! The Fermi
wave vector kp can be calculated by assuming that the
Fermi surface is spherical and that the charge transfer
from the alkali atoms to the Cgg molecules is complete,
resulting in exactly one electron per energy band. We
then find that kp = 0.35 A1,

The electrons in the energy bands, which are derived
from the triply degenerate [, state in Cgg couple to Ay
and Hy, phonon modes. Most of the contributions to A
come from the low-frequency radial modes in the range
273-770 cm™!. They contribute ~65 meV to Z, while the
higher-frequency tangential modes contribute ~10 meV.
The value of N(EF) is uncertain, but extended Hiickel
band-structure calculations?? give a value of about 20
states/eV per spin per Cgo unit. It is, however, noted??
that this calculation may overestimate N(Efr) by ~50%.
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Thus if, N(EFr) is taken as 12 states/eV per spin per
Ceo unit, then a value of A = 0.9 is obtained. We then
estimate T, using the McMillan formula!®

;- Op  ( —L04(1+))
T T P\ N (10620 )

(26)

where p* = 0.1, A = 0.9, and the Debye temperature
Op ~ 500 K, which corresponds to an average frequency
of 350 cm™! characteristic of the phonon frequencies in
the range 270-770 cm™!, thus yielding 7, ~ 30K.

In conclusion, we have shown that the curvature of Cgg
leads to a slight decrease in the intrinsic electron-phonon
interaction VJ, relative to that of graphite. The larger
T. in alkali-metal-doped Cgg relative to heavily doped
graphite intercalation compounds, such as C3K for which
T.=3 K, essentially results from the fact that electrons in
M3Cego can couple strongly to the low-lying Ay and H,
radial modes. The planar structure of graphite causes the
coupling between the corresponding out-of-plane mode
Agy and the graphite 7 electrons to vanish.

The model presented here also is consistent with an
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increase in T, as the separation between the fullerenes
increases due to selection of the alkali metal dopant. In-
creasing the separation between fullerenes does not re-
duce the intrinsic electron-phonon coupling in this sys-
tem, since we are concerned here with the modulation of
the overlap matrix element for two neighboring atoms in
the fullerene. However, the quantity Z, given by Eq. (25)
is slightly reduced because of the slight reduction in kp.
In contrast, the electronic density of states increases due
to the narrowing of the bands, which results from the
decreased coupling between fullerenes. The net effect is
an increase in the value of A, and consequently an in-
crease in T,, as the separation between balls increases, in
agreement with experiment.??
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