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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,Kg, and Ry Cgy. [S0163-182607)03919-2

[. INTRODUCTION split the degeneracy so to give rise to a band insulator once
filled by the available electrons. We are not going to consider
The existence of a model of conducting electrons whicHhis case. That is we will assume that, even after the crystal
turns into a nontrivial paramagnetic Mott insulator at zerofield and the hopping are duly taken into account, the result-
temperature is a long-standing question. The problem can &g band structure still implies a metallic state. In such a
formulated in the following way. Let us consider a model Situation, considering electron-electron repulsion, a Mott in-
which is supposed to be a metal if some kind of correlatiorsulating behavior may still occur because the energy cost to
(among the electrons or between the electrons and thg ion§hange the valence of a molecule 1yl electron overcomes
is neglected. Can these correlations turn the model into '€ 9&in in energy due to the electron hopping. Specifically,
Mott insulator, as opposed to a band insulat#@r a band if the isolated r_nolecule hasn2valence electrons and we
insulator we mean a system which fits all the standard oned€fine an effective Hubbard e as
electron criteria of an in'sulator, i.e.', an even number of va- 2U«=E(2n+1)+E(2n—1)—2E(2n), 1)
lence electrons per unit cell, an integer number of filled
band, and a band gapn fact, in spite of many efforts, many where E(m) is the molecular ground state energy with
of the models which have been proposed to this end becomealence electrons, a Mott state can be expected for
insulating by enlarging the unit cell and consequently reducU > W, whereW is the electron bandwidth.
ing the Brillouin zone so to fit those criteria. Typical ex-  However, in this case we still have two possible routes to
amples are the Hubbard model iB>1 or the one- an insulating state. If the molecular ground state has a non-
dimensional Su-Schrieffer-HeggdeiSSH models at half zero spin due to a prevailing Hund’s rule coupling, the insu-
filling. In these cases the density corresponds to one valendator will likely be magnetic, similarly to the previously dis-
electron per unit cell, so the models should be in principlecussed Hubbard model at half filling. In particular, the
metallic. However, the electron-electron interaction in theneighboring molecules will couple either ferromagnetically
Hubbard model and the electron-phonon coupling in the SSHr antiferromagnetically depending upon the detailed proper-
model force on the system a staggered order parametéies of the system.
which doubles the unit cell, so that the systems acquire the In the alternative case where the molecular ground state is
prerequisite for being insulators, and in fact they becomea singlet, we expect instead a nonmagnetic Mott insulator. A
insulating. possible mechanism for a Hund'’s rule violation, leading to a
In this paper we are going to describe an alternative kindinglet in a molecule with partially filled orbitals, is of course
of Mott insulator. Let us consider a lattice made of moleculegprovided by the Jahn-TellddT) effect. Let us therefore as-
which have unfilled degenerate valence orbitals occupied bgume that the coupling to some vibrational mode is able to
an evennumber of electrons. Let us briefly discuss how thesplit the degeneracy of the molecular orbitals favoring, in the
lattice of such molecules might be insulating. A first trivial absence of Coulomb repulsion, a nondegenerate singlet state.
possibility is that the crystal field and the electron hoppingin the following we will consider a coupling to a local vi-
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bron, driving the single molecule to a Jahn-Teller distortion.previously foreshadowed, depending on the values of the dif-

Then, if the JT energy splitting E ;1 between the nondegen- ferent parameters in the Hamiltonian. Specifically, this

erate singlet and the high-spin states overcomes the Hundrgodel consists of a lattice of “molecules,” each with two

rule (Coulomb splitting AE,,,q, then the molecular ground degenerate orbitals coupled to a doubly degenerate vibron

state is the nondegenerate singlet and the insulator E®e Jahn-Teller problef). Different molecules are then:

nonmagnetic.[Notice that the JT effect will in general also coupled via a single particle electron hopping term, and, in

contribute to an increase &f in Eq. (1).] addition, an intramolecule Coulomb interaction is taken into
Now, there are still two possibilities for both the magnetic 2¢count.

and nonmagnetic insulators. If the intramolecular coordinates

can be treated as classical, we can fix them at each site to Il. SINGLE MOLECULE

some values and then solve the electron problem in the ex- - . .

ternal potential provided by the static molecular distortions. We start by describing our model|ng of the |solat¢d mOI'

The ground state lattice configuration is found by minimiz-eCUIe' .We take the following molecular Hamiltonian

ing the total energy given by the vibrational energy plus the(ﬁ= 1):

electron energyin the presence of the molecular deforma-

tion), and in general consists of a periodic arrangement of A= ﬂ(52+F2)+wogF- A, 2)

statically distorted molecule&ooperative JT effegt Note 2

that a commensurate distortion might turn the metallic state . ) ) - L

into an insulator even iUg~W as a consequence of a wherer is a two-dlmen5|orjal vibrational coordinatp, its

nested Fermi surface. conjugate momentum, and are pseudospin-1/2 matrices
A second and newer possibility arises if the quantum fluc-acting in the space of the two-degenerate electronic orbitals,

tuations of the intramolecular coordinates cannot be neke.,

glected. This is the case, for example, with a large spacing

between the lowest rotational levels in the Jahn-Teller trough + 1

potential(or the tunnel splitting in a warped oneompared T :; C14C20 )

with the intermolecular coupling. In this case a static collec-

tive molecular distortion may become disadvantageous and 1

the rotational(or cubic, or bct, etg.symmetry of each mol- TZ:_E (CIoclo_C;aCZU)' (4)

ecule dynamically restore@ynamic JT effegt This would 2°5

be a quite interesting situation in which the Jahn-Teller effect .

plays a crucial role in making the insulating state nonmag-The interaction part;,; of the Hamiltonian can be written in

netic without revealing itself by a cooperative distortion. Wethe form

will define this insulator as a Jahn-Teller-M@&TM) insu-

lator. Hine=Un2+V(75+170), (5)
Hence, a lattice of molecules with this kind of property

can in principle display a variety of behavior depending uporivhich takes into account the planar symmetry of the model.

the relative strengths of the parameters which come intdieren=3,cl c;,+cl,c, is the total occupation number,

play. If Ug>W, we expect an insulating behavior to be and U,V are positive interaction parameters. In particular

either magnetic, if AEy,¢>AE;r, or nonmagnetic, if U will limit fluctuations of total charge of the molecule,

AE ;> AEng- On the contrary, ifV>U ., a metallic state while V controls the internal spin and orbital state.

should be favored. A cooperative JT effect may or may not By rewriting in polar coordinatef:(rco&j),rsin¢) the

be present depending on the value of the lowest rotationaloupling between the vibron mode and the electrons, we get

frequencies compared to the intermolecular coupling. In the

particular case oA E ;> AE,,,,qwe expect that, as the band- o= lreir" +H.c. (6)
width increases, a transition should take place from a non-
magnetic insulator to a metal. The angular coordinate dependence can be partly eliminated

A source of inspiration for this work has been the ful- via the (non-Abelian gauge transformation:
lerides K,Cgo and Rb,Cqo, Which, as we discuss in Sec. IV,
have many features in common with the general model we A—UA0T,
have previously discussed, although in these materials it is
still unclear from the experimental and theoretical point ofwhere
views which of the above introduced scenarios is effectively
realized. However, our main purpose here is to introduce and U=gi¢m, (7)
discuss a mechanism for the occurrence of a nonmagnetic
Mott insulator, which may, in way of principle, be realized in Under this transformation
a different system, even though not yet found or studied.

Therefore, since the situation in fullerenes is still open, we Ci,—>Cp e P2
have postponed the discussion of the possible realization of
this insulating state in those materials to Sec. IV. We instead Cour>Coy € P2, (8)

use the following two sections to study a prototype simple
model which does show all the interesting features we haveo that the Hamiltonia(2) simplifies into
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TABLE I. Electronic eigenstates and eigenvalues at fixefbr occupation numbems=1,2,3.

n Quantum numbers E(r)

1 s=1/2, r,=—1/2 U+ V/2— wogr/2+ wy/(8r?)

1 s=1/2, 7,=1/2 U+ V/2+ wogr/2+ wy/(8r?)

2 s=0, 2=1 AU +3V/2+ wo /(4r2) — W24+ w2g?r?

2 s=1,7=0 4U

2 s=0, 72=0 4U+V+wol(2r?)

2 s=0, =1 4U +3V/2+ wo (4r?) + \V2/4+ w2g?r?

3 s=1/2, r,=—1/2 9U + V/2— wogr/2+ wqy/(8r2)

3 s=1/2, 7,=1/2 U +V/2+ wogt/2+ wq /(8r?)
~ wg 9 J wo 9 |2 The next step is to diagonalize the Hamiltonian for the
H=—§§(r(9—r)—§2 ﬁﬂL'Tz vibrational coordinates using the electronic eigenvalues

E(r)'s of Table I as effective potentials. We are going to
wo , . discuss the final result only for the lowest energy states.
T Tt @egrrct Hint .- €) For two electrons, the molecule has two sets of low en-

ergy states. The first one is spin singlets which take more
The angular part of Eq9) is simply diagonalized by eigen- advantage from the JT effetee Table)l Notice, however,
functions expi\¢). Moreover, since the total wave function that the vibrational potential energy of this state shows a
must not change upon varyinjby 27, as a consequence of MiniMuM at finiter only if 2wog >V, otherW|se_t_he mini-
the gauge transformatiof7) A has to be an integer for an MUM stays ar=0. This describes the competition on the
even electron number and a half odd integer for an odd elecingle molecule between Hund's rule, which is related/to
tron number. Due to the symmetiy——\ and to the spin of Eq. (5), against a JT effect. If the latter is strong enough,

2 . . . .
degeneracy, each level for odd electron number is at leasP that 205>V, then a distorted potential energy mini-
four times degeneratéin this case the dynamic JT effect Mum develops at

does not split the orbital degenerac®n the contrary, for
two electrongthe states with zero or with four electrons are
trivial) the degeneracy is lifted and the ground state is non- wod

degenerate. Let us now assume a strong JT coumiid,, and the low energy spectrum of singlets is
and calculate the ground state and lowest energy spectrum

vV 2
=9Vi-\5,42)

with an accuracy of ordeg 2. In this limit, we can adopt a 1 wg | N2
Born-Oppenheimer(BO) approximation scheme for the ER=|1+ Slost— —)
transformed Hamiltoniaf®). In fact, the “electronic” states M
(notice that the transformed electrons are indeed a mixing of wo V2 3
purely electronic and vibrational degrees of freegiowhich - 792— soz TVt 5V, (12
. . . . Vi C()Og 2
are not orbital singlets, will be split by the electron-vibron
coupling of terms of ordewyg(r), where(r) is the average where 1=0,1,2, ... is the quantum number labeling the

value of the vibron displacement in the BO approximation,small oscillations in the JT potential well, whose frequency
which is different for different electronic configurations. If «, is
g>1, the energy differences between different electronic

configurations will be much larger than the lowest excitation v?
energies within the Jahn-Teller trough potential, thus justify- W, =wo\/ 1~ W’ (13
ing the BO approximation. 0
We therefore start by calculating the electronic energieand\=0,1,2, ... is the angular momentum eigenvalue. In

and eigenstates at fixed These are listed in Table | for Eq.(12) we have omitted constant terms of ordew,/g® as
different occupation numbens=1,2,3, where each eigen- well asl- and\-dependent terms of higher order.

state is identified by a set of quantum numbers. In particular, The second set of states for the two-electron molecule
when the total orbital momentum is not zero, the appropriateonsists of spin triplets. Since these are orbital singlets, the
orbital quantization axis ig.? It is therefore useful to intro- JT coupling is ineffective and the low energy spectrum is
duce the rotated orbitals which diagonalizg defined by simply

1 ER) = (N1 N+ Lwo+4U. (14)
dlo':ﬁ(clo'—*_ CZa—)! (10)

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

3
dZG:E(ClO’_CZ(T)' (ll) _92+ —2>—V, (15)
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then the ground state is a spin-singlet belonging to the setumbersl=0 and S=0 but different\’s. The matrix ele-
(12), and the lowest singlet excitations in tge>1 limit are  ments of this term are formally given by
obtained by increasing the angular momentum

When the molecule is occupied by one or three electrons, N e - 1
on the other hand, the low energy spectrum is simply (a |J|a>—% (a'[T[b)(b[T|a) E—g 19
2e(13 1 N2 wo , Vv where in the statega) and|a’) all the molecules are in
E|X"=|st 3] wot 20 g B9t Un“+ 3, (16)  eigenstates belonging to the set of EtR) with | =0. After

the gauge transformatiai7) is performed, Eq(18) is trans-
wheren=1 or n=3, respectively, and is half an odd in- formed into

teger.
When condition(15) is fulfilled, i.e., when then=2 mo- - 11 )
. L) ! . =— 11450 (= bj)/2p T . 225—i(¢i—¢)I2pT .
lecular ground state is a spin singlet, the effective Hubbard" % > e oyt (% o),

(o8
Uk is given b
eff g y
12, (i + i) /2T 21 —i(¢i+ )21
+1 el(dit o) CiisCojo T tjj€ (@it ol C2isCljo s
2U q=2E}3 o+ 2ED o~ 2'ER}
eff 112,07 "E1/2,0 0,0 o .
which, in terms of the orbitalsl; andd, of Egs.(10) and

3 21U+ V2 v L (11), becomes
- 4 wog 4wogz . ( 7) 5
We are interested in the case where the abddygis much T= —2 2 abil Tﬁbd;mdjbo- (20)
ij o ab=

bigger than the electron bandwidi.

The hopping matrix elements in the above equation are
ll. A LATTICE OF MOLECULES _ ,
WITH TWO ELECTRONS PER SITE 2T = (1 b W 2% 1)) 5,

Let us now consider a lattice of molecules, each of them +(tie! (A 42 22T I(Aim 402y o X
described by the molecular Hamiltonié2), with an average
electron density of two electrons per sifiealf filling). As
previously discussed, we assume thatrfer2 the molecular (1121 (i + B2 (21 i+ B)I2) oY 21)
ground state is a singlet due to the Jahn-Teller effect prevail- (e ij © )Tap-
ing the Hund's rule. If the molecules were uncoupled, thegoth our initial and final molecular stateg) and|a’) in
system would be a trivial insulator made of independent dy£q (19), have the orbitalsl, of Eq. (11) doubly occupied at
namic Jahn-Teller molecules each doubly occupied and nongach site. Therefore the only processes allowed at second
degenerate. An intermolecular coupling is introduced via &yder by the hopping correspond to move an electron from

I (ti]]zei((ﬁi+¢j)/2+tizjle*i(¢i+¢j)/2)a.gb

single particle hopping of the general form an orbitald, at sitei into ad, orbital at sitej (which is the
2 only one availablgor vice versa, and then move it back. The

& ab.t sum over the intermediate statds in Eq. (19) only runs
T %“ E(,: aél tij CiaoCibo - (18 over molecular configurations in which two molecules are in

) ) . a state with an odd number of particles and in general with
We will assume that the hopping energy is smaller enough=0\=0. In theU > (W, ) limit, the energy denomina-
than the effective Hubbard ¢ of Eq. (17), so that the addi-  tor in Eq.(19) can be taken as a constaat-2U . for any
tion of Eq. (18) into the Hamiltonian does not automatically |b). Consequently the sum oveb) becomes unity for
turn the system into a metal. Nevertheless the interplay becompleteness, which implies, for instance, that the hopping
tween the on site energy and the hopping can in principlgs not renormalized by any Ham reduction factor. Under all
lead to different situations, as anticipated in the Introductionthe previous assumptions, the explicit expression of(E9).

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

In this section we are going to derive an effective model J=— 2 (T}Z *Til'2+ Ti2_1(-|-§1 * (22)
valid in the limit U,#W andg>1. In the absence of the 2U e T : . e
hopping term(18), each molecule would be in its ground
state with quantum numberd,{)=(0,0) and total spin
S=0 [see Eq.(12)]. The hopping mixes the molecular
ground state with the excited states. We will concentrate

which, through Eq(21) and apart from constant terms, is
equal to

. . : - 1 .
only on singlet excitations which do not change the values of J= > (tiljl*tiZjZe—n(¢i—¢j)+C_C_)
[, i.e., we will keep only the excitations to largeis. To be 8Ue 1]
consistent, we must consider only excitations up\teg. +(tilj2*ti2jlefi(¢i+</>j)+C_C.)' (23

Within these approximations, the second order perturbation
theory in Eq.(18) provides, as we are going to show, an Notice that an analogous intermolecular phase coupling
effective intermolecular contributiod to the Hamiltonian would also arise from multipolar forces among the mol-
which only acts on the subspace with molecular quantunecules. We will not take these forces explicitly into account,
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F . .
S 0 (THTRII, 25

\j where the averagg) is over molecular states with=0, and

gives

11422\ _ 11 22 12 21
K\ (Ti'Ti0) = 2717+ 16537 16532 = 16512
The constant” in Eqg. (25) is a Ham’s factor reducing the
bandwidth of the spin-1 excitations and comes from the
overlap of the vibronic wave functions with and without
Jahn-Teller distortion. In conclusion, there are triplet excita-
_ tions which can move coherently throughout the lattice.
FIG. 1. Second-order process responsible of the motion of the The second coherent excitation that we consider is
S=1 excitation. charged. Let us suppose that we ddd remove one elec-

i , o __tron, as in a photoemission experiment. First let us neglect
even though they are as well important, since their inclusion,ectron hopping. The additional electron modifies the occu-
dofs nég.r_nodlfy Lhe' f0||OWIr|19 qluall_tatlve discussion. pancy of a single molecule leading to a degenerate ground

n addition to the intermolecular interactiol3), we must  gtate withi =0, two electrons in thel, orbital, one in the
add the intramolecular orbital energp, which in the same  d,, and\ = +1/2. As for the exciton, also this charged exci-
g>1 limit is tation can move coherently, i.e., without changing the total

energy during the hopping process, and gives rise to two
—> —. (24) ~ bands resulting from the molecular degeneracy *1/2.
2.7 d; The general Bloch wave function is

2
~ (O] d
HO: -

The sum of Eqs(23) and (24) thus represents the effective 1

Hamiltonian acting on thphasesf the molecular vibrons at C o\ 3\ T —ik-R
a leading order in U4 and 142. On one hand, the intersite k=) ‘/ZNEIQ (IRA=+172)%|RA v2)e '
coupling (23) tends to fix statically the phase of each mol-

ecule to get an advantage from the electron hopgpéa®p- R being the position of the added electron ahthe number

erative Jahn-Teller effectOn the other hand, the on site of sites. The energy of this state is obtained by applying the

rotational energy favors a state in which the angular momenhopping Hamiltoniar(20) and is simply

tum is fixed and consequently the phase is indeterminate

(dynamical Jahn-Teller effect . n 1 .
From the above discussion we expect that, as the intermo- e+ (k)= —Z (=t ek

lecular interaction increases with respect to the lowest rota- r

tional frequency, thf—) model shOL_JId l_mdergo a transition fromwheret?"‘-b=tf'"f- . We note that these bands look exactly the

a state where the vibron phase is disordered to a state where oot

it orders. In both cases the system is insulating. The transtone @s those in the absence of electron-vibron coupling,

tion to a metallic phase cannot be described in this schem%lggur%h vyf|th ta tt_)and\;v;ﬂth (;educe_d tl))sfrhefl;a&torl\TAhls ISa it
which is valid only in the limit of bandwidth much smaller aniiestation of e dynamica etiect. Vioreover, |

thanU is importgnt to notice that the bandwidth which results from
eff - such an ideal photoemission experiment should not be iden-

tified with the energy scale which competes against the in-
tramolecular orbital energy E§24) in deciding whether the

A possible way of discriminating among the two kinds of Jahn-Teller distortion is static rather than dynamic. In fact, in
nonmagnetic insulator states, one which is accompanied bythe U >W limit we are considering, that energy scale is
cooperative JT effect and another one which is not, isnstead<W?/U. For smaller values obl; (smaller, but
through the study of the low energy excitations. Let us starstill enough to make the system a Mott insulatdhe value
with the dynamical case, i.e., let us assume that the rotationalf this energy scale is expected to be perhaps larger than
frequency overcomes the intermolecular coupling. W?2/U o but still smaller thanw. This point will be relevant

The first kind of excitation that we consider is a neutralto our discussion of Sec. IV. Moreover, we stress that this
spin-1 exciton. A single molecule is in a triplet state with, for result relies on a sort of adiabatic assumption, that is, we
instance S,=1 and it has both orbitals singly occupied with have assumed that the molecule after the addition of the elec-
a spin up electron. No JT effect occurs in this case. All thetron flows into the corresponding ground state. Other con-
other molecules are in the singlet molecular ground statéigurations have been neglected since they are energetically
with |=\=0 [see Eq.(12)]. This state is obviously degen- disadvantageous even though they might have larger matrix
erate since any of the molecules can be in the triplet statelements.
This degeneracy can be lifted by the single particle hopping What is the spectrum of these charged excitations, in-
via a second order proce&ee Fig. 1. As a consequence the stead, for a cooperative JT state? In the same adiabatic as-
triplet excitation moves coherently with an exciton hoppingsumption we expect that the additional electron locally modi-
Hamiltonian given by fies the Jahn-Teller deformation. It should then move

B. Excitations in the insulating phase
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coherently with this deformation, likely forming a single nar- with the simple model we have studied in the preceding sec-
row polaron band instead of two as in the dynamical JTMtions (we mostly follow Ref. 14 Let us start by neglecting
State. the intramolecular Coulomb repulsion. In the;C" mol-

Finally, a third class of coherent excitations involves onlyecule, the threefold-degenerdtg, lowest unoccupied mo-
the rotational degrees of freedom. In the Iim;i6>ti"’}b each lecular orbital is Jahn-Teller coupled to eight fivefold degen-
molecule is in a state with=0. The lowest excitations con- erateH, vibrational modes. We will discuss here the low
sist of larger angular momentum eigenvalues. Let us excite anergy picture at strong couplingg® 1), even though the
single molecule into a state with=1. This excitation is realistic estimate ig~1. As discussed in Ref. 14, the strong
highly degenerate sinck=—1 has the same energy and coupling analysis gives a qualitatively good description of
also because we can choose any of the molecules. Thetlee lowest energy excitations also @t-1, since no level
degeneracies are lifted by the inclusion of the intermoleculacrossing occurs above this value. For strong coupling the
exchangd23). If we stay restricted to the subspace where alllowest energy modes correspond to those of a rigid body
molecules are in tha =0 state but one, with==1, and rotator forn=3 and of a point particle moving on a sphere
diagonalize Eq.(23) in this subspace, we again find two for n=1,2,4,5. Moreover, analogously to the model previ-
dispersive bands for this orbital excitation. Orbital angularously discussed, the condition that the vibronic wave func-
momentum is quenched instead in the cooperative Jahrion be single valued generates “Berry’s phase™ con-
Teller state. The presence of orbital excitations would bestraints on the quantum numbers of those lowest excitations.
strong evidence of the dynamical nature of the Jahn-TelleBpecifically, forn=3 the rigid body rotator eigenfunctions
effect, and of the JTM state. are identified by the quantum numbérsL,, andk, where

L andL, are the eigenvalues of the rotator top angular mo-

IV. ARE FULLERENES A,Cq POSSIBLE CANDIDATES? mentum L2 and its z component, respectively, ari the
e<aigenvalue of the rotation around the corotating axis. These
quantum numbers are subject to the constrhistodd and
k=even!* This implies, for instance, that far=3 the mo-

A possible candidate for the scenario we have present
could be, at least in principle, the tetravalent fullerides
K 4Cgo and R Cqq. In fact, as we pointed out in the Intro-

duction, this was the original source of inspiration of this IeEuI/azr groundhstate f:cs S(infOId degenerate <(1 | anld h
work, even though, as we shall see, it could still be that the> +/2)- Here, the JT effect does not remove completely the

Jahn-Teller effect in these fullerides is, in fact, static ang®9inal orbital “degeneracy. On the other hand, for
collective, rather than dynamical. In these compounds thé1_:1’2’4'5 the eigenfunctions are S'”?p'y spherical harm_onlcs
threefold-degenerate molecular orbital, of Cep is partly with quantum numbergé and L, subject to the constraint

L _ 14 Iy _ - .
occupied by the four electrons provided by the alkali atoms(~ 1) "=1."* Specifically forn=4, which is the relevant
In a purely band picture, and a rigid undistorted lattice, thisc@S€ for RRCqo and K,Ceo, the ground state is nondegen-

would imply a metal. In particular, the noncubic bet crystal €rate £ =0 andS=0). The Jahn-Teller effect fully removes
field is not predicted to split sufficiently the degeneracy so ad this case the orbital degeneraE:y. This JT energy gain is
to produce a band insulatdiYet these compounds are non- Predicted to overcome the Hund's rule enei@gvoring a
magnetic insulators at ambient pres§ateand also undergo gh spin statethus giving a nondegenerate ground state for
an insulator-to-metal transition under presstiré. possible n=4. The lowest singlet excitations in the limit of strong JT

explanation of this behavior might just rely on the mecha-Efféct correspond to the motion of a particle on a sphere.
nism we have until now discussed, that is, a strong Coulomg hey are therefore parametrized by solid angle coordinates

repulsion which drives the system into a Mott insulating (¢#), and are diagonalized in terms of spherical harmonics
phase, and a Jahn-Teller splitting which overcomes the HundLm (6, ¢) with L gven. Their typical energy scale is of an
rule and makes the insulator nonmagnésiee also Refs. 11 order of 0.02 e\’ The ground state configuration of each
and 12. The estimated values of the relevant physical pa/nolecule is nondegenerate with=M =0, in spite of the
rameters are not in contradiction with this scenario. In factdegeneracy in the absence of electron-vibron coupling.

the bandwidthW measured by photoemission is of order

0.5-0.7 e\A% while the Coullgmb interactiod may be a B. The lattice of Cgo~" molecules

factor 1.5-2.5 larger thakV.”> Moreover, single molecule As we said, the ratio of Uy=0.5E(Cel )

Iculati i is i . .
calculations predict that the ground state qfC is indeed L E(Cof™)—2E(Ce)] and electron bandwidth is

a singlet due to prevailing Jahn-Teller effect, with an energy,. o )
difference between the ground state singlet and the Iowe%'é(ely above the critical value for the onset of the Mott insu-

triplet of the order of 0.14 e¥* Recent NMR measurements ating_phasé?_ In this case, the ho_pping _is expected 1o pro-
on K,Ceo (Ref. 11 show evidence of an exponential tem- duce just an intermolecular coupling which, as before, tends

perature dependence of the relaxation rEIé with an acti- FO fix the angles ¢, ¢) of eag:h molecule, thus cpntrastmg the
intramolecular energy which favors the conjugate angular

vation energy comparable to the above mentioned splitting, omentum operator to acquire a finite eigenvalue. More-

;Z?;iﬁ:ae'pgrzies?nif :E:t IZ?t?;g vavrﬁ?ci pi;Oairttl?nscc?:nga?ilgg&/er’ one should take injto account addi'FionaI effects _which
with a Mot insulating staté® ' tend to fix the phases, like the crystal field and multipolar
' forces among the molecules. The interplay of all these terms
to the total Hamiltonian might give rise in this case too to the
two different kinds of insulating states just discussed, i.e., the
It is worthwhile to present a brief overview of some prop- collective static Jahn-Teller and the dynamical Jahn-Teller
erties of the Gy " molecular ions to point out the analogies Mott insulators. However, the order of magnitude of the vari-

A. Isolated Cg,~" molecules
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ous relevant parameters seem at present to point more hmave identified some characteristic features which could dis-
favor of a static and collective distortion. In fact, the inter- criminate between the two insulators. Specifically we have
molecule coupling arising from the electron hopping is ex-shown that these excitations have some reminiscences of the
pected to be of the ord&¥?/U 4~ 0.2 eV, that is an order of original degeneracy of the electronic as well as of the vi-
magnitude larger than the rotational lowest excitation enbronic degrees of freedom in the dynamical case which are
ergy. In addition, one has to consider the crystal field, whicHost if a cooperative Jahn-Teller effect takes place.

also favors a static distortion. In the end, in the tetravalent We have also briefly discussed the possible occurrence of
fullerides, this issue will have to be resolved experimentally this Jahn-Teller Mott insulator in the fullerides,Kg, and

In fact, at least to our knowledge, there is so far no cleaRb,Cgy. Apart from the obvious differences arising from the
experimental evidence in favor either of a cooperative andarger degeneracy of the electronic orbitals and of the vi-
static, or of a dynamical Jahn-Teller Mott-like insulator. bronic modes involved, we believe that the qualitative pic-
Statically, the bct lattice being bipartite, we might expect ature obtained in the simpler doubly degenerate model is use-
staggered molecular distortion doubling the lattice unit cellful to understand this case. Although the order of magnitude
to be more favorable than a homogeneous one. In fact, Erwiof the relevant physical parameters seems to favor a scenario
has predicted on the basis of a band structure local densiip which a static and cooperative Jahn-Teller distortion takes
approximation calculation a charge density wave instabilityplace, so far there are to our knowledge no experimental data
with wave VeCtOiQ-):(0,0JT/C), due to a Fermi surface qua- which Clearly pOint in favor of this situation rather than a
siperfect nesting.This would lead to a doubling of the bct dynamic Jahn-Teller effect. Therefore the question for these
unit cell along thec axis, for which there is as yet no evi- Systems remains open and, in our opinion, is interesting
dence in x-ray diffraction experimentdin the Jahn-Teller- enough to deserve further experimental investigations.

Mott state, no such doubling is required. Note added in proofA very recent x-ray diffraction study
[C. A. Kuntscher, G. M. Bendele, and P. W. Stephens, Phys.
V. CONCLUSION Rev. B 55, R3366 (1997] appears to rule out aniform

cooperative JT state for &Cogg, thus suggesting that they

In this paper we have investigated the properties of a proshould be viewed as Mott insulators. Since the JT effect is
totypical Jahn-Teller insulator, consisting of a lattice of mol-inevitably present in the nonmagnetic and insulating ground
ecules. Each molecule has a degenerate electronic orbitgiate, this directly suggests a JTM dynamic state. One pos-
(the degeneracy being bigger than half the number of valencsible alternative would be a cooperative, static, staggered
electrons, which is taken as eyegoupled to a degenerate distortion, where neighboring ¢g molecules distort along
vibron, and can undergo a Jahn-Teller distortion. For thelifferent directions. Such a state would have at least two
case of degeneracy two, which we treated explicitly, the momolecules per unit cell, and should therefore possess addi-
lecular ground state with two electrons is nondegenerate dugonal diffraction spots with respect to simple bct. If the ab-
to the Jahn-Teller effect overcoming the Hund’s rule split-sence of any such extra spots could be rigorously proven,
ting, which would favor a high-spin state instead. If a latticethen we would conclude that &5, and RhCg, definitely
of such doubly occupied molecules is constructed, and if théhave a JTM ground state.
effective Hubbard repulsion overcomes the electron hopping
matrix elements, the system is insulating. However the insu- ACKNOWLEDGMENTS
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