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Narrow-band conductors may turn insulating and magnetic as a consequence of strong electron-electron
correlation. In molecular conductors, the concomitance of a strong Jahn-Teller coupling may give rise to the
alternative possibility of a nonmagnetic insulator, with or without a static cooperative Jahn-Teller distortion. In
the latter case the insulator has Mott-like properties, with an interesting interplay between electron-electron
repulsion and the Jahn-Teller effect, which is dynamical. We study this kind of nonmagnetic insulator in a very
simple E^e Jahn-Teller model and we discuss its general properties in a more general context, also in
connection with the insulating state of K4C60 and Rb4C60. @S0163-1829~97!03919-2#
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I. INTRODUCTION

The existence of a model of conducting electrons wh
turns into a nontrivial paramagnetic Mott insulator at ze
temperature is a long-standing question. The problem ca
formulated in the following way. Let us consider a mod
which is supposed to be a metal if some kind of correlat
~among the electrons or between the electrons and the i!
is neglected. Can these correlations turn the model int
Mott insulator, as opposed to a band insulator?~For a band
insulator we mean a system which fits all the standard o
electron criteria of an insulator, i.e., an even number of
lence electrons per unit cell, an integer number of fill
band, and a band gap.! In fact, in spite of many efforts, man
of the models which have been proposed to this end bec
insulating by enlarging the unit cell and consequently red
ing the Brillouin zone so to fit those criteria. Typical e
amples are the Hubbard model inD.1 or the one-
dimensional Su-Schrieffer-Hegger~SSH! models at half
filling. In these cases the density corresponds to one vale
electron per unit cell, so the models should be in princi
metallic. However, the electron-electron interaction in t
Hubbard model and the electron-phonon coupling in the S
model force on the system a staggered order param
which doubles the unit cell, so that the systems acquire
prerequisite for being insulators, and in fact they beco
insulating.

In this paper we are going to describe an alternative k
of Mott insulator. Let us consider a lattice made of molecu
which have unfilled degenerate valence orbitals occupied
an evennumber of electrons. Let us briefly discuss how t
lattice of such molecules might be insulating. A first trivi
possibility is that the crystal field and the electron hopp
550163-1829/97/55~20!/13465~8!/$10.00
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split the degeneracy so to give rise to a band insulator o
filled by the available electrons. We are not going to consi
this case. That is we will assume that, even after the cry
field and the hopping are duly taken into account, the res
ing band structure still implies a metallic state. In such
situation, considering electron-electron repulsion, a Mott
sulating behavior may still occur because the energy cos
change the valence of a molecule by61 electron overcomes
the gain in energy due to the electron hopping. Specifica
if the isolated molecule has 2n valence electrons and w
define an effective HubbardUeff as

2Ueff5E~2n11!1E~2n21!22E~2n!, ~1!

whereE(m) is the molecular ground state energy withm
valence electrons, a Mott state can be expected
Ueff@W, whereW is the electron bandwidth.

However, in this case we still have two possible routes
an insulating state. If the molecular ground state has a n
zero spin due to a prevailing Hund’s rule coupling, the ins
lator will likely be magnetic, similarly to the previously dis
cussed Hubbard model at half filling. In particular, th
neighboring molecules will couple either ferromagnetica
or antiferromagnetically depending upon the detailed prop
ties of the system.

In the alternative case where the molecular ground sta
a singlet, we expect instead a nonmagnetic Mott insulato
possible mechanism for a Hund’s rule violation, leading to
singlet in a molecule with partially filled orbitals, is of cours
provided by the Jahn-Teller~JT! effect. Let us therefore as
sume that the coupling to some vibrational mode is able
split the degeneracy of the molecular orbitals favoring, in
absence of Coulomb repulsion, a nondegenerate singlet s
In the following we will consider a coupling to a local vi
13 465 © 1997 The American Physical Society



n
-
n

r
o

tic
te
te
e
ns
iz
th
a-
t o

ta
a

uc
ne
in
ug

c
an

ec
ag
e

ty
o
in
e

no
n
th
-
o

l-
,
w
it
o
el
an
e
in
ed
w
n
ea
pl
av

dif-
is
o
ron

, in
to

ol-
n

s
als,

el.
,
lar
,

get

ated

13 466 55MICHELE FABRIZIO AND ERIO TOSATTI
bron, driving the single molecule to a Jahn-Teller distortio
Then, if the JT energy splittingDEJT between the nondegen
erate singlet and the high-spin states overcomes the Hu
rule ~Coulomb! splittingDEHund, then the molecular ground
state is the nondegenerate singlet and the insulato
nonmagnetic.1 @Notice that the JT effect will in general als
contribute to an increase ofUeff in Eq. ~1!.#

Now, there are still two possibilities for both the magne
and nonmagnetic insulators. If the intramolecular coordina
can be treated as classical, we can fix them at each si
some values and then solve the electron problem in the
ternal potential provided by the static molecular distortio
The ground state lattice configuration is found by minim
ing the total energy given by the vibrational energy plus
electron energy~in the presence of the molecular deform
tion!, and in general consists of a periodic arrangemen
statically distorted molecules~cooperative JT effect!. Note
that a commensurate distortion might turn the metallic s
into an insulator even ifUeff;W as a consequence of
nested Fermi surface.

A second and newer possibility arises if the quantum fl
tuations of the intramolecular coordinates cannot be
glected. This is the case, for example, with a large spac
between the lowest rotational levels in the Jahn-Teller tro
potential~or the tunnel splitting in a warped one! compared
with the intermolecular coupling. In this case a static colle
tive molecular distortion may become disadvantageous
the rotational~or cubic, or bct, etc.! symmetry of each mol-
ecule dynamically restored~dynamic JT effect!. This would
be a quite interesting situation in which the Jahn-Teller eff
plays a crucial role in making the insulating state nonm
netic without revealing itself by a cooperative distortion. W
will define this insulator as a Jahn-Teller-Mott~JTM! insu-
lator.

Hence, a lattice of molecules with this kind of proper
can in principle display a variety of behavior depending up
the relative strengths of the parameters which come
play. If Ueff@W, we expect an insulating behavior to b
either magnetic, if DEHund@DEJT, or nonmagnetic, if
DEJT@DEHund. On the contrary, ifW@Ueff , a metallic state
should be favored. A cooperative JT effect may or may
be present depending on the value of the lowest rotatio
frequencies compared to the intermolecular coupling. In
particular case ofDEJT@DEHundwe expect that, as the band
width increases, a transition should take place from a n
magnetic insulator to a metal.

A source of inspiration for this work has been the fu
lerides K4C60 and Rb4C60, which, as we discuss in Sec. IV
have many features in common with the general model
have previously discussed, although in these materials
still unclear from the experimental and theoretical point
views which of the above introduced scenarios is effectiv
realized. However, our main purpose here is to introduce
discuss a mechanism for the occurrence of a nonmagn
Mott insulator, which may, in way of principle, be realized
a different system, even though not yet found or studi
Therefore, since the situation in fullerenes is still open,
have postponed the discussion of the possible realizatio
this insulating state in those materials to Sec. IV. We inst
use the following two sections to study a prototype sim
model which does show all the interesting features we h
.
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previously foreshadowed, depending on the values of the
ferent parameters in the Hamiltonian. Specifically, th
model consists of a lattice of ‘‘molecules,’’ each with tw
degenerate orbitals coupled to a doubly degenerate vib
(E^e Jahn-Teller problem2!. Different molecules are then
coupled via a single particle electron hopping term, and
addition, an intramolecule Coulomb interaction is taken in
account.

II. SINGLE MOLECULE

We start by describing our modeling of the isolated m
ecule. We take the following molecular Hamiltonia
(\51):

Ĥ5
v0

2
~pW 21rW2!1v0grW•tW1Ĥ int , ~2!

where rW is a two-dimensional vibrational coordinate,pW its
conjugate momentum, andtW are pseudospin-1/2 matrice
acting in the space of the two-degenerate electronic orbit
i.e.,

t15(
s

c1s
† c2s , ~3!

tz5
1

2(s ~c1s
† c1s2c2s

† c2s!. ~4!

The interaction partĤ int of the Hamiltonian can be written in
the form

Ĥ int5Un21V~tx
21ty

2!, ~5!

which takes into account the planar symmetry of the mod
Heren5(sc1s

† c1s1c2s
† c2s is the total occupation number

and U,V are positive interaction parameters. In particu
U will limit fluctuations of total charge of the molecule
while V controls the internal spin and orbital state.

By rewriting in polar coordinatesrW5(rcosf,rsinf) the
coupling between the vibron mode and the electrons, we

rW•tW5 1
2 re

ift21H.c. ~6!

The angular coordinate dependence can be partly elimin
via the ~non-Abelian! gauge transformation:

Ĥ°ÛĤÛ†,

where

Û5eiftz. ~7!

Under this transformation

c1s°c1se
2 if/2,

c2s°c2se
if/2, ~8!

so that the Hamiltonian~2! simplifies into
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TABLE I. Electronic eigenstates and eigenvalues at fixedr , for occupation numbersn51,2,3.

n Quantum numbers E(r )

1 s51/2, tx521/2 U1V/22v0gr/21v0 /(8r
2)

1 s51/2, tx51/2 U1V/21v0gr/21v0 /(8r
2)

2 s50, tx
251 4U13V/21v0 /(4r

2)2AV2/41v0
2g2r 2

2 s51, t50 4U
2 s50, tx

250 4U1V1v0 /(2r
2)

2 s50, tx
251 4U13V/21v0 /(4r

2)1AV2/41v0
2g2r 2

3 s51/2, tx521/2 9U1V/22v0gr/21v0 /(8r
2)

3 s51/2, tx51/2 9U1V/21v0gr/21v0 /(8r
2)
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Ĥ52
v0

2r

]

]r S r ]

]r D2
v0

2r 2 S ]

]f
1 i tzD 2

1
v0

2
r 21v0grtx1Ĥ int . ~9!

The angular part of Eq.~9! is simply diagonalized by eigen
functions exp(ilf). Moreover, since the total wave functio
must not change upon varyingf by 2p, as a consequence o
the gauge transformation~7! l has to be an integer for a
even electron number and a half odd integer for an odd e
tron number. Due to the symmetryl→2l and to the spin
degeneracy, each level for odd electron number is at l
four times degenerate~in this case the dynamic JT effec
does not split the orbital degeneracy!. On the contrary, for
two electrons~the states with zero or with four electrons a
trivial! the degeneracy is lifted and the ground state is n
degenerate. Let us now assume a strong JT coupling,g@1,
and calculate the ground state and lowest energy spec
with an accuracy of orderg22. In this limit, we can adopt a
Born-Oppenheimer~BO! approximation scheme for th
transformed Hamiltonian~9!. In fact, the ‘‘electronic’’ states
~notice that the transformed electrons are indeed a mixin
purely electronic and vibrational degrees of freedom!, which
are not orbital singlets, will be split by the electron-vibro
coupling of terms of orderv0g^r &, where^r & is the average
value of the vibron displacement in the BO approximatio
which is different for different electronic configurations.
g@1, the energy differences between different electro
configurations will be much larger than the lowest excitat
energies within the Jahn-Teller trough potential, thus just
ing the BO approximation.

We therefore start by calculating the electronic energ
and eigenstates at fixedr . These are listed in Table I fo
different occupation numbersn51,2,3, where each eigen
state is identified by a set of quantum numbers. In particu
when the total orbital momentum is not zero, the appropr
orbital quantization axis isx.3 It is therefore useful to intro-
duce the rotated orbitals which diagonalizetx , defined by

d1s5
1

A2
~c1s1c2s!, ~10!

d2s5
1

A2
~c1s2c2s!. ~11!
c-

st

-

m
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,

c

-

s
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The next step is to diagonalize the Hamiltonian for t
vibrational coordinates using the electronic eigenvalu
E(r )’s of Table I as effective potentials. We are going
discuss the final result only for the lowest energy states.

For two electrons, the molecule has two sets of low e
ergy states. The first one is spin singlets which take m
advantage from the JT effect~see Table I!. Notice, however,
that the vibrational potential energy of this state shows
minimum at finiter only if 2v0g

2.V, otherwise the mini-
mum stays atr50. This describes the competition on th
single molecule between Hund’s rule, which is related toV
of Eq. ~5!, against a JT effect. If the latter is strong enoug
so that 2v0g

2.V, then a distorted potential energy min
mum develops at

r *5gA12S V

2v0g
2D 2,

and the low energy spectrum of singlets is

1El ,l
~2!.S l1 1

2Dv*1
v0

2 S l

r *
D 2

2
v0

2
g22

V2

8v0g
2 14U1

3

2
V, ~12!

where l50,1,2, . . . is the quantum number labeling t
small oscillations in the JT potential well, whose frequen
v* is

v*5v0A12
V2

4v0
2g4

, ~13!

andl50,1,2, . . . is the angular momentum eigenvalue.
Eq. ~12! we have omitted constant terms of order>v0 /g

2 as
well as l - andl-dependent terms of higher order.

The second set of states for the two-electron molec
consists of spin triplets. Since these are orbital singlets,
JT coupling is ineffective and the low energy spectrum
simply

3En1 ,n2
~2! 5~n11n211!v014U. ~14!

If the JT energy gain overcomes the Hund’s rule gain, tha
if

v0

2
g21

V2

8v0g
2.

3

2
V, ~15!
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then the ground state is a spin-singlet belonging to the
~12!, and the lowest singlet excitations in theg@1 limit are
obtained by increasing the angular momentuml.

When the molecule is occupied by one or three electro
on the other hand, the low energy spectrum is simply

2El ,l
~1,3!.S s1

1

2Dv012v0S l

gD 22 v0

8
g21Un21

V

2
, ~16!

wheren51 or n53, respectively, andl is half an odd in-
teger.

When condition~15! is fulfilled, i.e., when then52 mo-
lecular ground state is a spin singlet, the effective Hubb
Ueff is given by

2Ueff5
2E1/2,0

~1! 12E1/2,0
~3! 221E0,0

~2!

.
3

4
v0g

212U1
V2

4v0g
2 2V. ~17!

We are interested in the case where the aboveUeff is much
bigger than the electron bandwidthW.

III. A LATTICE OF MOLECULES
WITH TWO ELECTRONS PER SITE

Let us now consider a lattice of molecules, each of th
described by the molecular Hamiltonian~2!, with an average
electron density of two electrons per site~half filling!. As
previously discussed, we assume that forn52 the molecular
ground state is a singlet due to the Jahn-Teller effect prev
ing the Hund’s rule. If the molecules were uncoupled,
system would be a trivial insulator made of independent
namic Jahn-Teller molecules each doubly occupied and n
degenerate. An intermolecular coupling is introduced vi
single particle hopping of the general form

T̂52(
i j

(
s

(
a,b51

2

t i j
abcias

† cjbs . ~18!

We will assume that the hopping energy is smaller eno
than the effective HubbardUeff of Eq. ~17!, so that the addi-
tion of Eq. ~18! into the Hamiltonian does not automatical
turn the system into a metal. Nevertheless the interplay
tween the on site energy and the hopping can in princ
lead to different situations, as anticipated in the Introducti

A. Effective model in the strong Jahn-Teller coupling limit

In this section we are going to derive an effective mo
valid in the limit Ueff@W andg@1. In the absence of the
hopping term~18!, each molecule would be in its groun
state with quantum numbers (l ,l)5(0,0) and total spin
S50 @see Eq. ~12!#. The hopping mixes the molecula
ground state with the excited states. We will concentr
only on singlet excitations which do not change the values
l , i.e., we will keep only the excitations to largerl ’s. To be
consistent, we must consider only excitations up tol;g.
Within these approximations, the second order perturba
theory in Eq.~18! provides, as we are going to show, a
effective intermolecular contributionĴ to the Hamiltonian
which only acts on the subspace with molecular quant
et

s,

d

il-
e
-
n-
a

h

e-
le
.

l

e
f

n

numbersl50 andS50 but differentl ’s. The matrix ele-
ments of this term are formally given by

^a8uĴua&5(
b

^a8uT̂ub&^buT̂ua&
1

Ea2Eb
, ~19!

where in the statesua& and ua8& all the molecules are in
eigenstates belonging to the set of Eq.~12! with l50. After
the gauge transformation~7! is performed, Eq.~18! is trans-
formed into

T̂52(
i j

(
s

t i j
11ei ~f i2f j !/2c1is

† c1 js1t i j
22e2 i ~f i2f j !/2c2is

† c2 js

1t i j
12ei ~f i1f j !/2c1is

† c2 js1t i j
21e2 i ~f i1f j !/2c2is

† c1 js ,

which, in terms of the orbitalsd1 and d2 of Eqs. ~10! and
~11!, becomes

T̂52(
i j

(
s

(
a,b51

2

Ti j
abdais

† djbs . ~20!

The hopping matrix elements in the above equation are

2Ti j
ab5~ t i j

11ei ~f i2f j !/21t i j
22e2 i ~f i2f j !/2!dab

1~ t i j
11ei ~f i2f j !/22t i j

22e2 i ~f i2f j !/2!sab
x

1~ t i j
12ei ~f i1f j !/21t i j

21e2 i ~f i1f j !/2!sab
z

2 i ~ t i j
12ei ~f i1f j !/22t i j

21e2 i ~f i1f j !/2!sab
y . ~21!

Both our initial and final molecular states,ua& and ua8& in
Eq. ~19!, have the orbitalsd2 of Eq. ~11! doubly occupied at
each site. Therefore the only processes allowed at sec
order by the hopping correspond to move an electron fr
an orbitald2 at sitei into ad1 orbital at sitej ~which is the
only one available! or vice versa, and then move it back. Th
sum over the intermediate statesub& in Eq. ~19! only runs
over molecular configurations in which two molecules are
a state with an odd number of particles and in general w
l>0,l>0. In theUeff@(W,v0) limit, the energy denomina-
tor in Eq. ~19! can be taken as a constant.22Ueff for any
ub&. Consequently the sum overub& becomes unity for
completeness, which implies, for instance, that the hopp
is not renormalized by any Ham reduction factor. Under
the previous assumptions, the explicit expression of Eq.~19!
reads

Ĵ52
1

2Ueff
(
i j

~Ti j
12!*Ti j

121Ti j
21~Ti j

21!* , ~22!

which, through Eq.~21! and apart from constant terms,
equal to

Ĵ5
1

8Ueff
(
i j

~ t i j
11* t i j

22e2 i ~f i2f j !1c.c.!

1~ t i j
12* t i j

21e2 i ~f i1f j !1c.c.!. ~23!

Notice that an analogous intermolecular phase coup
would also arise from multipolar forces among the m
ecules. We will not take these forces explicitly into accou
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even though they are as well important, since their inclus
does not modify the following qualitative discussion.

In addition to the intermolecular interaction~23!, we must
add the intramolecular orbital energyĤ0, which in the same
g@1 limit is

Ĥ052
v0

2r
*
2 (

i

]2

]f i
2 . ~24!

The sum of Eqs.~23! and ~24! thus represents the effectiv
Hamiltonian acting on thephasesof the molecular vibrons a
a leading order in 1/Ueff and 1/g

2. On one hand, the intersit
coupling ~23! tends to fix statically the phase of each mo
ecule to get an advantage from the electron hopping~coop-
erative Jahn-Teller effect!. On the other hand, the on sit
rotational energy favors a state in which the angular mom
tum is fixed and consequently the phase is indetermin
~dynamical Jahn-Teller effect!.

From the above discussion we expect that, as the inter
lecular interaction increases with respect to the lowest r
tional frequency, the model should undergo a transition fr
a state where the vibron phase is disordered to a state w
it orders. In both cases the system is insulating. The tra
tion to a metallic phase cannot be described in this sche
which is valid only in the limit of bandwidth much smalle
thanUeff .

B. Excitations in the insulating phase

A possible way of discriminating among the two kinds
nonmagnetic insulator states, one which is accompanied
cooperative JT effect and another one which is not,
through the study of the low energy excitations. Let us s
with the dynamical case, i.e., let us assume that the rotati
frequency overcomes the intermolecular coupling.

The first kind of excitation that we consider is a neut
spin-1 exciton. A single molecule is in a triplet state with, f
instance,Sz51 and it has both orbitals singly occupied wi
a spin up electron. No JT effect occurs in this case. All
other molecules are in the singlet molecular ground s
with l5l50 @see Eq.~12!#. This state is obviously degen
erate since any of the molecules can be in the triplet st
This degeneracy can be lifted by the single particle hopp
via a second order process~see Fig. 1!. As a consequence th
triplet excitation moves coherently with an exciton hoppi
Hamiltonian given by

FIG. 1. Second-order process responsible of the motion of
S51 excitation.
n
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G

2Ueff
(
i j

^Ti j
11Tji

22&u i &^ j u, ~25!

where the averagê& is over molecular states withl50, and
gives

^Ti j
11Tji

22&5 1
4 ~ ut i j

11u21ut i j
22u22ut i j

12u22ut i j
21u2!.

The constantG in Eq. ~25! is a Ham’s factor reducing the
bandwidth of the spin-1 excitations and comes from
overlap of the vibronic wave functions with and witho
Jahn-Teller distortion. In conclusion, there are triplet exci
tions which can move coherently throughout the lattice.

The second coherent excitation that we consider
charged. Let us suppose that we add~or remove! one elec-
tron, as in a photoemission experiment. First let us neg
electron hopping. The additional electron modifies the oc
pancy of a single molecule leading to a degenerate gro
state with l50, two electrons in thed2 orbital, one in the
d1, andl561/2. As for the exciton, also this charged exc
tation can move coherently, i.e., without changing the to
energy during the hopping process, and gives rise to
bands resulting from the molecular degeneracyl561/2.
The general Bloch wave function is

ukW 6&5
1

A2N(
RW

~ uRW ,l511/2&6uRW ,l521/2&)e2 ikW•RW ,

RW being the position of the added electron andN the number
of sites. The energy of this state is obtained by applying
hopping Hamiltonian~20! and is simply

e6~kW !5
G

2(rW
~ t
11
rW6t

12
rW!e

2 ikW•rW,

wheret i j
ab5t i2 j

ab . We note that these bands look exactly t
same as those in the absence of electron-vibron coup
although with a bandwidth reduced by the factorG. This is a
clear manifestation of the dynamical JT effect. Moreover
is important to notice that the bandwidth which results fro
such an ideal photoemission experiment should not be id
tified with the energy scale which competes against the
tramolecular orbital energy Eq.~24! in deciding whether the
Jahn-Teller distortion is static rather than dynamic. In fact
the Ueff@W limit we are considering, that energy scale
instead}W2/Ueff . For smaller values ofUeff ~smaller, but
still enough to make the system a Mott insulator!, the value
of this energy scale is expected to be perhaps larger
W2/Ueff but still smaller thanW. This point will be relevant
to our discussion of Sec. IV. Moreover, we stress that t
result relies on a sort of adiabatic assumption, that is,
have assumed that the molecule after the addition of the e
tron flows into the corresponding ground state. Other c
figurations have been neglected since they are energeti
disadvantageous even though they might have larger ma
elements.4

What is the spectrum of these charged excitations,
stead, for a cooperative JT state? In the same adiabatic
sumption we expect that the additional electron locally mo
fies the Jahn-Teller deformation. It should then mo

e
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coherently with this deformation, likely forming a single na
row polaron band instead of two as in the dynamical JT
state.

Finally, a third class of coherent excitations involves on
the rotational degrees of freedom. In the limitv0@t i j

ab each
molecule is in a state withl50. The lowest excitations con
sist of larger angular momentum eigenvalues. Let us exci
single molecule into a state withl51. This excitation is
highly degenerate sincel521 has the same energy an
also because we can choose any of the molecules. T
degeneracies are lifted by the inclusion of the intermolecu
exchange~23!. If we stay restricted to the subspace where
molecules are in thel50 state but one, withl561, and
diagonalize Eq.~23! in this subspace, we again find tw
dispersive bands for this orbital excitation. Orbital angu
momentum is quenched instead in the cooperative Ja
Teller state. The presence of orbital excitations would
strong evidence of the dynamical nature of the Jahn-Te
effect, and of the JTM state.

IV. ARE FULLERENES A4C60 POSSIBLE CANDIDATES?

A possible candidate for the scenario we have prese
could be, at least in principle, the tetravalent fullerid
K 4C60 and Rb4C60. In fact, as we pointed out in the Intro
duction, this was the original source of inspiration of th
work, even though, as we shall see, it could still be that
Jahn-Teller effect in these fullerides is, in fact, static a
collective, rather than dynamical. In these compounds
threefold-degenerate molecular orbitalt1u of C60 is partly
occupied by the four electrons provided by the alkali atom
In a purely band picture, and a rigid undistorted lattice, t
would imply a metal. In particular, the noncubic bct crys
field is not predicted to split sufficiently the degeneracy so
to produce a band insulator.5 Yet these compounds are no
magnetic insulators at ambient pressure6–10and also undergo
an insulator-to-metal transition under pressure.11 A possible
explanation of this behavior might just rely on the mech
nism we have until now discussed, that is, a strong Coulo
repulsion which drives the system into a Mott insulati
phase, and a Jahn-Teller splitting which overcomes the H
rule and makes the insulator nonmagnetic~see also Refs. 11
and 12!. The estimated values of the relevant physical
rameters are not in contradiction with this scenario. In fa
the bandwidthW measured by photoemission is of ord
0.5–0.7 eV,10 while the Coulomb interactionU may be a
factor 1.5–2.5 larger thanW.13 Moreover, single molecule
calculations predict that the ground state of C60

42 is indeed
a singlet due to prevailing Jahn-Teller effect, with an ene
difference between the ground state singlet and the low
triplet of the order of 0.14 eV.14 Recent NMR measuremen
on K4C60 ~Ref. 11! show evidence of an exponential tem
perature dependence of the relaxation rateT1

21 with an acti-
vation energy comparable to the above mentioned splitt
Therefore, it seems that some of the properties of a sin
molecule persist in the lattice, which is not incompatib
with a Mott insulating state.15

A. Isolated C60
2n molecules

It is worthwhile to present a brief overview of some pro
erties of the C60

2n molecular ions to point out the analogie
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with the simple model we have studied in the preceding s
tions ~we mostly follow Ref. 14!. Let us start by neglecting
the intramolecular Coulomb repulsion. In the C60

2n mol-
ecule, the threefold-degeneratet1u lowest unoccupied mo-
lecular orbital is Jahn-Teller coupled to eight fivefold dege
erateHg vibrational modes. We will discuss here the lo
energy picture at strong coupling (g@1), even though the
realistic estimate isg;1. As discussed in Ref. 14, the stron
coupling analysis gives a qualitatively good description
the lowest energy excitations also atg;1, since no level
crossing occurs above this value. For strong coupling
lowest energy modes correspond to those of a rigid b
rotator forn53 and of a point particle moving on a sphe
for n51,2,4,5. Moreover, analogously to the model pre
ously discussed, the condition that the vibronic wave fu
tion be single valued generates ‘‘Berry’s phase’’16,14 con-
straints on the quantum numbers of those lowest excitatio
Specifically, forn53 the rigid body rotator eigenfunction
are identified by the quantum numbersL, Lz , andk, where
L andLz are the eigenvalues of the rotator top angular m
mentumLW 2 and its z component, respectively, andk the
eigenvalue of the rotation around the corotating axis. Th
quantum numbers are subject to the constraintL5odd and
k5even.14 This implies, for instance, that forn53 the mo-
lecular ground state is sixfold degenerate (L51 and
S51/2). Here, the JT effect does not remove completely
original orbital degeneracy. On the other hand,
n51,2,4,5 the eigenfunctions are simply spherical harmon
with quantum numbersL and Lz subject to the constrain
(21)L1n51.14 Specifically forn54, which is the relevant
case for Rb4C60 and K4C60, the ground state is nondegen
erate (L50 andS50). The Jahn-Teller effect fully remove
in this case the orbital degeneracy. This JT energy gai
predicted to overcome the Hund’s rule energy~favoring a
high spin state! thus giving a nondegenerate ground state
n54. The lowest singlet excitations in the limit of strong J
effect correspond to the motion of a particle on a sphe
They are therefore parametrized by solid angle coordina
(u,f), and are diagonalized in terms of spherical harmon
YLM(u,f) with L even. Their typical energy scale is of a
order of 0.02 eV.17 The ground state configuration of eac
molecule is nondegenerate withL5M50, in spite of the
degeneracy in the absence of electron-vibron coupling.

B. The lattice of C60
2n molecules

As we said, the ratio of Ueff50.5@E(C60
32)

1E(C60
52)22E(C60

42)# and electron bandwidthW is
likely above the critical value for the onset of the Mott ins
lating phase.18 In this case, the hopping is expected to pr
duce just an intermolecular coupling which, as before, te
to fix the angles (u,f) of each molecule, thus contrasting th
intramolecular energy which favors the conjugate angu
momentum operator to acquire a finite eigenvalue. Mo
over, one should take into account additional effects wh
tend to fix the phases, like the crystal field and multipo
forces among the molecules. The interplay of all these te
to the total Hamiltonian might give rise in this case too to t
two different kinds of insulating states just discussed, i.e.,
collective static Jahn-Teller and the dynamical Jahn-Te
Mott insulators. However, the order of magnitude of the va
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ous relevant parameters seem at present to point mor
favor of a static and collective distortion. In fact, the inte
molecule coupling arising from the electron hopping is e
pected to be of the orderW2/Ueff;0.2 eV, that is an order o
magnitude larger than the rotational lowest excitation
ergy. In addition, one has to consider the crystal field, wh
also favors a static distortion. In the end, in the tetraval
fullerides, this issue will have to be resolved experimenta
In fact, at least to our knowledge, there is so far no cl
experimental evidence in favor either of a cooperative a
static, or of a dynamical Jahn-Teller Mott-like insulato
Statically, the bct lattice being bipartite, we might expec
staggered molecular distortion doubling the lattice unit c
to be more favorable than a homogeneous one. In fact, E
has predicted on the basis of a band structure local den
approximation calculation a charge density wave instabi
with wave vectorQW 5(0,0,p/c), due to a Fermi surface qua
siperfect nesting.5 This would lead to a doubling of the bc
unit cell along thec axis, for which there is as yet no ev
dence in x-ray diffraction experiments.19 In the Jahn-Teller-
Mott state, no such doubling is required.

V. CONCLUSION

In this paper we have investigated the properties of a p
totypical Jahn-Teller insulator, consisting of a lattice of m
ecules. Each molecule has a degenerate electronic or
~the degeneracy being bigger than half the number of vale
electrons, which is taken as even!, coupled to a degenerat
vibron, and can undergo a Jahn-Teller distortion. For
case of degeneracy two, which we treated explicitly, the m
lecular ground state with two electrons is nondegenerate
to the Jahn-Teller effect overcoming the Hund’s rule sp
ting, which would favor a high-spin state instead. If a latti
of such doubly occupied molecules is constructed, and if
effective Hubbard repulsion overcomes the electron hopp
matrix elements, the system is insulating. However the in
lating state has different properties depending on wheth
cooperative and static Jahn-Teller distortion is realized
whether instead a dynamical, nonmagnetic Jahn-Teller-M
state prevails. By analyzing the low lying excitations, w
th
in
s
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have identified some characteristic features which could
criminate between the two insulators. Specifically we ha
shown that these excitations have some reminiscences o
original degeneracy of the electronic as well as of the
bronic degrees of freedom in the dynamical case which
lost if a cooperative Jahn-Teller effect takes place.

We have also briefly discussed the possible occurrenc
this Jahn-Teller Mott insulator in the fullerides K4C60 and
Rb4C60. Apart from the obvious differences arising from th
larger degeneracy of the electronic orbitals and of the
bronic modes involved, we believe that the qualitative p
ture obtained in the simpler doubly degenerate model is u
ful to understand this case. Although the order of magnitu
of the relevant physical parameters seems to favor a scen
in which a static and cooperative Jahn-Teller distortion ta
place, so far there are to our knowledge no experimental d
which clearly point in favor of this situation rather than
dynamic Jahn-Teller effect. Therefore the question for th
systems remains open and, in our opinion, is interes
enough to deserve further experimental investigations.

Note added in proof.A very recent x-ray diffraction study
@C. A. Kuntscher, G. M. Bendele, and P. W. Stephens, Ph
Rev. B 55, R3366 ~1997!# appears to rule out auniform
cooperative JT state for K4Co60, thus suggesting that the
should be viewed as Mott insulators. Since the JT effec
inevitably present in the nonmagnetic and insulating grou
state, this directly suggests a JTM dynamic state. One p
sible alternative would be a cooperative, static, butstaggered
distortion, where neighboring C60 molecules distort along
different directions. Such a state would have at least t
molecules per unit cell, and should therefore possess a
tional diffraction spots with respect to simple bct. If the a
sence of any such extra spots could be rigorously prov
then we would conclude that K4C60 and Rb4C60 definitely
have a JTM ground state.
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