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Abstract

In the Mott–Hubbard cubic fulleride Li3(NH3)6C60 the superexchange energy is found to be much smaller than the rotational quan-
tum for Jahn–Teller deformations at fullerene sites. This gives rise to a new type of superexchange interaction involving threefold degen-
erate vibronic ground states of C3�

60 ions. Comparison of the spin–vibronic spectrum for a dimer fragment ½C3�
60 �2 of a b.c.c. lattice with the

spin–orbital spectrum of a corresponding dimer containing threefold orbitally degenerate sites (t1
2g � t1

2g model) exhibits drastic differenc-
es. In contrast to spin–orbital models, the spin–vibronic superexchange can only be antiferromagnetic and shows significant vibronic
reduction of superexchange amplitude in agreement with magnetic susceptibility data. In function of transfer parameters two quadru-
polar fully dynamical vibronic orders with quenched vibronic moments on sites develop in the ground state. The spectrum of collective
vibronic excitations is calculated and the stability of vibronic ordered phases is discussed.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Alkali doped fullerides have been the object of intensive
investigations in the last decade [1,2]. In these crystals the
electrons from alkali atoms are transferred into threefold
degenerate orbitals of the fullerene sites. In the Mott–Hub-
bard insulating regime, the relatively strong intrasite elec-
tron repulsion together with orbital degeneracy results in
a concomitant presence of spin, orbital and lattice (Jahn–
Teller) degrees of freedom in the low-energy states. In this
respect alkali doped fullerides are similar to other strongly
correlated materials with orbital degeneracy [3,4]. A
remarkable feature of fullerides is that the band energy,
the intrasite Jahn–Teller effect and the frequency of
Jahn–Teller modes are within the same energy scale. As a
result the Jahn–Teller effect in fullerides is manifested quite
differently from other materials.
0022-2860/$ - see front matter � 2007 Elsevier B.V. All rights reserved.
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Recently, the first cubic Mott–Hubbard fulleride,
Li3(NH3)6C60, has been obtained and investigated [5]. In
contrast to other ammoniated fullerides [6,7], in this com-
pound each fullerene site is in a crystal field of cubic sym-
metry preserving the threefold degeneracy of the LUMO
orbitals. The magnetic susceptibility was found to be in a
full agreement with an isotropic S = 1/2 Heisenberg model
for a b.c.c. lattice [5]. This is neither consistent with a situ-
ation of undistorted fullerenes, where a Hund state (S = 3/
2) is realized at each site, nor it is the case of static Jahn–
Teller distortions as evidenced by structural data [5]. There
is therefore a strong indication that dynamical Jahn–Teller
effect plays an important role in the low energy phase of
this compound.

Here we address the origin of the ground state and low-
lying excitations in Li3(NH3)6C60. It follows that the inter-
mediate vibronic coupling and the local cubic symmetry at
fullerene sites ensures that vibronic dynamics of individual
C3�

60 anions is not quenched. The localized spins reside in
threefold degenerate vibronic ground states of fullerenes
thus giving rise to spin–vibronic superexchange between
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fullerene sites [8]. Such manifestation of Jahn–Teller effect,
which is essentially dynamic in the present case, is due to
the molecular nature of the crystal and does not occur in
insulating perovskites with orbitally degenerate sites, where
the Jahn–Teller effect is either quenched or static [9,10].
2. Jahn–Teller dynamics on individual C3�
60 sites in a cubic

lattice

The partly occupied orbitals t1uc, c = x, y, z at each ful-
lerene site interact with fivefold degenerate Hg vibrations of
the corresponding fullerene giving rise to vibronic t � H

problem [11,12]. In the case of one or two electrons, the
t � H interaction splits the t1u shell into the ground nonde-
generate and the excited twofold degenerate levels. The
minima on the ground energy surface form a twofold con-
tinuum (two-dimensional trough) [11,12]. The third added
electron occupies the degenerate orbitals, which split as
well in virtue of the Jahn–Teller theorem. The resulting adi-
abatic potential has a three-dimensional trough of minima
in the ground state [13]. Actually there are eight modes of
Hg vibrations in C60, xlH = 271–1575 cm�1. The low-lying
vibronic states can be conveniently described by an effec-
tive one-mode problem with the frequency
xH ¼

P
lpl=

P
lðpl=xlH Þ, where pl is the percent contribu-

tion of the lth mode to the energy of Jahn–Teller stabiliza-
tion (EJT) [14]. Using for pl the data extracted from
photoemission of C�60 [15] we obtain �hxH ¼ 600 cm�1 [16].
With current estimation of the Jahn–Teller energy for
C3�

60 , EJT = 0.15 eV [18], we have the ratio EJT=�hxH ¼ 2.
corresponding to intermediate vibronic coupling [12].

The electron interaction in the t1u shell is described by
the intra (Ui) and interorbital (U^) repulsion and the
Hund’s rule coupling (J), related by Ui � U^ = 2J. For
pristine fullerene crystals Ui � 1–1.5 eV and J � 0.03–
0.05 eV [1]. In doped crystals Ui is further reduced by the
effects of screening. In C3�

60 there is a competition between
Hund’s rule coupling, which tends to align the three elec-
trons ferromagnetically (Fig. 1a), and the Jahn–Teller effect
which tends to populate consecutively the nondegenerate
orbital levels (Fig. 1b). To compare the energies of these
two electronic configurations we should take also into
account the change of vibrational energy in the Jahn–Teller
configuration [12]. Thus we have 3U k � 9J þ 5=2�hxH for
the Hund’s configuration and 3U k � 4J � EJT þ �hxH for
the Jahn–Teller configuration. The gain of 3=2�hxH in the
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Fig. 1. Hund’s (a) and Jahn–Teller (b) electronic configurations of C3�
60 .

jUiæ are adiabatic orbitals.
latter case is the consequence of three-dimensional trough
on the lowest energy surface of C3�

60 [13]. Using the above
estimations we conclude that the Jahn–Teller configuration
is the lowest and the ground state spin is S = 1/2, which is
indeed found in Mott–Hubbard fullerides [6,7,5,13,14].

The three-dimensional trough on the lowest energy sur-
face of C3�

60 leads to a complex nuclear dynamics, involving
free rotations of Jahn–Teller deformations along three
angular coordinates and harmonic vibrations along anoth-
er degrees of freedom. The solutions for low-lying states in
the strong coupling approximation are [13,14]:

Wðr; q; a; c; #;uÞ ¼ Wadðr; c; #;uÞWvib
n1;n2
ðq; aÞWrot

L;M ;Kðc; #;uÞ;
En1n2LK ¼ �EJT þ �hxH ðn1 þ n2 þ 1Þ

þ �h2

2q2
0

1

4
þ LðLþ 1Þ � 3

4
K2

� �
; ð1Þ

where r denotes electronic coordinates, q is the amplitude
of the Hg vibrations and c, #, u are three Euler angles spec-
ifying the rotation in the trough. Wad is the adiabatic elec-
tronic function, describing the electronic state at given
Euler coordinates (a Slater determinant of adiabatic orbi-
tals, Fig. 1b); Wvib describes two-dimensional vibrations
across the trough; Wrot

L;M ;K is the rotational part, coinciding
with the solution for a symmetric top with K even. The
ground state corresponds to L = 1, K = 0,

Wrot
1;M ;0 ¼

ffiffiffi
2

p

r
Y 1Mð#;uÞ; ð2Þ

and is therefore threefold degenerate. The nature of the
ground state does not change when going beyond strong
coupling approximation and when multiplet effects are tak-
en into account [13,14].

The lowest vibronic states in Eq. (1) correspond to exci-
tations in the rotational sector at n1 = n2 = 0. The rotation-
al quantum can be estimated as �h2=2q2

0 ¼ 1
4
ð�hxH Þ2=EJT �

1
8
�hxH � 75 cm�1, where q0 is the radius of the trough.

The solutions (1) and (2) correspond to full delocalization
of Jahn–Teller deformations in the trough, i.e., to the
absence of static Hg deformations. In a crystal they can
only be localized (and the adiabatic orbitals fixed at some
c0, #0, u0) when the crystalline interactions mixing different
rotational levels exceed the spacing between them [19]. In
Li3(NH3)6C60 the local crystal field at fullerene sites is of
cubic symmetry and therefore the only source of localiza-
tion of Jahn–Teller deformations could be the superex-
change interaction between neighboring fullerenes and
the vibrational intersite interaction (phonon dispersion).
To estimate the superexchange amplitude [20], we take
t �W/(2 Æ z), where W = 0.3 eV is the LUMO bandwidth
[5] and z = 8 for a b.c.c lattice, and U = 1 eV and obtain
4t2/U � 11 cm�1, which is much smaller than the estimated
rotational quantum. On the other hand the frequency of
interfullerene optical vibrations was found �40 cm�1 [1],
and should be even smaller in ammoniated crystals, which
again does not exceed the rotational quantum. We may
conclude therefore that in Li3(NH3)6C60 the fullerene



Fig. 2. Two nearest neighbour fullerene sites in a b.c.c. lattice. z denotes
the axis along which the total vibronic momentum of the pair is conserved.
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anions will be in threefold degenerate vibronic ground
states (2).

3. Superexchange interaction between two C3�
60 cubic sites

In the Mott–Hubbard insulating regime the LUMO
electrons are mainly localized at the fullerene sites and gain
some kinetic energy via virtual hops to neighbour sites. The
resulting partial electron delocalization depends on the rel-
ative orientation of the spins on the corresponding sites
and is described by an effective superexchange Hamiltonian
[20]. A systematic procedure for constructing superex-
change Hamiltonians, based on the partioning of the total
Hamiltonian into two terms, one acting within a chosen
subspace of low-lying states and the other coupling differ-
ent subspaces, was proposed long time ago [21] and applied
for the derivation of the t–J model. A more conventional
approach [20] consists in partioning the total Hamiltonian
into a term containing the sum of single-site contributions
and another one corresponding to electron transfer
between the LUMO orbitals of the neighbour fullerene
sites, Ht. The single-site Hamiltonian is further divided into
a term H0 containing the interactions depending on the
total occupation number of sites, with an effective intrasite
electron repulsion parameter U, and H0 including the
remaining intrafullerene interactions. Performing a unitary
transformation which eliminates Ht we obtain the follow-
ing general expression for the effective Hamiltonian up to
the second order after 1/U [22,23]:

Heff ¼ H0 þH0 þ 1

U
Ht �Ht �

1

2U 2
½½H0;Ht�;Ht�: ð3Þ

This Hamiltonian acts in the space of the ground man-
ifold of states with fixed number of electrons on sites. Since
it is derived in the second order after intersite electron
transfer, the superexchange part of this Hamiltonian (the
last two terms) becomes a sum over pairs of sites which
can be connected by Ht. In the absence of spin–orbit cou-
pling on sites the contribution of each such pair (ij) can be
written in the form:

Hij ¼ Kij þ SiSj þ
1

4

� �
J ij; ð4Þ

describing the interaction between the states of the low-
est terms ð2Siþ1ÞCi and ð2Sjþ1ÞCj of the sites i and j respec-
tively. The operators Kij and Jij act in the space of
orbital indices of these terms and therefore represent
matrices of dimension jCij Æ jCjj. In the case of orbitally
nondegenerate sites, Kij and Jij become numbers and
Eq. (4) reduces to the Heisenberg superexchange Hamil-
tonian [20]. In the case of twofold orbital degeneracy of
sites, Kij and Jij are 4 · 4 matrices and can be rewritten
via bilinear combinations of ~S ¼ 1=2 orbital pseudospins
of sites, in which form Eq. (4) is known as Kugel–
Khomskii Hamiltonian [9].

The electron transfer between the LUMO orbitals of
neighbour fullerene sites in a b.c.c. lattice (Fig. 2) is
described by Ht where all diagonal (tcc) and all off-diagonal
ðtcc0 Þ transfer parameters are equal (c = x, y, z). The third
term in (3) is the Anderson’s antiferromagnetic contribu-
tion and the last term describes the effect of multiplet and
Jahn–Teller splitting of t1u shells on superexchange. The
parameter U entering these terms corresponds to an aver-
age C3�

60 C3�
60 ! C2�

60 C4�
60 electron promotion energy and is

estimated as U ¼ 4
3
U? � 1

3
U k � 2

3
J þ 4

3
EJT þ V e-h. To

obtain the superexchange Hamiltonian one should average
Heff over the vibronic ground states 2T1uc of fullerene sites,
Eqs. (1) and (2). This is done in two steps. First we average
over the electronic coordinates entering the adiabatic func-
tions Wad and obtain for each pair of nearest neighbour
sites an operator of Heisenberg type, Eq. (4) (Si = Sj = 1/
2),

Hex ¼ � 2
t2
12 þ t2

21

U
1� 2EJT þ J

3U

� �

� t2
13 þ t2

31

U
1þ EJT � J

3U

� �

� t2
23 þ t2

32

U
1þ EJT � 7J

3U

� �

� 2
t2
33

U
1þ 4EJT � 10J

3U

� �
þ 4

t2
33

U
1þ 4EJT � 10J

3U

� ��

�2
t2
13 þ t2

31 þ t2
23 þ t2

32

U
J
U

�
SiSj þ

1

4

� �
; ð5Þ

where the parameters Kij and Jij depend on six Euler angles
of the two fullerene sites via the transfer parameters tcc0 ,
where now c,c 0 = 1, 2, 3 denote the adiabatic orbitals on
the site i and j, respectively, in the order shown in Fig. 1.
This Hamiltonian itself describes the exchange interaction
in the case of static vibronic distortions on sites, when
the six Euler angles become parameters. This is probably
the case in noncubic ammoniated fullerides [6,7], and
TDAE-C60 where fullerene sites are located in low-symme-
try environments. In Eq. (5) the antiferromagnetic contri-
bution is determined by the transfer parameter between
half filled orbitals, t33. Therefore the exchange is ferromag-
netic for t33 = 0, which is always possible to achieve by
varying the Euler angles on sites. This seems to be the case
in K3(NH3)C60. Indeed, the low temperature measurements
show that the spins arrange in this compound antiferro-
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magnetically along the translational directions (similar
orbitals on neighbour sites overlap) and ferromagnetically
in perpendicular directions [7]. A similar mechanism was
proposed to explain the ferromagnetism in TDAE-C60 [24].

In the present case the Euler angles are dynamical vari-
ables and we should further average the Hamiltonian (5)
over wave functions (2). This leads to a superexchange
Hamiltonian (4) where Kij and Jij are 9 · 9 matrices in
the space of vibronic states of the two sites. The obtained
Hamiltonian describes the spin–vibronic exchange interac-

tion, which formally resembles the spin–orbital superex-
change [9,10] but acts in the space of vibronic rather than
orbital states.

Given the threefold symmetry of nearest neighbour
pairs, the intersite electron transfer is only nonzero between
the t1u orbitals with the same projection of the orbital
momentum (�1, 0, 1) on the axis of a given pair:
t0 = txx + 2txy, t1 = t�1 = txx � txy. Similarly, the spin–vib-
ronic superexchange will conserve the projection of the
total vibronic momentum I = Mi + Mj on the axis of the
pair. It is convenient therefore to choose the quantization
axis along the axis of the pair as shown in Fig. 2. The
spin–vibronic spectrum for a single pair is shown in
Fig. 3a. For comparison Fig. 3b shows the spin–orbital
spectrum of a corresponding dimer containing threefold
orbitally degenerate sites, the t1

2g � t1
2g model (similar to

the p1–p1 model [23]). The corresponding Hamiltonian
was obtained by averaging the Heff in Eq. (3), containing
the same parameters (except for the Jahn–Teller energy
which is absent in the spin–orbital model), over threefold
degenerate orbitals of sites. The obtained energy levels
are characterized by the conserved projection of the total
orbital momentum on the axis of the pair, which we denote
also by I. One can see two main differences in these spectra.
First, the splitting of the spin levels in the spin–vibronic
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Fig. 3. Spin–vibronic spectrum for C3�
60 � C3�

60 at J/U = 0.05, E3
JT=U ¼ 0:15 (a

lattice. Solid lines correspond to S = 1 and dashed lines to S = 0 (S is the spi
legend, the reader is referred to the web version of this paper.)
case is 3–4 times smaller than in the spin–orbital case. Sec-
ond, while the ground state of the spin–orbital pair can be
both ferro and antiferromagnetic, the ground state of the
spin–vibronic pair is always antiferromagnetic. This is sup-
ported by the antiferromagnetic susceptibility observed in
Li3(NH3)6C60 [5].
4. Superexchange in extended lattice: 1. Ordering in the spin

sector

In order to describe the effect of superexchange interac-
tion in an extended lattice we use a boson representation of
Kij and Jij in (4) following the approach adopted for spin–
orbital models [25]. We consider again two neighbour ful-
lerene sites and choose the axis of the pair as quantization
axis for orbital and vibronic moments (Fig. 2). Keeping for
simplicity the main part of superexchange interaction - the
third term in Eq. (3) (the terms arising from H0 do not
change qualitatively the results as Fig. 3a suggests and as
shown elsewhere [22]), we obtain (in units of 4t2

0=50U ):

J ij ¼ ð8þ 9g2Þ þ ð3g2 � 4Þðna
0 þ nb

0Þ þ ð2þ g2Þna
0nb

0

þ 1

p
½g2ay1a�1by�1b1

þ g
2
ðay1a0 � ay0a�1Þðby0b1 � by�1b0Þ þ h:c:�;

Kij ¼ ð�9þ 2g2Þna
0nb

0 þ
1

p
½2g2ay1a�1by�1b1

þ gðay1a0 � ay0a�1Þðby0b1 � by�1b0Þ þ h:c:�; ð6Þ

where aM and bM are bosonic operators (analogues of orbi-
tons in spin–orbital models [25]) corresponding to vibronic
states (2) of the first and second fullerene site, respectively,
constrained by the conditions na

0 þ na
1 þ na

�1 ¼ 1 and
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n of the pair). (For interpretation of the references to color in this figure
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nb
0 þ nb

1 þ nb
�1 ¼ 1; g = t1/t0 and the constant term in the

expression for Kij was omitted.
The constant term in Jij is dominant for any g, which

means that the coupling between nearest neighbour spins
is always antiferromagnetic, in full agreement with magnet-
ic susceptibility data for Li3(NH3)6C60 [5]. In the ordered
phase, the spin moments of the two antiferromagnetic
sublattices will be almost unreduced with respect to the
corresponding Heisenberg model, given the relative small-
ness of vibronic terms in Jij. This behaviour differs much
from the case of crystals with orbitally degenerate sites
(t1

2g � t1
2g pairs) both in perovskites (titanates) [25,26] and

b.c.c. lattices [22]. In the last case the interaction between
spins is strongly dependent on orbital populations and
can be equally ferro and antiferromagnetic (this is seen also
in Fig. 3b), with spin moments strongly reduced by orbital
fluctuations in ordered phases.

The specific feature of spin–vibronic superexchange
comes from the delocalization of the adiabatic orbitals over
all three t1uc orbitals in each vibronic state (2). As a result
the electron transfer between singly occupied adiabatic
orbitals of the neighbour sites (jU3æ in Fig. 1) is never zero.
Other feature of (6) is the reduction of the superexchange
amplitude with respect to 4t2/U. Indeed for various values
of transfer parameters we obtain for the superexchange
amplitude:

t0 ¼ 0 :
9

50

4t2
1

U

t1 ¼ 0 :
8

50

4t2
0

U

t1 ¼ t0 :
17

50

4t2
0

U

This is again the consequence of delocalization of the adi-
abatic orbitals jU3æ in the dynamical vibronic states (2) and
corresponds to vibronic reduction of superexchange interac-

tions. It is just an example of Ham’s reduction of electronic
operators in Jahn–Teller systems [12]. Such a reduction of
exchange interaction is indeed observed in Li3(NH3)6C60:
from the experimental Weiss constant h = �15.2 K [5] one
derives the mean-field estimate for the exchange parameter
of 5.3 cm�1 which is twice smaller than the previous estimate
based on the LUMO bandwidth.
Fig. 4. Vibronic quadrupole ordered states: (a) ferro type (I), T = (�2/3,
�2/3, �2/3); (b) antiffero type (II), T1 = (0, 0, 1), T2 = (0, 0, �1).
5. Superexchange in extended lattice: 2. Ordering in the

vibronic sector

Consider now the vibronic sector of superexchange
interaction. Since Jij > Kij the spin order sets in first and
therefore the ordering in vibronic sector takes place on
the background of antiferromagnetic spin order. As Eq.
(6) shows the term Kij is an operator even in the absence
of Hund’s rule coupling on sites. This means that the vib-
ronic order is stabilized already for classical (Neel) order
of spins. In contrast Kij reduces to a constant in spin–orbi-
tal models with t1

2g sites, when J = 0, for both simple cubic
[26] and b.c.c. lattices [22], which means that their classical
Neel state, ÆSiSjæ = �1/4, is infinitely degenerate in the
orbital sector. As a consequence the orbital order is stabi-
lized in these models only by spin fluctuations.

Averaging (4) over the antiferromagnetic spin ordered
state we obtain the vibronic Hamiltonian:

Hvibr ¼
X
hiji
ðKij þ nJ ijÞ; ð7Þ

where the bosonic operators in each term are defined with
respect to the quantization axis of the corresponding pair
and n = ÆSiSjæaf + 1/4. It results that the terms na

0nb
0 in (6)

give the main contribution to (7) when (t1/t0)2 is not too
close to (9 � 2n)/(2 + n). Considering this condition ful-
filled we further keep only these terms. Next we introduce
the vibronic momentum operators Ix ¼ iðayzay � ayyazÞ,
Iy ¼ iðayxaz � ayzaxÞ, Iz ¼ iðayyax � ayxayÞ and the quadrupole
operators Tx = �(IyIz + IzIy), Ty = �(IxIz + IzIx), Tz =
�(IxIy + IyIx) for each fullerene site (they are similar to
the case of t1

2g orbital degeneracy [25]). Then the vibronic
Hamiltonian can be rewritten in the form:

Hvibr ¼
4

9
C
X

i

1þ
X3

j¼0

ðTiejÞðTiþej ejÞ
" #

; ð8Þ

where C ¼ ð4t2
0=50UÞ½ð9� 2nÞ � ð2þ nÞg2�, e1�3 are b.c.c.

unit vectors (in units of cubic lattice constant) and e0 is
minus their sum (these vectors form a tetrahedral star
around each site i).

In the case C < 0 the quadrupole moments order ferro-
magnetically (order I) along one of the trigonal axes of
the crystal (Fig. 4a) with the interaction energy
Evibr = (4/9)C per site. For positive C the lowest configura-
tion corresponds to antiferro ordering (II) of quadrupole
moments along one of tetragonal axes (Fig. 4b) with
Evibr = 0. We stress that these orders are stabilized already
at the classical level. The phases shown in Fig. 4 have the
vibronic states on sites: a ¼ ðax þ ay þ azÞ=

ffiffiffi
3
p

for ferro
and a1;2 ¼ ðax � ayÞ=

ffiffiffi
2
p

for the two sublattices of antiferro
order, where ax, ay, az correspond to real combinantions of
the vibronic states (2). It results therefore that in both these
orders the vibronic moments on sites are completely
quenched (the same for orbital moments, of course).
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6. Collective vibronic excitations in the ordered phases

To investigate the vibronic excitation spectrum, we
introduce on each site, following Ref. [25], two states
orthogonal to the condensed state a: a ¼ ðax � ayÞ=

ffiffiffi
2
p

,
b ¼ ð2az � ax � ayÞ

ffiffiffi
6
p

for order I and a1;2 ¼ ðax � ayÞ=
ffiffiffi
2
p

,
b1,2 = az for two sublattices of order II.

The linearized Hamiltonian for the ferro phase has the
form (in units of 8jCj/9):

HI
VW ¼

X
i

2ðni
a þ ni

bÞ �
1

9
T i

aT iþe3
a þ 1

2
T i

a �
ffiffiffi
3
p

2
T i

b

 !"(

	 1

2
T iþe1

a �
ffiffiffi
3
p

2
T iþe1

b

 !
þ 1

2
T i

a þ
ffiffiffi
3
p

2
T i

b

 !

	 1

2
T iþe2

a þ
ffiffiffi
3
p

2
T iþe2

b

 !#)
; ð9Þ

where Ta � �(b + b�) and Tb � �(a + a�). The form of this
Hamiltonian is isomorphic with the orbital superexchange
terms found in the spin ferromagnetic phase in the cuprate
model, where Ta and Tb corresponded to orbital pseudo-
spin operators of twofold orbitally degenerate Cu(II) sites
[27]. Despite different physical content, the equivalent form
of these Hamiltonians is dictated by symmetry. Indeed,
they reflect the only way in which one can write an invari-
ant, with respect to rotations around the trigonal axis, for
scalar products of two-dimensional vectors (Ta, Tb).

Here the Hamiltonian (9) describes two branches of
optical magnons of vibronic origin with excitation energies
Fig. 5. Dispersion of vibronic excitations in the ferromagnetic phase (I).
xk
� ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ð�Ca �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C2

h þ C2
�

q
Þ=6

r
, where Ca = (cosk1 +

cosk2 + cosk3)/3, Ch = (2cos k3 � cosk1 � cosk2)/6, C� ¼ffiffiffi
3
p
ðcos k1 � cos k2Þ=6 and ki are projections of the momen-

tum along the corresponding ei. The obtained spectrum of
vibronic excitations (Fig. 5) has a cubic symmetry and is
characterized by a relatively large gap and small dispersion.
This results in a negligible number of bosons not in the
condensate:

hna þ nbi ¼
1

4N

X
k

ðxk
þ � 1Þ2

xk
þ

þ ðx
k
� � 1Þ2

xk
�

" #
� 0:001:

Accordingly the order parameter in this phase
ÆTzæ = ÆTxæ = ÆTyæ = �(2/3 � Æna + nbæ) is almost unre-
duced with respect to the classical equilibrium value
(Fig. 4a).

The linearized Hamiltonian for the antiferro phase is of
the form (in units of 8C/9):

HII
VW ¼

X
i

ð2ni
a þ ni

bÞ; ð10Þ

i.e., involving strictly local excitations. Thus the order
parameters of both vibronic phases turn out to be almost
unaffected by quantum fluctuations, which is the conse-
quence of their classical origin. The parameter C is much
smaller than the constant part of Jij in (6), which means
that the vibronic order sets in at a much lower temperature
than the spin order.

7. Discussion and conclusions

In order to assess what vibronic order is realized in
Li3(NH3)6C60 we estimate the ratio between the two trans-
fer parameters in orientationally ordered b.c.c. fullerene
crystals taking into account only the direct overlap of t1u

orbitals of nearest neighbour fullerenes. The overlap
between carbon orbitals was calculated within Harrison
[28] and Wolfsberg–Helmholz approximations. Fig. 6
shows that for the lattice constant corresponding to
Li3(NH3)6C60, g2 � 14 (H) and 9 (WH). These numbers
are well above the critical value (9 � 2n)/(2 + n) � 4.5
abcc(   )Å

t /t1 0

11 12

2

4

6

0

L i (NH ) C3 3 6 60

H

WH

Fig. 6. Ratio of transfer parameters for LUMO orbitals of nearest
neighbour fullerenes in a b.c.c. lattice, calculated within Harrison and
Wolfsberg–Helmholz approximations.
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(n � 0) thus justifying the approximation made when
obtaining Eq. (8). From these estimations we infer that
C < 0 implying the vibronic order of type I in the ground
state of this fulleride.

Concerning the approximations made in deriving the
above model one should stress that the threefold vibronic
degeneracy of sites is a robust feature of C3�

60 if the vibronic
dynamics is unquenched according to our estimations.
Actually the major approximation in our model is the
neglect of the contribution to the superexchange interac-
tion which comes through the exchange of virtual phonons
[29]. It is known that this contribution is generally impor-
tant in concentrated Jahn–Teller systems although it is
not clear whether it is still so in the case dynamical Jahn–
Teller effect on sites. We will address this question in the
future work [22].

In conclusion, the ground state and low-lying excita-
tions in Li3(NH3)6C60 (and probably other Mott–Hub-
bard cubic fullerides) are governed by spin–vibronic
superexchange between neighbour fullerene sites. This
interaction formally resembles the spin–orbital superex-
change but involves degenerate vibronic instead of orbi-
tal states on sites. The predictions of the spin–vibronic
model are in line with available magnetic data for
Li3(NH3)6C60. We suggest that a quadrupole vibronic
order develops at a temperature much lower than the
temperature of spin ordering transition, which could be
tested in future experiments.
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