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Mott-Hubbard-like Behavior of the Energy Gap of A4C60 sssA 5 Na, K, Rb, Csddd and Na10C60
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(Received 5 June 1997)

We have studied the low energy electronic excitations ofA4C60 sA  Na, K, Rb, Csd and Na10C60

using electron energy-loss spectroscopy in transmission. Our results provide evidence for a Mott-
Hubbard ground state in these compounds together with a Jahn-Teller distortion of the fullerene
molecules. The behavior of the energy gap as a function of lattice parameter and crystal symmetry
could be successfully modeled within this framework. We conclude that a comprehensive understanding
of the A4C60 and A3C60 materials requires the consideration of both a Jahn-Teller distortion owing to
strong electron-phonon coupling and electron correlation effects. [S0031-9007(97)04198-7]

PACS numbers: 71.20.Tx, 71.27.+a
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The intercalated fullerene compoundsA3C60 andA4C60

sA  alkali metald exhibit a variety of intriguing physi-
cal properties. One of the most striking differences b
tween them is their electronic ground state. While th
A3C60 compounds are metals [1] and even supercondu
tors [2,3],A4C60 compounds are insulators [4–6], althoug
both formally have a partly filled conduction band an
are thus expected to be metals within a one-electron d
scription. This demonstrates that a complete understa
ing of the electronic properties of these materials requir
the consideration of phenomena such as electron-phon
and electron-electron interactions that can significantly a
ter the electronic structure of solids from the expectatio
of one-electron theory. Indeed, it has been shown that b
types of interaction are present in fullerene compoun
and have considerable impact on various properties [
Consequently, these materials are also of general int
est because, through their study, one can gain import
insight into the interplay of different quasiparticle inter
actions which plays an important role in many correlate
systems such as, e.g., the high temperature supercond
tors. Furthermore, fullerenes are ideal model compoun
for investigating electron correlation effects in degenera
systems.

Despite a large number of experimental and theoretic
studies, the relative importance of electron-phonon a
electron-electron interactions as regards the ground st
of A3C60 and A4C60 is still under discussion. The
range of proposed scenarios reaches from the conclus
that stoichiometricA3C60 and A4C60 are Mott-Hubbard
insulators due to strong electronic correlations [8,9], v
descriptions ofA3C60 as a correlated metal andA4C60
as a Mott-Hubbard [10,11] or band [12] insulator, to th
inference thatA4C60 is a Jahn-Teller insulator owing to
strong electron-phonon coupling [13,14].

In order to elucidate these points we have carried o
a systematic study of the low-lying electronic excitation
in A4C60 sA  Cs, Rb, K, Nad using electron energy-loss
spectroscopy (EELS) in transmission. We have also exa
inedNa10C60 as this compound also has a conduction ban
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which is partly filled with an even number of electrons [15]
and its loss function is strikingly similar to those of the
A4C60 materials [16]. We show that the energy gap of th
compounds studied is strongly dependent on both the la
tice constant and the crystal symmetry. This behavior ca
be understood by taking electron correlation effects int
account, which indicate a correlated ground state for the
compounds. In addition, higher-lying excitations indicate
the presence of a Jahn-Teller distortion of the molecule
Thus, a combination of both Jahn-Teller and correlation e
fects is probably responsible for the different ground state
of A4C60 andA3C60.

The preparation of thin fullerene films is described else
where [17]. Alkali metals were added from an SAES get
ter source under ultrahigh vacuum conditions while th
film was held at 550 K untilA6C60 sA  Na, K, Rb, Csd
stoichiometries were reached, as determined fromC1s
core excitation and electron diffraction spectra. In or
der to obtain films withA4C60 stoichiometry, the films
were then heated to 570 K (130 h), 670 K (27 h), 680 K
(26 h), and 690 K (12 h) forA  Na, K, Rb and Cs, re-
spectively, in order to distillA4C60 films [18]. Recently,
we have shown that vacuum distillation can be used t
prepare single phase samples for transmission EELS stu
ies [19]. The films were characterized using electro
diffraction. The K4C60, Rb4C60, and Cs4C60 samples
were found to be body-centered tetragonal (bct), while fo
Na4C60 a face-centered cubic (fcc) diffraction profile was
observed, consistent with x-ray diffraction data in the lit
erature [20,21]. We emphasize that with our preparatio
procedure we do not obtain the body-centered polymer
Na4C60 phase which has been reported recently [22] bu
that ourNa4C60 film clearly has fcc symmetry. No in-
dication of other phases could be observed. ForCs4C60,
Rb4C60, and K4C60 further annealing at the abovemen-
tioned temperatures did not lead to further changes
film composition or structure, demonstrating that the vac
uum distillation process was carried out to completion. I
contrast, under similar conditions, the sodium concentra
tion in Na4C60 decreased, consistent with a solid solution
© 1997 The American Physical Society
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behavior. Na10C60 films have been prepared by subs
quent Na addition and annealing at 420 K for seve
cycles. Further details are described in Ref. [16].

The electron diffraction and EELS measurements we
performed in transmission at room temperature using
170 keV spectrometer described elsewhere [23]. T
energy and momentum resolutions were chosen to
115 meV and 0.05 Å21. The raw data have been cor
rected for contributions from the elastic line. In orde
to obtain the optical conductivity from the measured lo
functions we have performed a Kramers-Kronig analys
Our results forK4C60 are in very good agreement with
those obtained from reflectivity measurements [24] a
EELS in reflection [25].

In Fig. 1 we show the optical conductivitys of the
compounds studied in an energy range of 0–2.2 e
When compared to the optical conductivity ofA6C60
materials [24], the curves shown in Fig. 1 are rich
structure. Four features at about 0.6, 1.0, 1.3, and 1.6
are visible. Going toNa10C60, K4C60, and Na4C60 a
broadening of the structures is observed and the fi
feature shifts to lower energies. To explore this behav
further we have modeled the optical conductivity using
sum of Lorentz oscillators,

ssvd  e0

X
j

v2fjgj

sv2
j 2 v2d2 1 v2g

2
j

. (1)

The results of this fit are given in Table I.
The crystal structures of the compounds under investi

tion differ in both their lattice parameters and symmetr
i.e., the number of nearest neighbors. Both these qu
tities determine the volume of the primitive unit cellVp

FIG. 1. The optical conductivitys of A4C60 and Na10C60
compounds as derived via a Kramers-Kronig analysis of t
measured loss function. The curves are offset in they direction.
For Cs4C60 we additionally show the decomposition ofs into
the four Lorentz oscillators and the background due to high
lying excitations.
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TABLE I. Parameters derived from a Lorentz fit of th
curves shown in Fig. 1 (vj equals oscillator position,gj equals
oscillator width, andfj equals oscillator strength). Also given
is the volume of the primitive unit cellVp sÅ3d.

Cs4C60 Rb4C60 K4C60 Na4C60 Na10C60

v1 0.61 0.61 0.5 0.25 0.38
g1 0.3 0.3 0.4 0.3 0.35
f1 0.3 0.4 1.2 1.3 0.58
v2 0.98 0.98 0.92 0.92 0.94
g2 0.3 0.3 0.4 0.5 0.5
f2 1.0 1.08 1.06 1.15 1.25
v3 1.28 1.28 1.25 1.15 1.27
g3 0.3 0.3 0.4 0.5 0.5
f3 0.37 0.38 0.4 0.6 0.67
v4 1.59 1.59 1.56 1.6 1.62
g4 0.3 0.3 0.4 0.5 0.5
f4 0.33 0.48 0.35 0.39 0.46
Vp 831 788 758 713 778

which is also given in Table I. In Fig. 2 we show the e
ergy positions and relative oscillator strengths of the fi
four transitions as a function ofVp. As can be seen, the
energy position of the three higher-lying transitions (op
squares, circles, and triangles) is almost independent ofVp ,
and their oscillator strength also hardly varies. In co
trast, the first transition (filled squares), which represe
the energy gap, significantly shifts to higher energies w
increasingVp while its oscillator strength considerably de
creases. In a solid consisting of relatively weakly intera
ing molecules, one has to distinguish between electro
excitations that are confined to a molecule and those wh
involve a transfer of the excited electron to a neighbo
ing molecule. While the latter strongly depends upon t

FIG. 2. The energy positionvj and oscillator strength [rela-
tive to that ofCs4C60 (see also Table I)] of the four low-lying
excitations shown in Fig. 1 plotted as a function of the volum
of the primitive unit cellVp.
2715
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interaction of the molecules, i.e., their distance and coord
nation, the first is only weakly influenced by these param
ters. We therefore conclude from Fig. 2 that the optic
gap inA4C60 andNa10C60 is defined by an excitation to
an adjacentC60 molecule. The higher-lying excitations,
however, are intramolecular transitions between differe
electronic levels. Comparing the data in Fig. 1 to thos
of A6C60 [24,26] (which exhibit only one structure cen-
tered at about 1.1 eV arising fromt1u ! t1g transitions),
it is clear that the highly degenerate electronic levels
C60 must be split inA4C60 andNa10C60. The most likely
mechanism for such a splitting is a Jahn-Teller distortio
of the molecules, which has been predicted to be of t
order of 0.2 eV for thet1u and t1g derived levels of a
C42

60 molecule [27,28], consistent with the energy separ
tion of the observed structures in Fig. 1. ForNa10C60, is
has been shown that the charge transfer from sodium
C60 is incomplete, resulting inC82

60 [15,16], and it is rea-
sonable to assume a similar Jahn-Teller splitting for the
C82

60 molecules. Our interpretation is supported by res
nant Raman [29] and nuclear magnetic resonance [14] e
periments in which an (optically forbidden) excitation ha
been observed at about 0.2 eV forA4C60 compounds which
can be attributed to transitions between the splitt1u derived
states. Furthermore, optical studies [24] have reported
splitting of theT1us4d vibrational mode inA4C60, and a sig-
nificant broadening of theC1s excitation edges has been
observed using EELS forA4C60 [26] and Na10C60 [16]
which is also fully consistent with a Jahn-Teller distortio
of the fullerene molecules.

The insulating ground state ofA4C60 and the observed
behavior of the energy gap, however, cannot be und
stood within a Jahn-Teller scenario. Firstly, the Jah
Teller splitting of the molecular levels is considerabl
smaller than the calculated one-particle bandwidth [30
from which one would therefore expect the system to r
main metallic. Secondly, the calculated bandwidths fo
fcc and bct fulleride systems are very similar [30,31].
is thus impossible to rationalize the observed differen
in the magnitude of the gap betweenK4C60 (bct) and
Na4C60 (fcc) on the basis of a Jahn-Teller model becau
the gap then would depend solely on the Jahn-Teller sp
ting and the bandwidths, both of which hardly chang
The energy shift of the gap as a function ofVp indicates
transitions to adjacent molecules, and one should theref
seriously consider electron correlation effects. ForC60
it has been shown that the on-site correlation energyU
in the solid is about 0.8–1.6 eV [7,8] and thus comparab
to the bandwidth of these materials. We therefore a
tribute the first peak observed in Fig. 1 to transitions fro
the lower to the upper Hubbard band. These are dipo
allowed as they involve states on different molecules.

In the following, we explore this idea further and
show that the size and the shift of the energy gap
the materials studied here can be satisfactorily explain
within a simple Mott-Hubbard description. The gapD in
2716
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a half-filled correlated fulleride system roughly behaves
as [11]

D , sU0 2 dUd 2
p

N W . (2)

The parameters are the bare on-site correlation energ
U0 , 2.9 eV [7], the screening of this energy is due to
polarizationdU , 1.58 eV for a bct lattice with lattice
constantsa  11.886 Å and c  10.774 Å, and dU ,
1.69 eV for an fcc lattice with a  14.1 Å [32], the
orbital degeneracyN of the moleculart1u levels which
form the conduction bandsN  3d, and the conduction
bandwidth W . For systems with fourfold occupiedt1u

states,
p

N is reduced to
p

Neff  s
p

2 1
p

3 dy2 [33,34].
The lattice dependence ofD enters via those parameters

which are a function of the nearest neighbor distanced:
dU ~ d24 (Ref. [8]) andW ~ d22 (Ref. [35]). Further-
more, band-structure calculations give a width of thet1u

derived bands ofW  0.61 eV for K3C60 sd  9.927 Åd
[31] and 0.56 eV for K4C60 sd  9.969 Åd [30]. With
the figures given above we obtain the gap as a function o
d, Dsdd, sd0  9.969 Åd:

Dsdd , U0 2 dU
d4

0

d4 2
p

Neff W
d2

0

d2 . (3)

In Fig. 3 we show thed dependence ofD for crys-
tals with bct (A4C60, A  K, Rb, Cs) and fcc symmetry
(Na4C60, Na10C60). Additionally depicted are the gap val-
ues as derived from the optical conductivities shown in
Fig. 1. The agreement between the expectation derive
from the simple model in Eqs. (2) and (3) and the measured
gap values is remarkably good. This strongly indicates tha

FIG. 3. The experimentally determined energy gapD of
A4C60 and Na10C60 compounds as a function of the nearest
neighbor distanced (symbols). The error bars give an estimate
of the uncertainties arising from the normalization procedure in
the Kramers-Kronig analysis and the elastic line subtraction.
The solid lines show the expected behavior for fcc (lower
line) and bct phases (upper line) within a simple Mott-Hubbard
model (see text).
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alkali metal intercalated fullerene compounds with condu
tion bands that are partly filled with an even number o
electrons have a correlated ground state, i.e., they are M
Hubbard insulators. This seems to be in contradiction
the observation thatA4C60 compounds are nonmagnetic
[4], whereas Mott-Hubbard insulators are usually magne
having local magnetic moments, i.e., a local high-spin co
figuration. On the other hand, our results above also ind
cate a Jahn-Teller splitting of theC60 molecular electronic
levels and such a splitting could stabilize a low-spin (non
magnetic) ground state if the Jahn-Teller splitting ove
comes the Hund’s rule exchange energy. Thus, both t
Jahn-Teller effectandelectronic correlations are importan
in understanding the ground state ofA4C60 andNa10C60,
and one is led to the conclusion that these materials d
serve the namenonmagnetic molecular Jahn-Teller Mott
insulators[36].

The question now arises whether theA3C60 compounds
are metallic, although electronic correlations are stron
and render theA4C60 materials insulating. A relatively
small but important difference between these two class
of compounds is the Jahn-Teller contribution to th
correlation energyUJT [28]. While in A4C60 it provides a
positive contribution, thus stabilizing an insulating groun
state,UJT is negative forA3C60 sUJT , 20.2 eV d [28]
which helps to reduce correlation effects. Considerin
the observed gap for fccNa4C60 of ,0.25 eV and the
reduction ofU due to the Jahn-Teller contribution [28],
one would expect theA3C60 compounds to be metallic
although still correlated. This has also been conclud
from theoretical considerations [11].

To summarize, we have shown that a complete descr
tion of the electronic properties of alkali metal intercalate
fullerides requires the inclusion of both electron correla
tion and Jahn-Teller effects. A combination of these tw
mechanisms most likely stabilizes an insulating correlat
ground state of theA4C60 compounds, while inA3C60 they
partly cancel, which places these phases on the meta
side of the Mott metal insulator transition.

We are grateful to Olle Gunnarsson for fruitful discus
sions, and thank M. Sing and M. S. Golden for a critica
reading of the manuscript.
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