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A high resolution experimental photoemission spectrum of C6p is compared with calculations
including the Jahn-Teller effect and multiple phonon satellites. The spectra show discrete loss features
due to the excitation of phonons. From the intensity of these features, electron-phonon coupling
constants are derived, which support the electron-phonon mechanism for superconductivity. The
systematic deviations from previously calculated coupling constants are discussed in detail ~

PACS numbers: 79.60.8m, 63.20.—e, 71.38.+i

Alkali doped fullerides A3C6O (A = K, Rb) are, after
the high T, compounds, superconductors with some of
the highest transition temperatures T, known so far.
Although the mechanism for the superconductivity in

A3C60 is not universally agreed upon, it is often argued
that it is a "conventional" electron-phonon mechanism
[1—5]. To establish the mechanism and to describe the
properties within an electron-phonon model, it is crucial
to obtain the electron-phonon coupling constants. This
coupling is also important for other transport properties
and the electronic structure in general.

There have been many calculations of this coupling
[1,2,4,6], but the deviations between different calculations
are large. Previous experimental estimates are based on
the broadening of the phonons in doped compounds due
to the decay of a phonon in an electron-hole pair [7]
observed in Raman [8] and neutron scattering [9]. The
high energy modes exhibit, however, a large broadening,
and it has not been possible to estimate their widths
from these experiments. It is also unclear how the
relation between the broadening and the coupling would
be modified if corrections to Migdal's theorem and the
Jahn- Teller effect were included.

The fullerites and fullerides are formed by weakly
interacting C60 molecules. From previous photoemission
and inverse photoemission studies as well as from theory,
it is known that the electronic states of the molecule are
only slightly modified in the solid. The intramolecular
phonons, believed to drive the superconductivity, are also
only slightly changed in the solid. In fullerides each
alkali atom dopes one electron into the lowest unoccupied
molecular orbital (LUMO) of C6o. Thus the electron-
phonon coupling observed in photoemission from gas
phase negatively charged C6O can serve to determine the
coupling constants for the superconductivity in A3C60.

Here we present a measured high resolution photo-
emission spectrum from the t~„(LUMO) level of C6o '.
We compare to a calculated spectrum using the sudden
approximation, but including multiple phonon excitations

(corrections to Migdal's theorem) and the Jahn-Teller ef-
fect. Both effects are found to be crucial for the calculated
spectra. By adjusting the electron-phonon coupling con-
stants until the theoretical and experimental spectra agree,
we can deduce values for the coupling constants. Photo-
emission from C6o

' has been studied earlier [10],but the
resolution was not sufficient to allow an analysis of the
type presented below.

The experimental setup [11] consists of a modified
laser vaporization source, a time-of-flight (TOF) mass
spectrometer, an excimer laser for electron detachment,
and a time-of-fiight electron spectrometer. The clusters are
produced by laser vaporization of graphite and successive
cooling in a drift tube and a supersonic He expansion. This
method generates various isomers of carbon clusters [12].
A dramatic change of the mass distribution enhancing the
relative intensities of the fullerenes C44, Cgp, C60, and

C70 by 2 orders of magnitude is achieved by an annealing
process right after the vaporization [13]. This annealing is
realized by a pulsed electric arc which is ignited within the
carbon-cluster and He-gas mixture. The clusters are then
cooled in a long extender and the subsequent supersonic
expansion. The negatively charged clusters are mass
separated by a Wiley-McLaren TOF mass spectrometer.
A bunch of cluster anions of a certain mass is irradiated by
a UV-laser pulse (XeC1, 4.025 eV). The kinetic energy
of the detached electrons is measured using a "magnetic-
bottle" type time-of-flight electron spectrometer [14]. The
energy resolution of the electron spectrometer is about
40 meV. The energy scale is calibrated using the data of
the electron affinities of C5, C7, and C9 [15].

The inset of Fig. 1 shows the measured photoelectron
spectrum of C60 . The intensity distribution has four main
features between binding energies (BE) of 2.6 and 2.9 eV,
a minimum at about 3 eV BE, and a slowly increasing
background signal beyond 3.1 eV BE. This photoelectron
spectrum is observed only when the clusters are carefully
annealed and cooled down properly. The feature located
at 2.70 ~ 0.05 eV BE is assigned to the transition from the

0031-9007/95/74(10)/1875(4)$06. 00 1995 The American Physical Society 1875



VOLUME 74, NUMBER 10 PHYSICAL REVIEW LETTERS 6 MARCH 1995

10

8
V) L

CU

I—
CA

LU

CQ
I—

2-' p

0 I ~ ~ I I ~ I I I

4000 3000 2000 1000 0
WAVE NUMBER (cm )

FIG. 1. The experimental (dots) and theoretical (full line)
photoemission spectrum of C6O . The theoretical no loss
(dashed), single loss (dotted), double loss (dash-dotted), and
triple loss (long-dashed) curves are also shown. The contribu-
tions of the diferent modes to the single loss curve are given by
bars (H, : open, Ag: solid). The inset shows the experimental
spectrum over a larger energy range.

electronic ground state of C6p into the electronic ground
state of C6p. The additional features at higher BE cor-
respond to energy loss processes due to electron-phonon
coupling. An interpretation of the broad feature between
3.1 and 3.4 eV BE is still uncertain. Since it is located
in the fundamental gap region, it cannot be attributed
to an electronic excitation. It could be due to therm-
ionic emission and/or the presence of a different isomer.

In C6p
' the threefold degenerate tl, is singly occupied.

Other orbitals are well separated from the tl, orbital
on the energy scale considered here and are therefore
neglected. Because of the symmetry, the t 1, orbital
can only couple to phonons (vibrations) with Ag or Hg
symmetry. The degeneracy of the tl, orbital is split under
the distortion of Hg phonons, and this Jahn-Teller effect
is essential for the results. We consider a model with a
linear coupling to harmonic phonons,

3 42

H=aoggtg + geo„bfb,
m= 1 v=1

3 3 42

+ P P g c: 0'0.(b. + b.'), (1)
m=1 n=l v=1

where the first term describes the electron, the second
term the phonons, and the third term the electron-phonon
interaction. P creates an electron in one of the three tt„
states, b t creates a phonon in one of the 42 phonon modes
(8 fivefold degenerate Hg phonons or 2 nondegenerate
Ag phonons), and c", is the coupling constant for the
scattering of an electron from state n to state I under the
creation or annihilation of a phonon of type v. The form
of the constants c„' for the five degenerate Hg modes
is determined by symmetry [16], and there is therefore
just one unknown parameter for each of the eight Hg
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modes and for the two Ag modes describing the absolute
strength of the coupling. The relation of these coupling
constants to the coupling A, entering in superconductivity
is given in the literature [16]. The phonon frequencies
were obtained from experiment [17].

The vibration temperature T is of the order 200 K,
which is substantially lower than the energy of the lowest
phonon mode —400 K. We therefore assume that T = 0
and consider the ground-state wave function,

3 42

pa P + g ga ,Pt. bt
m=1 m=1 v=1

3 42 p

+ P g g a ~,Ptbtbt + . Ivac), (2)
m=1 p=l v=1

where the first term describes a state with no phonon,
the second term a state with one phonon, and so on.
We have considered states with up to five phonons. The
Hamiltonian matrix corresponding to these basis states is
calculated. The lowest eigenvalue and the corresponding
eigenvector are calculated using Lanczos method.

We use the sudden approximation [18],where the emit-
ted electron is assumed not to interact with the system
left behind. It is further assumed that the energy depen-
dence of the dipole matrix element to the final state can be
neglected [18]. For the low photon energies considered
here, the accuracy of these standard approximations is
not clear. However, spectra measured with lower energy
resolution at different photon energies ranging from 3.5 to
6.4 eV show the same general shape of the photoemission
features and therefore support the above assumptions. We
take the spectrum shown in Fig. 1 which is accumulated
with the best energy resolution and statistics as represen-
tative for this photon energy range.

For the final state of the neutral C6p molecule, there
is no coupling between states with different numbers
of phonons, since the electron has been emitted, and
the eigenstates are therefore trivial. The photoemission
spectrum is then expressed in terms of the coefficients in
Eq. (2). A Gaussian broadening with the width (FWHM)
41 meV is introduced to take into account the experimental
resolution.

In Fig. 1 we compare the experimental and theoretical
spectra. The structures at about 400, 750, and 1500 cm
are mainly due to single phonon losses. There is, how-
ever, also a substantial contribution from double losses
and triple losses as shown in Fig. 1. Therefore it is es-
sential to include multiple phonon excitations, in particu-
lar, since the higher order processes also inhuence the
lower order ones. Although the theoretical spectrum de-
pends rather sensitively on the coupling to the individual
phonons, we cannot unambiguously determine the relative
coupling to phonons close in energy, like H~(7), H~(8),
and A~(2). The coupling constants used in Fig. 1 are
shown in Table I. The couplings to the Ag(1) and A~(2)
modes are chosen to agree with calculated values [4].
The coupling to Ag(2) can, however, be varied between
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TABLE I. The partial electron-phouon coupling constants A„/N(0) (in eV) according to the
present estimates (PES) and according to the calculations by Antropov, Gunnarsson, aud
Liechtenstein (Antrop) [4], by Varma, Zaanen, aud Raghavachari [1], by Schluter et al. [2],
and by Faulhaber, Ko, and Briddon (Faul) [6], as well as estimates based on neutron scattering
(Neut) [9]. We also show the experimental energies (in cm ') of the modes. g shows the
sum of the couplings to all the modes.

Mode

H (8)
H, (7)
H (6)
H (5)
Hg (4)
HR (3)
HR (2)
Hg(1)
AR (2)
AR(1)
gH,

Energy

1575
1428
1250
1099
774
710
437
271
1470
496

PES

0.023
0.017
0.005
0.012
0.018
0.013
0.040
0.019
0.011
0.000
0.147

Antrop

0.022
0.020
0.008
0.003
0.003
0.003
0.006
0.003
0.011
0.000
0.068

0.011
0.034
0.000
0.006
0.000
0.001
0.001
0.003

0.056

0.009
0.013
0.003
0.001
0.007
0.004
0.007
0.008
0.005
0.000
0.052

A„/N(0)
Varma Schluter Faul

0.009
0.015
0.002
0.002
0.010
0.001
0.010
0.001

0.049

Neut

0.005
0.001
0.024
0.014

,', XXX '.- .

the Hg contribution to the total energy is EH = —2EJT
in the weak-coupling limit, but only EH = —E» in the
strong-coupling limit. In contrast, defining E, for the
Ag phonons in a similar way, the Ag contribution to
the total energy is E&, = —2E„ independently of the
coupling strength. We introduce the center of gravity
E g of the spectrum relative to the no-loss peak. For the
model considered here, E, g

= EH + Ep in the weak-
and strong-coupling limits, but ~E, s ~

( ~EH, + E~ ~
for

intermediate couplings. With the parameters in Table I,
we find that EH„+ E~,, = —I 7(EqT + E,) and .E, s

(EJT + E,), i.e. ,
—C6& is in the intermediate- to strong-

coupling regime. In the weak-coupling limit, we could
neglect the Jahn-Teller effect by using couplings c,'
appropriate for Ag modes and by choosing the absolute
strength so that the spectra nevertheless agree. Since C6O
is not in the weak-coupling limit, we would then, however,
deduce a ~E, s ~

which is larger by a factor of 2.5 and need

EJT =

~io/N(0) = 0.00 and 0.03 without essentially worsening
the fit, if the total coupling to H~(7) and H~(8) is changed
correspondingly (between 0.07 and 0.00). Zero coupling
to the H~(7) and H~(8) modes is, however, inconsistent
with the belief that a large broadening by the electron-
phonon coupling is the reason these modes have not been
observed in the doped compounds in neutron scattering.
The coupling to A~(I) can also be increased a bit without
worsening the fit, if the couplings to the H~(1) and H~(2)
modes are reduced. There is some additional experimen-
tal weight above the main peak, which could be due to
energy gain processes, where the electron picks up energy
from a thermally excited phonon in the initial state.

The contribution of the Hg phonons to the total energy
differs strongly in the weak- or strong-coupling regimes
[19]. Defining

to reduce the couplings correspondingly to reproduce the
experimental spectrum. It is therefore crucial to take the
Jahn-Teller effect into account.

In Table I we compare the deduced coupling constants
with various calculations. The total A contains only the Hg
contributions, since the Ag contributions should be largely
screened out in the solid [16]. The new A is a factor of 2—
3 larger than the calculated values. Although the different
calculations give quite different distributions of couplings
to different modes, they all find the strongest coupling to
one of the high-lying modes, while the present analysis
gives the strongest coupling to the second lowest mode.
The calculated couplings are extremely sensitive to the
phonon eigenvectors [4]. If, for instance, the correct sec-
ond and eighth eigenvectors are e2 = $0.95 eq + $0.05 es
and es = —$0.05 e2 + $0.95 es, where e2 and es are the
eigenvectors of Antropov, Gunnarsson, and Liechtenstein
[4], the corresponding couplings would become Aq/N(0) =
0.033 eV and As/N(0) = 0.019 eV (instead of 0.006 and
0.022 eV) and the sum of these couplings would almost
double from 0.028 to 0.052 eV. It is an interesting issue
if the discrepancies in Table I can be explained by such
errors in the eigenvectors or if there are more fundamental
problems.

Table I also compares the present couplings with the
couplings deduced from inelastic neutron scattering [9],
using [7]

N (0)
yvgv

2vr co~N(0)2 (4)
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where y is the linewidth of a phonon loss peak, g, is
the degeneracy of the phonon, co, is its frequency, and
N(0) is the density of states determined from NMR [20].
Equation (4) is based on Migdal's theorem and neglects
Jahn-Teller effects. The experience above suggests that
the coupling constants derived from Eq. (4) may therefore
be too small ~ For the two lowest modes, with the
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strongest coupling, Eq. (4) gives a coupling that is a factor
of 1.5 smaller than the present coupling but a factor of
2.5 —10 larger than the calculated ones.

Finally, we consider the implications for superconduc-
tivity. We treat A3C6p, and describe the t], band by a
0.5 eV broad Lorentzian band with N(0) = 7.2 (A = K)
and 8.1 (A = Rb) states per spin and eV [20]. The repul-
sive Coulomb interaction is described by a pseudopoten-
tial p, '. We have solved the Eliashberg equation, using
the couplings deduced here. To reproduce the T, (18 K)
of K3C6p and (28 K) of Rb3C6p, we have to use p,

* = 0.6.
This is even somewhat larger than the fairly large value
0.4, obtained in earlier calculations [5]. Although the cal-
culations of p,

* and T, involve many approximations, they
illustrate that even if retardation effects may not reduce p,

"'

for A3C6o nearly as much as is assumed for conventional
superconductors [5], A may still be large enough to explain
T, in terms of an electron-phonon mechanism. We have
calculated the isotope effect and found u = 0.32 for K3C60
and n = 0.37 for Rb3C6p. There are several measurements
of the isotope effect for Rb3C6o [21—24], giving very dif-
ferent results. The probably most reliable measurement,
using 99% substitution, gave n = 0.30 ~ 0.05 [24]. We
have further calculated the reduced gap 2A/T, and found
3.59 for K3C6o and 3.66 for Rb3C6p. Such BCS-like (3.52)
values are also found in optical experiments [25] (3.44 and
3.45 for K3C60 and Rb3C60, respectively) and in muon spin
relaxation experiments [26] (3.6 for Rb3C6o), while tun-

neling experiments give a much larger result [27] (5.3 for
Rb3C6p).

We have presented experimental and theoretical pho-
toemission spectra for C6p, and deduced electron-phonon
coupling constants. The proper inclusion of the Jahn-
Teller effect and multiple phonon excitations in the cal-
culations was found to be essential. It would be very
interesting to go beyond the sudden approximation used
here. The deduced couplings are consistent with inelas-
tic neutron scattering data, but a factor of 2—3 larger than
available calculations. This raises interesting questions
about the accuracy of the calculational methods, e.g. , for
the phonon eigenvectors. The deduced couplings together
with an earlier estimate of the Coulomb pseudopotential
p, give T, of the correct order of magnitude, providing
support for electron-phonon coupling being the driving
mechanism for the superconductivity.

We want to thank P. Bruhwiler for helpful discussions.
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