Following Jahn-Teller distortions in fulleride
salts by optical spectroscopy

G. Klupp and K. Kamardas

Abstract Cg salts represent perfect model systems for the Jahn-Teller effect, in par-
ticular for the interplay between the molecular dynamics and the distorting crystal
field. In this paper, after a brief introduction to the theoretical background, we re-
view experimental results on salts with fulleride anions containing different charge
states in the solid state. Mid-infrared (MIR) and near infrared (NIR) spectroscopic
measurements and their conclusions are reported in detail, while the results ob-
tained by nuclear magnetic resonance (NMR), electron spin resonance (ESR) and
X-ray diffraction are briefly summarized. The following questions are addressed:
Are fulleride ions distorted in various solids? Is the distortion dominated by the
molecular Jahn-Teller effect or by the potential field of the environment? What is
the shape of the distortion? Is the distortion static or dynamic, is there a pseudoro-
tation, are there transitions between static and dynamic JT states? How do these
effects manifest themselves in vibrational and electronic excitations? The experi-
mental difficulties one has to face when studying Jahn-Teller distortions in solids
are also discussed. These limitations originate not only in the performance of the
spectroscopic methods used, but also in the chemistry of some of the compounds,
which can lead to segregation and polymerization.

1 Introduction to the theory of the Jahn-Teller effect in fulleride
ions

The neutral Cgy molecule possesses the highest symmetry point group found in na-
ture, the icosahedral I, group (see Fig. 1). This high symmetry leads to degeneracies
of both the electronic and vibrational energy levels. Its HOMO (highest occupied
molecular orbital), LUMO (lowest unoccupied molecular orbital) and LUMO+1
(next lowest unoccupied molecular orbital) belong to the Ay, #1, and #; represen-
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tation, respectively [1]. The LUMO can be partially or completely filled with elec-
trons upon reacting Cgy with suitable electron donors, e.g. alkali metals. This way
a Cg, (n < 6) molecular ion with degenerate electronic states is formed, which is
subject to Jahn-Teller distortion. The ¢ orbital can couple to vibrational modes of
H, and A, symmetry [2]. Since the A, vibrations do not change the symmetry of
the molecule, we will only consider H, vibrations in the following. As we will see
below, the fulleride ions have a spherical APES (adiabatic potential energy surface)
in the first approximation. Thus the notation commonly used for the fulleride ions
as Jahn-Teller systems is p”" ® H in analogy with the p” electron configuration of
atoms [3].

Fig. 1 The icosahedral symmetry of the Cgp molecule. The atoms above the plane of the paper are
marked black, those under it grey. In the left figure one of the Cs and Sj¢ axes is perpendicular to
the plane of the paper. This is the axis along which the C¢,, the Céa and the Cga molecules are
elongated or compressed by a Ds, distortion. In the figure in the middle, one of the C5 and Sg axes
is perpendicular to the plane of the paper. This is the axis along which the above molecules are
distorted in a D3, symmetry. In the right figure a C; axis is perpendicular to the plane of the paper,
another C, axis is horizontal, and the third one is vertical. In this figure one of the mirror planes
of the molecule coincides with the plane of the paper, the other two are perpendicular to it and to
each other. [4] Copyright (2006) by the American Physical Society.

The Hamiltonian of the p” ® H system for linear coupling can be written as [3]:
N 1 -
H=—2Y 555+5 ) 0 +M(Q), M

where M(Q;) is the vibronic interaction energy and Q; are the five normal coordi-
nates spanning a five dimensional space containing the APES. The different energy
terms are in @ units, where @ is the frequency of the coupled vibration.

After a change of variables in the potential energy V, it becomes apparent that
the APES has a minimum not only at a single point, but in a three dimensional
spherical subspace of the five dimensional Q space [3, 5]. The smallest eigenvalue
of the M matrix is —nkQ, where k is the vibronic coupling constant and 7 is a
constant depending on the charge state of the fulleride ion [5]. Substituting this into
V we get
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and a minimum at Q = nk. The result is the same if we take into account all of
the 8 H, modes of Cga [6]. Thus the minimum of the APES is a three dimensional
spherical surface with a radius of nk [3, 7].

If a molecule with [, symmetry is distorted by the JT effect in the direction of
an H, vibration, its point group will become D»;, D34 or Dsq [5, 8]. The distortion
corresponding to the minimum of the APES is a prolate in the p ® H and the p*> @ H
system and an oblate in the p* ® H and the p° ® H system [7]. The different points of
the APES correspond to different directions of the main axis of these spheroids. As
all points corresponding to the minimum of the APES are equivalent, all distortions
corresponding to these points are equally probable. This leads to a continuously
wandering main distortion axis: the molecule performs pseudorotation [3, 7]. In the
course of the pseudorotation the point group of the molecule changes, but it remains
icosahedral on the average.

For the p? @ H system one possible shape of the distortion is depicted in Fig. 2.b.
It can be seen that the distortion is not symmetric about any axis in this case [7].
Although the shape is not the same as in the other anions, this molecule will also
perform pseudorotation.
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Fig. 2 One possible shape of the Jahn-Teller distortion of Cga a)forn=1,2,4,5andb) forn=3.
[7] Copyright (1994) by the American Physical Society.

If nonlinear terms of the vibronic coupling are also taken into account or we
allow for anharmonic interatomic forces, the spherical symmetry of the minima of
the APES will be lost [5, 9]. The distortions corresponding to the new minima on the
APES have to bear the highest possible symmetry [9]. Depending on the parameters,
this scenario can be achieved if the lowest energy configurations belong to the D3,
Dsg, or Dy, configurations [5, 6, 10].

The isolated Cg; molecule can be distorted into six different directions with
Ds,; symmetry and ten directions with D3,; symmetry. In the isolated molecule the
distortions belonging to the same point group but pointing in different directions



4 G. Klupp and K. Kamardas

have the same energy [6]. The barrier between these distortions is small, so the
molecule can move from one distortion to the other via pseudorotation [11, 12].

Relatively few theoretical works have attempted to determine the exact distor-
tion where the APES of the isolated molecule has minima. An early Hartree-Fock
calculation by Koga and Morokuma on Cg, found no significant energy difference
between D5y, D34z and D5, geometries [13], but resulted in the correct prolate shape.
Green et al. performed DFT (density functional theory) calculations on isolated Cy,
anions [14]. They also found very small energy differences between different dis-
tortions in most of the anions. The lowest energy configuration was D3, in the case
of Cy,. The triplet and singlet state of Céa were also very close in energy, with D3,
and Dy, geometry, respectively. The Cga had an icosahedral quartet ground state.
The ng ion and the ng ion are the electron-hole analogues of the Cg& and the C,
ions concerning their frontier MOs. Despite this fact, the calculation led to a D5,
configuration of the triplet Céa .

In real fulleride salts we also have to consider the potential field generated by
the environment in a solid. In alkali fullerides containing cations larger than Na™,
the dominating interaction is the repulsion between the cation and the anion aris-
ing from wave function overlap, i.e. the steric crowding [15]. This potential field
generated by the alkali metal ions is the crystal field (a strain) which can lower the
potential energy of a specific distortion. If the barrier to other minima on the APES
of the molecule is high, a static distortion appears [3]. If the barrier is lower than the
thermal energy, the distortion is still dynamic.

Going from the molecular picture to that of collective properties in a solid means
adding translational symmetry to the point group symmetry. The theoretical descrip-
tion does this by introducing a phase of the distortion throughout the material, which
is determined by the spatial variation of the variously distorted molecules. If, as is
usual in a classical crystal, the phase of the distortion shows the translational sym-
metry of the solid, the so-called cooperative Jahn-Teller effect appears where the
shape of one molecule and the space group determines the shape of all the others.
If the distortions are not correlated, however, the phase is random and the situation
is not different from that of isolated molecules. This is the dynamical Jahn-Teller
effect where the distortions cannot be detected but the solid-state consequences still
appear in the electronic structure [16].

Thus in fulleride solids, depending on the interplay of several parameters, mul-
tiple phases are possible and phase transitions can occur when varying the cation
size or the temperature or pressure. Dunn [11] has investigated these effects in de-
tail for the cooperative Jahn-Teller effect in solids and gave a general description for
icosahedral systems.

Fabrizio and Tosatti introduced the idea of the Mott-Jahn-Teller insulator and
performed a model calculation for an E @ e system. Dunn [11, 17] extended this
model to the p" @ h system for fullerenes and determined the properties of various
cooperative JT distorted phases.
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2 Experimental methods used in the detection of Jahn-Teller
distortions

In this section, we briefly summarize the principles of the measurements which can
be applied to detect the consequences of the JT effect on physical properties. We
will start with a short summary of the most widely applied methods, and then give
a detailed description on vibrational and optical spectroscopy of fullerene solids,
where to our knowledge no comprehensive review exists. On other topics, excellent
overviews have been written, e.g. by Reed and Bolskar [18] on structural and spec-
troscopic (near infrared, nuclear magnetic resonance and electron spin resonance)
investigations on discrete fulleride anions, by Brouet et al. [19] on collective mag-
netic properties detected by nuclear magnetic resonance spectroscopy, and by Arcon
and Blinc [20] on the detection of pseudorotational dynamics by nuclear resonance.

We have to state right away that the experimentalist trying to determine the con-
sequences of the JT effect in fullerides has no easy task. Part of the difficulties
stem from the material and part from the complicated and intertwined phenomena
which occur in most systems containing fullerene balls. The first step is to prepare
the appropriate materials in homogeneous and stable form; the second, once the
measurements are done, to isolate the effects of Jahn-Teller origin from the vast
amount of exotic phenomena caused by the environment or physical conditions as
temperature and pressure. The complexity of the problem is matched by the array
of sophisticated state-of-the-art techniques which have been applied recently (e.g.
free-electron laser [21], scanning tunneling microscopy (STM) [22], and storage
ring spectroscopy [12]).

2.1 General description of applied methods

To investigate the Jahn-Teller effect appearing in isolated fulleride ions experimen-
tally, the most straightforward method would be spectroscopy in the gas phase.
However, according to calculations, only Cg, and C(Z)a ions exist in the gas phase,
the other ions emit electrons spontaneously [14]. Cy, [12, 21] and Cég [23, 24] have
indeed been prepared in an electron storage ring with long enough lifetime to study
their spectroscopic properties.

In solution, all six possible fulleride anions can be prepared and have been stud-
ied by various methods. The results are summarized in the review by Reed and Bol-
skar [18]. The most common reduction methods are the reaction with alkali metals
or electrochemistry. In these cases, marked solvent dependence is observed indicat-
ing that the effect of the environment is not negligible even in dilute solutions.

In solids, the situation is further complicated by external strain originating from
both steric crowding and Coulomb interactions. Roughly two types of fulleride salts
can be distinguished: the ones containing bulky organic cations where the ions
can be regarded as isolated, but the geometry of the counterions results in a low-
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symmetry environment which coexists with the Jahn-Teller type symmetry lower-
ing; and the ones with simple cations (the prime examples being the alkali salts)
where the principal interaction is steric crowding when the ions get close).

Since Jahn-Teller distortions involve the deformation of the molecules, structural
studies are expected to provide the most straightforward results. These include X-
ray and neutron diffraction and tunneling microscopy. Diffraction studies are hin-
dered by the scarcity of suitable single crystals, which would give exact atomic
coordinates. On powder samples, Rietveld refinements indicate the deviation from
the symmetric shape in one or the other direction, but these results have to be treated
with caution because the static or dynamic nature cannot be distinguished. With ex-
ceptional care and experimental effort, fulleride monolayers can also be prepared
and studied with STM at low temperature where the motion of the fullerene balls is
stopped [22].

Inelastic neutron scattering (INS) is suitable to detect librations, low-energy rota-
tional motions in solids. It was used to follow molecular reorientations as a function
of temperature [25]. These reorientations should not be confused with pseudorota-
tion as they involve actual displacements of atoms in the crystal; they correspond
to an abrupt change in the crystal field [4] and their intensity scales with the crystal
field strength.

Vibrational spectra are very sensitive to symmetry changes in a molecule. The
splitting of bands in infrared (IR) and Raman spectra correlates with the point group
of the molecule which changes when distortions appear. The nature of the splitting,
i.e. the number of resulting bands in the distorted state, can be predicted from simple
group theory considerations.

Likewise, the electronic transitions between frontier orbitals show characteristic
splitting when the symmetry is lowered. These transitions fall into the near infrared
(NIR) range in fulleride ions, and are therefore studied by NIR spectroscopy [4, 18].

A special type of measurement is that of ions in the gas phase by intense ra-
diation which causes electron detachment and the absorption spectrum is detected
through the deionized molecules it produces. Such radiation sources are either a
high-intensity near-infrared laser [12] or infrared radiation from a free-electron laser
[21].

High-resolution electron-energy loss spectroscopy (EELS) yields similar infor-
mation as optical spectroscopy but extends to a much wider frequency range (albeit
with lower resolution). Transmission EELS spectra have contributed significantly
to our knowledge of fulleride salts [26, 27]. EELS spectra have the advantage with
respect to optical spectroscopy that the momentum of the particles and thereby mo-
mentum transfer can be controlled; however, since the momentum transfer is al-
ways finite, in principle the results cannot be directly compared with those of op-
tical spectroscopy. In practice low-momentum transfer results yield the dielectric
loss function with high enough accuracy that it can be subjected to Kramers-Kronig
transformation and the complex dielectric function can be derived.

Nuclear magnetic resonance (NMR) spectra can yield information on magnetic
properties, rotational states and of the symmetry of both the molecules and their en-
vironment. Mostly, 13C is used as a probe, but in alkali salts, alkali atoms as Na or
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Li have also been applied. The effect of molecular dynamics, including pseudorota-
tions, on the NMR line shape is thoroughly discussed in Refs. [28, 20].

Electron spin resonance (ESR) is extensively used in the study of fulleride ions,
as the magnetic characterization of these molecular ions yields fundamental infor-
mation on the electronic structure. An ESR signal can in principle appear in any
system containing fulleride ions, as the configuration can involve unpaired spins
even in systems with an even number of electrons. In solids, the Pauli susceptibility
indicates a metallic state.

Indirect but important data on molecular symmetry are provided by transport and
magnetic measurements in solids. These properties reflect the collective behavior of
electrons in the system, and are indicative of the band structure.

The dynamic nature of the distortion is not always detected by spectroscopy [3].
If the lifetime of the excited state generated during the measurement is shorter than
the time it takes the molecule to transform from one distortion to the other, then the
molecule can be excited several times while in a single potential minimum. Thus
we will measure the spectrum of a distorted molecule. If, on the other hand, the
molecule adopts a different distortion faster than the time scale of the measurement,
the molecule will take up different distortions during a single excitation event. In this
case the spectrum will show the time average of the distortions. As a consequence,
it can happen that the molecule is found to be distorted by one measurement and
undistorted or even spherical by another; in the solids, where the spatial average
is measured as well, different methods can come to different conclusions regard-
ing whether the material consists of identically distorted molecules (cooperative
Jahn-Teller effect) or whether the spatial average is symmetric while the individual
molecules perform random motions (dynamical Jahn-Teller effect) [16].

Despite the difficulties mentioned above, by now a critical mass of data has been
compiled enabling us to formulate a concise picture of the nature of the JT effect in
these fascinating materials. In the rest of this paper we would like to summarize such
experimental data with respect to the following questions: Are the fulleride ions
found in various compounds distorted? Is the distortion dominated by the molecular
Jahn-Teller effect or by the potential field of the environment? In which direction
is the molecule distorted and what is the shape of the distortion? Is the distortion
static or dynamic? The way we approach these questions is the study of symmetry
change through vibrational and electronic transitions. The fundamental concepts of
these methods will be summarized in the next section.

2.2 Vibrational and electronic spectra of fulleride solids

Ceo has four infrared allowed vibrations, all of which belong to the Ty, represen-
tation. The correlation table (Table 1) lists the possible splitting in various point
groups describing the molecule when the icosahedral symmetry is lost. Since the
LUMO of the molecule which accomodates the extra electrons in the anions, is
also a 11, orbital, the same correlations hold for the electrons as well. The result-
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ing schemes are shown in Fig. 3 for different occupation numbers 0-6 [29]. These
schemes are based on the calculations of Auerbach et al. [7] for isolated anions
with correlations between electrons neglected. This calculation resulted in low-spin
states for all ions which, because of the full occupation of the lowest levels, are not
subject to further JT activity.

Table 1 Correlation table for the T}, representation. The correlation table for the 77, representa-
tion is identical, with the indexes u changed to g.

I, Dsy D3y Dy,

Tlu AZu + Elu AZu + Eu Blu + BZu + B3u

It is apparent from table 1 that while D3, and Ds,; symmetries retain a double de-
generacy, in Dy, all representations are one-dimensional, thus the entire degeneracy
is lifted. In practical terms, this means that in an infrared spectrum the four allowed
modes would show two- or threefold splitting depending on the symmetry resulting
from the distortion. Because of the usually small structural changes, the split in-
frared bands are expected in the immediate vicinity of the original Ty, frequencies.
Upon symmetry lowering, silent modes also become activated, but for the purpose
of identification the splitting pattern of the T, modes is the least ambigous. Among
these, the highest-frequency T;,(4) mode is the most characteristic; this mode is
not only sensitive to symmetry through splitting, but also to the charge of the anion
through its downshift in frequency from the 1429 cm™! position in neutral Cgq [30].
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Fig. 3 Jahn-Teller splitting of the 71, orbitals of Cg; [29]. Copyright (2002) by the American
Physical Society.

Further symmetry reduction can happen as a result of strain from the crystal field
of the cations in crystals. If the site symmetry of the fulleride ion is a subgroup of the
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I, icosahedral point group, with lower symmetry than the JT distorted shape (e.g.
Cyp), a simple symmetry lowering occurs to the shape dictated by the site symmetry.
If the site symmetry is not a subgroup, the distortion happens into the highest com-
mon subgroup of the site symmetry and the icosahedral group. Examples of such
distortions will be given when discussing the specific materials.

It is worth mentioning that although the Ij, point group shows a very high sym-
metry, it lacks a fourfold axis. The structure of many fulleride salts, though, which
contain the ions in a tetragonal cation environment, can be described as tetragonal
based on diffraction data. This can only happen when the fullerene cages are disor-
dered with respect to the C, axis which is parallel to the principal axis of the crystal.
Formally, the picture is often described as the sum of two perpendicular orientations
(the so-called ”’standard orientations”), but from structural data it cannot be decided
what exactly the shapes are, or even whether the disorder is static or dynamic. We
will show examples of mono- and tetravalent salts where this orientational disorder
occurs. It is expected that in such cases vibrational spectroscopy yields more precise
information on the shape of the molecular ion and thus the type of the disorder.

The splitting of the electronic orbitals (Fig. 3) also gives rise to additional struc-
ture in the electronic spectra. The transitions between levels in the figure are dipole-
forbidden and thus cannot be detected by optical methods; however, excitations to
the LUMO+1 ty, level, which will also split in a lower symmetry environment, will
show characteristic structure depending on the shape of the fullerene cage. We will
give an example of such analysis in section 3.2.1.

3 Results on fulleride salts

In this section we present the results on fulleride salts in various charge states. The
grouping is not strictly in the order of increasing charge, for both fundamental and
practical reasons. The main practical reason is the scarce availability of some groups
of the fulleride family. Of the alkali salts, A,Cgo (except for NayCgg) and AsCgg
were found to phase separate, and could not be prepared even in a segregated form.
NayCgp is a nanosegregated mixture at room temperature and the JT features can
only be studied in its high-temperature phase [31].

We will not cover the optical properties of superconducting A3zCgq salts, either,
both because the theoretical implications of the Jahn-Teller effect on superconduc-
tivity has been extensively discussed [32] and because experimental spectra in these
compounds concentrate on electronic effects [33] and vibrational spectra have not
been discussed in detail, partly because of the interference with the background of
free electrons.

We will concentrate on the monovalent and tetravalent systems where enough
data exist to present a consistent picture based on optical spectra but in accordance
with other experimental results.
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3.1 Cy

In the Cg, anion in the gas phase the presence of the dynamic Jahn-Teller effect has
been shown by sophisticated measurements in both the NIR [12] and the MIR [21]
spectral range. In both cases, it was found that the pseudorotation of the molecules is
fast enough to yield the spectrum of an undistorted ion. The multiple pattern found
in the NIR spectra[12] was attributed to transitions between pseudorotational levels.

In solutions or in frozen matrices the effect of the environment is not negligi-
ble any more. The NIR spectra of Cg, were measured in various frozen noble gas
matrices [34] and D3, or Ds, distortions were found. The result was the same in
the apolar methylcyclohexane matrix, while the distortion was D,; in the polar
2-methyltetrahydrofuran (2-MeTHF) matrix [35]. One might expect the same po-
larity dependence in solutions, but electrochemically generated C, ions showed a
NIR spectrum consistent with Ds; and D3; symmetry both in benzonitrile and in
dichloromethane [36]. These findings indicate that the symmetry of the environ-
ment has to be taken into account besides simple polarity considerations in frozen
matrices [37] and in solutions.

A static-to-dynamic transition was also observed in Na(dibenzo-18-crown-6)Cg
in frozen 2-MeTHF solution [37]. The ESR spectrum showed an ellipsoidal distor-
tion of the C, ion at low temperature, and heating lead to an isotropic signal.

Another possibility to measure nearly isolated fulleride ions is the investigation
of solid fulleride salts with bulky cations. The large cations separate the fulleride
ions but in many cases they are capable of lowering their symmetry at the same time.
In Ni(CsMes)»Cg the C, ion was found by X-ray diffraction to be oblate shaped
and to have roughly D,;, symmetry [38]. This results probably from the enhanced
7 — 7« interaction between the CsMes and the fullerene units.

In (TDAE)C¢o (TDAE=tetrakis-dimethylaminoethylene) the Jahn-Teller effect
has an intriguing consequence [20]: it results in a ferromagnetic ground state with
a Curie temperature 7, = 16 K [39]. The temperature dependence of the correlation
time of pseudorotation from 5-20 K was obtained from '3C NMR measurements
[28] and was found to decrease from 10~ ¢ s to 107 s.

Salts formed with the metalloorganic cations tetraphenylphosphonium and tetra-
phenylarsonium can be prepared as relatively large crystals by electrochemical
methods and are not air sensitive, contrary to the other monoanionic fullerides men-
tioned above; as a consequence, they have been extensively studied by several meth-
ods [41, 42, 43, 40, 44]. The composition of the crystals is always two counterions
to one fulleride monoanion, and charge neutrality is preserved by one halide ion
(Cl7, Br™ or I") per fulleride ion. The type of the halide ion depends on preparation
conditions and can be homogeneous or a mixture of two kinds of halides. This fact
introduces an additional disorder into the structure, but as we will see, its impact is
relatively weak.

The most thorough structural study has been performed by Launois et al.[40] by
single-crystal X-ray diffuse scattering and diffraction. Above 130 K, the structure
was identified as tetragonal (14 /m), arising from a superposition of two orientations
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Fig. 4 Schematic models of (Phs4),PBrCqy at a) high temperature and b) low temperature.
Reprinted from [40]. With kind permission of The European Physical Journal (EPJ).

of the fullerene anion. (As the icosahedral Cgy molecule has no fourfold axis, this
is the way to explain its presence in a tetragonal environment.) Below 120 K, the
model which could explain diffuse scattering was that of separate domains of 12/m
symmetry, which is consistent with a Cy;, distortion of the fulleride anion. This is
another example of Jahn-Teller distortion complemented by external strain: interac-
tion of the electrons with vibrations of 4 symmetry should result in no lower than
the Dy, point group [3], but since the C, ions occupy sites of 2 /m (Cy;) symmetry,
their point group has to be lowered accordingly.

The situation is illustrated in Fig. 4. In part a), the structure is the dynamic av-
erage of two standard orientations, differing in the direction of one of the fullerene
axes (it is easiest to associate this direction with that of the bond separating two
hexagons, intersected by a C, axis, depicted on the right of Fig. 1). In part b) the
structure is envisaged to consist of independent domains, including fulleride ions
of Cy;, symmetry but of different orientations. Within the domains, the cooperative
Jahn-Teller effect is realized; however, the whole crystal is not uniform but disor-
dered.

Bietsch ef al. [43] determined the g-factor anisotropy of (PhyP)>P(As)Ceo(1,Cl)
as a function of temperature. Their results complement perfectly the structural data:
the g-factor is isotropic above a specific temperature (As: 125 K, P: 142 K) where it
becomes anisotropic and the principal axes of the g-tensor do not coincide with the
crystal axes.

Infrared spectra also show line splittings indicating a deformation in both tetra-
phenylphosphonium [42] and tetraphenylarsonium [44] salts. The main conclusion
of the first paper is that in contrast to ESR spectra, infrared lines still show a splitting
due to deformation at room temperature, indicating a dynamic JT state; nevertheless,
some of the lines, including counterion modes, exhibit anomalies in their temper-
ature dependence around the ordering transition temperature (Fig. 5). A thorough
combined experimental and theoretical study has been performed in the second pa-
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Fig. 5 Temperature dependence of a) the (Ph4P),ICgy multiplet and b) the pristine Cgy and PhsPI
absorbances which contribute to it. The inset in a) shows frequency versus temperature for the high
v side of the Tj,(1)-derived doublet (open diamonds) and the 530 cm™! counterion feature (solid
circles), with solid lines to guide the eye. Reprinted from [42]. Copyright (1998) by the American
Physical Society.

per, concluding that the most probable deformation of the C, anion is either Cy,
with the principal axis connecting the centers of two opposite pentagons (Cpp5)
(according to the Ds; symmetry undergoing further distortion to Cp;) or C;. Cyy
symmetry is compatible with both the site symmetry 2/m and the result from the
g-factor anisotropy [43], but the calculated vibrational fine structure assuming C;
symmetry agrees more with the experiment. A further reduction in symmetry can
of course easily happen in such a complicated crystal and since both point groups
contain one-dimensional representations, more subtle effects have to be taken into
account in both theory and experiment.

Likewise, room-temperature Raman spectra of single crystals of tetraphenyl-
phosphonium salts with all three halide ions [45] showed a broadening of H, lines
which can be fitted with five oscillators. This indicates the lifting of the fivefold
degeneracy, which is the case in Cy;, (or lower) symmetry.

The exact temperature of the phase transition in the experiments above is subject
to some uncertainty, which we attribute to the stoichiometric variations in both the
central atom of the counterion (P,As) and the type of the halide. The picture that
emerges, however, is compatible with the full scope of experimental results: a dy-
namic Jahn-Teller effect at high temperature, a structural phase transition in the 120
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- 150 K range, and a distortion of the molecular ion in the low-temperature phase,
arising from the positive synergy of the cooperative Jahn-Teller effect and the low
symmetry of the environment. The static-to-dynamic transition does not coincide
with the structural transition and its temperature depends on the detection method:
whereas ESR spectra are isotropic at room temperature, infrared lines are still split,
indicating a distorted state on the time scale of the measurement. This phenomenon
puts the time scale of the pseudorotation between 10~° and 10~ 13 s, respectively.

We can compare the above results to those of TDAE-Cg investigated by nuclear
magnetic resonance [28, 20]. In these studies, based on NMR line shape analysis, a
static-to-dynamic transition has been found in the ferromagnetic phase, below 10 K.
The time scale at this temperature of the pseudorotation was estimated as 3 ns, some-
what higher than the higher limit of the room-temperature range mentioned above.
Even though the systems are not identical, the qualitative picture that emerges is
in accordance with the transition occurring in the order of characteristic frequen-
cies NMR — ESR — IR). An attractive model has been proposed for the magnetic
ordering of fulleride monoanions in this salt, based on Jahn-Teller distorted states
[20]: according to the calculations of Kawamoto [46], ferromagnetic order develops
if the principal axes of neighboring C ions are perpendicular, whereas antiferro-
magnetic order results from parallel ordering of the principal axes. A cooperative
but complex Jahn-Teller state consisting of molecular ions ordered perpendicularly
thus could show ferromagnetism which would disappear at the temperature where
the system becomes dynamic due to increased pseudorotation frequency.

Unfortunately, the simplest fulleride salts, the monovalent ACgy (A=K,Rb,Cs)
alkali fullerides, exist in a polymerized phase at room temperature (see section 4.2)
and depolymerize only above 400 K where the rotation of the balls averages out
any distortion. Infrared spectra of monoanions at this high temperature show unper-
turbed icosahedral symmetry [47, 48].

3.2 C&; and C3;

We begin this section with the discussion of ng systems, because these are the ones
where experimental results are abundant. Among the non-superconducting systems,
the tetravalent salts were studied most thoroughly both experimentally and theoret-
ically. Several factors contributed to this fortunate situation. On the materials side,
the full series of A4Cgq (A = Na, K, Rb, Cs) could be prepared as single-phase pow-
ders, and except for NasCgo which is a polymer at room temperature, proved to be
similar in structure and properties. On the theory side, the controversy between band
structure calculations predicting metallic behavior [49] and the insulating character
found experimentally has been noticed early on and has led to extensive effort to
resolve it.

Céa was thought to be the electron-hole analogue to Cga and studies on these
materials could have complemented the Cga results with valuable information. Un-
fortunately, only NayCgp could be prepared so far and that material is not single
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phase at all temperatures, either. We will report our results regarding the JT effect
and the other intriguing properties of this system after discussing the tetravalent al-
kali salts, which are the most complete series for conclusions about the JT effect to
be drawn.

3.2.1 Cg

Both in solutions [36] and in a solid with large organic cations [50] the Cga ions
were shown to be distorted. A low temperature STM study on K4Cgg monolayers
also showed distorted fulleride ions. The ground state of both [Na(crypt])4Ceo [50],
K4Cgp [51] and RbsCg [52] was shown to be singlet (Fig. 3.), with a close-lying
triplet excitation, in accordance with the distortion.

The molecular Jahn-Teller effect plays an important role in determining the elec-
trical and magnetic properties of solid A4Cgp and A,Cg salts. This is because elec-
tron correlation localizes the electrons on the fulleride ions; these solids can be de-
scribed as nonmagnetic Mott-Jahn-Teller insulators [16]. Intersite electron repulsion
(U) localizes the electrons and leads to the observed insulating behavior [53, 54, 55],
while the Jahn-Teller splitting leads to a nonmagnetic ground state [51] pairing the
electrons in contempt of Hund’s rule.

In contrast to the A4Cgg salts, monomeric NayCg — stable above about 500 K —
is a metal. The reason is that the shorter interfullerene distances of this compound
reduce the Hubbard U and increase the bandwidth W, leading to an U/W value lying
in the metallic domain [56]. Li4Cgg also has a metallic monomer phase above 470 K
[57, 58]. The presence of distorted fulleride ions has not been investigated in these
phases yet.

KT, Rb™ and Cs™ form salts with Céa which contain monomeric fulleride ions
at all temperatures. The structure of these salts is 74 /mmm body centered tetragonal
(bet) structure at all temperatures [4, 59, 60], except Cs4Cgg at room temperature and
below, which is Immm orthorhombic (bco) [61]. According to our present knowl-
edge, the fulleride ions in these phases are not rotating [4, 60]. Thus the effect of the
crystal field must be taken into account.

In the bcet phase the nearest cations surrounding a Cga ion form a Dy, structure
(see Fig. 6). As the fulleride ion does not have a fourfold rotation axis, it cannot
distort into this point group (see section 2.2). In this case the molecule has to distort
into the largest common subgroup of Dy, and I, which is D,,. The three twofold
rotation axes of the Dy, distorted molecule can then coincide with those of the crys-
tal. The overall tetragonal structure is realized in a way similar to (Ph4P)>Cgp, with
two standard orientations (Fig. 4a), but in this case the angle ¢ is zero.

In the bco phase of Cs4Cg the cations show a similar arrangement as in the bct
A4Cgp phases, but they form a Dy, structure, i.e. they allow only one orientation
of the fulleride ions. Thus the molecular point group caused by the crystal field is
Dy, in both the bet and the beo structure and we would expect identical molecular
spectra.
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Fig. 6 A Cga ion (in light grey) and its nearest neighbor K™ ions (in black) in the bet AyCqo
salts (based on [59]). The fourfold ¢ axis of the crystal is perpendicular to the plane of the paper,
whereas the a axis is horizontal and the b axis vertical. The size of the spheres denoting the atoms
is not to scale.

As we have seen in Sect. 1. the molecular Jahn-Teller effect distorts the molecule
into either D34 or Ds; symmetry. It is not impossible to place such distorted anions
in a lattice so that the overall symmetry remains tetragonal, but the main axis of these
distortions cannot coincide with the principal crystallographic axis of the A4Cgq
crystals. In line with the suggestions by Fabrizio and Tosatti [16], the main distortion
axis of the molecule could be disordered or ordered in some way, but the average
structure has to be that found by diffraction.

The competition between the strain caused by the crystal and the molecular de-
grees of freedom producing the JT distortion results in several phases in A4Cg salts.
In the following sections we will discuss these different phases and their phase tran-
sitions.

Orthorhombic A4Cgo phases

No single crystals were grown from these materials, and only powder diffraction
experiments could be performed. From these measurements the distortion of the
Cga ion could only be determined in bco Cs4Cgo [60]. The point group of the ful-
leride ion was found to be D5, in accordance with the symmetry of the crystal field.
Nevertheless, the C atoms which were the most further apart from the icosahedral
geometry were not found in the direction of the longest crystallographic axis. Thus
the distortion is dominated by the crystal field, but the role of the Jahn-Teller effect
is also significant [60].

The MIR spectrum of Cs4Cg contains a threefold split T1,(4) peak below 400 K
(Fig. 7.c.) [4]. This also corresponds to a D, distortion (see Table 1.). Magic an-
gle spinning (MAS) NMR experiments could also detect the distorted geometry of
the ng ion in CssCgg at room temperature [62]. In the NIR spectrum of the ful-
leride ions we find peaks corresponding to transitions between the split ¢, < 71,
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Fig. 7 MIR spectrum of (a) K4Cgp, (b) RbsaCgp, and (c) CssCgp at selected temperatures. The
T1,(4) mode can be fitted with three Lorentzians at low temperature and two Lorentzians at high
temperature (black lines). These splittings indicate a molecular symmetry change with temperature.
[4] Copyright (2006) by the American Physical Society.
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orbitals [27]. The number of detected transitions correlates with the point group of
the molecule (see Fig. 8). As the NIR spectrum of the bco phase of Cs4Cgy contains
four peaks (Fig. 9.b.), the point group of the ng ion cannot be higher than D5, [4],
in agreement with the above explained measurements.

JT state cooperative static  staggered static dynamic

OO0 00 ©0 /@

OO0 00 ©0 B
00 00 OO GO

SO

crystal T T
molecule Dy, Dy / Dsq
byg —
. ——— g — &/ 81y — —
0 b1g - a2g/a29 -
bgu - aZu/aZU _—
b, b S/ 4
by, H-

Fig. 8 Upper panel: schematic representation of fulleride ion orientation in various Jahn-Teller
states. The arrow indicates the crystallographic c-axis, the bars in the ovals the orientation of a
hexagon-hexagon double bond. Lower panel: The split frontier MOs of the Cga ions and the dipole
allowed transitions indicated by arrows. For comparison we depicted these MOs for the 7, Cgp, as
well. The ordering of the by_3, and of the by_3, orbitals is arbitrary. [4] Copyright (2006) by the
American Physical Society.

Under pressure RbsCgo undergoes a phase transition to an orthorhombic phase
similar to that of Cs4Cgp [63]. Previously it was believed that RbsCgq transforms
into a metallic phase under pressure [64]. In a recent thorough study, though, no
such transition has been found up to 2 GPa [65]. The nature of the fulleride ion
distortion in the orthorhombic Rb4Cg is as yet unknown.

K4Cgp and RbyCg at low temperature

In the static 3C NMR spectrum of K4Cgp and RbsCgg a continuous broadening
from about 15 ppm to about 200 ppm was found on cooling [51, 64]. According to
Yy ppP g g
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Kerkoud et. al. the low temperature broad peak arises from the superposition of the
9 inequivalent C atoms of a D,;, distorted molecule [64].

The Dy distortion of the fulleride ions was also confirmed by MIR and NIR
spectroscopy in K4Cgg below about 270 K and in RbsCgg below about 330 K [4].
Both the MIR and NIR spectra show similar splittings as in Cs4Cgq, although the
crystal structure is different (see Figs. 7. and 9.) [4]. As we have seen above, this
symmetry can be regarded as proof for crystal-field dominated distortion.

A4Cg at high temperature

In K4Cgp at room temperature the positions of the C atoms could not be derived
from diffraction measurements, but it was shown that the distortion is quite small:
the difference between the axial and the equatorial axis of the molecule is smaller
than 0.04 A [66].

The detection of a dynamic distortion is complicated by the fact that measure-
ments with a short characteristic time scale will detect the molecule to be symmetric,
therefore they will not prove the presence of the distortion. This can be the situation
of NMR at room temperature. Both in K4Cgp and in RbsCgq all C atoms of the ng
molecule were found to be identical by 13C MAS NMR, i.e. the molecule was de-
tected to be icosahedral [67]. Above 350 K MAS NMR also detected a single C line
in Cs4Cg, although this was explained by the starting of the rotation of the fulleride
ion [62].

The Raman spectrum of the A4Cgy materials did not show a splitting, which
would have shown the symmetry lowering of the fulleride ion [61, 68], although the
lines were found to broaden.

The timescale of infrared spectroscopy is such that it is capable of detecting dy-
namic distortions. This method is sensitive to the local structure, so that it detects
the distortions of the single molecules and not their average. The MIR spectra of the
A4Cgp compounds at high temperatures show a twofold split T1,(4) mode (Fig. 7)
corresponding to either a D3, or a Ds, distortion (see Table 1.) [4, 69]. The NIR
spectra contain two peaks (Fig. 7), which also correspond to D3, or Ds, structures
(see Fig. 8.) [4]. These are the distortions favored by the molecular Jahn-Teller ef-
fect. It has been shown that at high temperatures these distortions are dynamic [4].

Static-to-dynamic transition

We propose the following explanation for the transition between the static and dy-
namic state [4, 70]: At low temperature the distorting potential field of the cations
is strong, leading to an APES where the lowest minimum has D;; symmetry. As at
low temperature only the lowest energy states are occupied, no transition can take
place to other higher lying minima. On heating two processes have to be taken into
account. The first is caused by the thermal expansion: the steric crowding decreases
and the potential energy minimum created by the crystal field will become more
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Fig. 9 Baseline-corrected NIR spectrum of (a) K4Cgg, and (b) Cs4Cgq at selected temperatures.
The spectra were fitted with Gaussians, with the exception of the lowest frequency peak of CssCgg
at 151 K and 298 K where a Lorentzian produced a better fit. These fits are shown with black lines.
[4] Copyright (2006) by the American Physical Society.

shallow. The other effect is that more higher lying states will become thermally ac-
cessible. These two factors lead to the gradual appearing of D3,/Ds, distortions and
disappearing of the D,;, distortions, until only the former will be present. Of course
if there is a phase transition, like in Cs4Cgp on heating, that overrides the gradual
nature of this scenario.

D34/Ds, distortions in different directions have different energy in the solid,
due to an additional anisotropic term from the crystal field. The appearance of the
D34/Ds,4 distortions starts with the lower energy ones, connected by possible pseu-
dorotation. On heating the confinement of the pseudorotation relaxes as more and
more D3;/Ds, distortions become accessible, until at high temperatures the pseu-
dorotation will become free.

The main process which emerges is that the fulleride ion can be thought of as
an independent entity, which undergoes a distortion even in the absence of external
strain. If we put this ion into a crystal with a given symmetry, a competition between
the molecular degrees of freedom and the constraints of the environment will result.
The molecular degrees of freedom will gain in importance when the kinetic energy
is higher (at higher temperature) or when the constraint is lower (the lattice is less
crowded). The increase of the transition temperature with cation size is in agreement
with this picture.

322 C

The geometry of the Céa ion in its benzonitrile and dichloromethane solution was
found by NIR spectroscopy to be D3, or Ds; [36]. A D3, distortion was also found
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in (ND3)gNayCgp by diffraction measurements [71]. This latter distortion must be
static, since diffraction can only detect such distortions.

In contrast to these findings probably the symmetry lowering effect of the
counterions is reflected in the C; distortion found in (PPN),Cgy (PPNT = bis-
(triphenylphosphine)iminium ion) by X-ray diffraction. The shape of the deforma-
tion is an axial elongation with a rhombic squash [72].

To study the Jahn-Teller effect of fulleride ions in the condensed phase a sym-
metric environment would be ideal. Na;Cgo was reported to be cubic: simple cubic
below 319 K and face centered cubic (fcc) above [73, 74]. In the fcc phase the Céa
ions are rapidly rotating [73, 74], thus the crystal field acting on the fulleride ion is
spherical. Unfortunately, though, Nay;Cgy shows nanosegregation below 460 K and
the phase containing Céa ions appears only at high temperature [31].

The Jahn-Teller effect overrides Hund’s rule and the ground state of the Céa
molecules is a singlet with a low lying excited triplet state [18, 51] (Fig. 3.). Thus
Na;,Cgp is nonmagnetic [51].
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Fig. 10 MIR spectrum of Na,Cg at 487 K. The twofold splitting of the T}, (4) mode due to the
Jahn-Teller effect is shown by arrows. Reprinted from [70]. Copyright (2007) Elsevier Science.

We have studied the Jahn-Teller effect in this phase by MIR spectroscopy [31,
70]. The Ty,(4) mode shows a twofold splitting and modes that are silent in Cgg
appear, indicating a D3, or Ds, distortion of the molecule (Fig. 10). As the Céa ions
are rotating in this phase [73, 74], the distortion cannot be caused by the crystal field
but must be due to the molecular Jahn-Teller effect. As there is no crystal field to
lock the Céa into a single potential well, the distortion is dynamic, with the rate of
pseudorotation smaller than that of the infrared measurement.
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This latter result proves beyond doubt that fulleride anions can be regarded as
preserving their molecular identity. To show lower symmetry without a constraining
crystal field cannot be explained by any other mechanism.

From the data on divalent and tetravalent salts, a consistent picture emerges
which is in perfect agreement with the Mott-Jahn-Teller insulator model of Fab-
rizio and Tosatti [16]. The Jahn-Teller distortion, even if dynamic, can be unam-
bigously detected from vibrational and low-energy electronic spectra and proves
that the molecular JT effect causes the nonmagnetic insulating behavior in these
materials. Systems with smaller cations are on the metallic side of the U/W dia-
gram; it would be of interest to study these systems by vibrational spectroscopy as
well.

3—
3.3 C3;

In the work of Lawson et. al. a NIR spectroscopic evidence was found for the dis-
tortion of Cga ions in benzonitrile and in dichloromethane solution [36]. The point
group of the molecule is not known, but it is such that its irreducible representations
are all nondegenerate. The ground state of the Cga molecule is S=1/2 [18] also in-
dicating the splitting of the 71, orbitals (Fig. 3.) This low-spin state was found in
Lis(NH3)6Cgo [75] as well, despite the fact that the fulleride ions are surrounded
by a bec lattice, where no crystal field splitting of the #1, orbitals is expected. This
shows the Jahn-Teller origin of the splitting in Céa .

In contrast to the above results, no Jahn-Teller distortion was found in metallic
A3Cgo compounds. The geometry of the fulleride ion was measured in K3Cgqy by
neutron powder diffraction at room temperature, and it was found to belong to the
T;, point group [76]. The low-temperature STM study on monolayers of K3Cgy by
Wachowiak et al. [22] found undistorted molecules in the topographic image and
a metallic band structure by tunneling spectroscopy. No splitting was found in the
MIR and NIR spectra of these compounds, either [30, 69]. Careful comparison of
several Cga -containing salts by Iwasa and Takenobu [77] led to the conclusion that
high-spin orbital degeneracy can prevail in these systems, provided the anions are
sufficiently close and the environment is symmetric enough. The degeneracy breaks
down when ammonia molecules are inserted into the structure and either increase
the distance or lower the symmetry; in this case, the metallic behavior is also lost
and the system becomes an insulator without a superconducting transition.

To understand the coexistence of metallicity and symmetry, we can look at the
Mott-Jahn-Teller picture starting from a collective electron system, instead of build-
ing up the solid from individual JT distorted molecular ions. (Such a reasoning is
given very clearly by Dahlke et al. [60].) If we imagine a metallic solid where the
atomic cores are replaced by Cgp molecules and all extra electrons are delocalized,
the closed-shell cores will not be subject to distortion. As soon as localization oc-
curs, the t;, LUMO’s will be occupied and the usual JT effect takes place. The
borderline between the two scenarios is the critical U/W value between the metallic



22 G. Klupp and K. Kamardas

and Mott-Hubbard insulating state. It seems that in fullerides this critical value de-
pends on both the charge of the anion and the cation-anion distance and A3Cg salts
with A = K and Rb are already on the metallic side, whereas even-charged systems
are on the insulating side; however, the boundary seems to be very close as the ex-
ample of NayCgp and LigzCgy shows. Further details could be provided by combined
spectroscopic and theoretical efforts.

Since there is near consensus about the mechanism of superconductivity in these
compounds being related to electron-phonon coupling, there were many attempts
to relate this mechanism to the Jahn-Teller effect. The topic is summarized exten-
sively in the work of Gunnarson [32]. Han, Gunnarson and Crespi [78] presented
a particularly appealing model of the connecting superconducting pairing with the
Jahn-Teller effect. In their picture, the electron pairs formed by the JT effect in
ng are mobile and constitute the pairing mechanism required by superconductiv-
ity. Since the JT stabilization energy for anions with even-numbered electrons is
much larger, the pairs there will be localized and superconductivity will not occur.
A further advantage of the model is that it is also in accordance with other special
properties of fulleride superconductors as e.g. the short coherence length.

4 Unusual phases: why do we not see isolated fulleride ions in
alkali salts?

We have seen above that close-lying thermally accessible orbitals can give rise to
many unusual phenomena in fulleride solids. We now briefly discuss two further
consequences of the presence of such states: possible chemical reactions (as e.g.
polymerization) and the coexistence of several phases in a solid at the same tem-
perature (segregation). Both are a source of new information but unfortunately they
also prohibit a full systematic investigation of the monomeric alkali fulleride salts
series.

4.1 Segregation

The first example of segregation in fullerides was the so called intermediate phase
of KCgp [79]. In this material the K™ ions are not homogeneously distributed in the
Ceo lattice : there are regions of pure neutral Cgp and regions with a composition
of K3Cgp. Synchrotron X-ray diffraction measurements showed the different lattice
constant of the regions with different compositions [79]. It was found that the lattice
of the Cg region, which has smaller lattice parameter, expands (a = 14.18 A instead
of 14.14 A) and the lattice of K3Cg contracts (a = 14.22 A instead of 14.25 A). The
MIR spectrum shows vibrational lines characteristic of Cgy and of Cgo_ (Fig. 11.)
On heating the material above 460 K, the segregation disappears and a KCgo phase
with Cg, ions appears [79].
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Fig. 11 Baseline-corrected MIR spectrum of KCgp and Na;Cgp compared to the spectrum of Cgp.
The line positions characteristic of neutral Cgy and of Cga molecules are shown. Amorphous car-
bon impurity in the KCg( sample is denoted by an asterisk.

A similar segregated structure is present in NayCg at room temperature [31].
This structure consists of Cgg and the Na3Cgg regions with the size of about 3-
10 nm. X-ray diffraction could not distinguish the two lattice constants in this case,
probably because of the closeness of the two lattice parameter values of the par-
ent lattices (a(Cgp) = 14.15 A and a(Na3Cgg) = 14.19 A). The presence of Cg and
Na3Cgo was proven by a combined effort using '>*C NMR, ESR and MIR spec-
troscopy and neutron scattering (Fig. 11.) On heating the Na™ ions start to diffuse
and the composition of the whole material becomes homogeneous. This is the phase
where Jahn-Teller distorted Céa ions were found [31].

Segregation was also proposed in Na3Cgg based on the presence of Cgo seen by
13C NMR. This material was also detected to be single phase by x-ray diffraction
[80].

4.2 Polymerization

For the fulleride ions to polymerize two conditions have to be met: the molecules
have to be close enough to each other, and they have to be in adequate orientation.
The type of bonding depends on the charge of the fulleride ion [81]. Neutral Cgq
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Fig. 12 Bonding of fulleride ions in various polymers. a: ACgq, b: Nay ACq, ¢: NagCegp, d: LigCegp.

and C, favor chains with [2+2] cycloadditional bonds. The former can be found in
the Cgo photopolymer [82], and the latter in ACgo polymers [83]. ACqo (Fig. 12a.)
were the first ionic polymers discovered and were extensively studied due to their
stability in air. They undergo reversible depolymerization between 450 and 480 K
and can be quenched into a metastable dimer phase [84] with bonds similar to those
in Fig. 12b [85].

The most stable bonding pattern of (Cga )n is a linear chain with single inter-
fullerene bonds (Fig. 12b.) [81], which can be found in Nay ACg salts [86]. The
affinity of these compounds to polymerize depends on the interfullerene distance,
which can be controlled by choosing metal A. Na;KCg polymerizes already below
310 K [87], while Na;RbCg only below around 230 K [86], and Na,CsCgy does
not polymerize on cooling [88]. Both the Na;RbCg( and the NayCsCgo polymer can
be prepared on applying pressure [89, 88]. Polymeric NayKCgo and NayRbCgo were
shown to be metallic [90, 91].

NasCgo was the first fulleride polymer containing single bonds and the first one
which is two dimensional and can be synthesized at ambient pressure [92]. The
structure agrees with the one calculated to be the most stable for polymers, which
are built from Cga ions (Fig. 12c.) [81]. Polymeric Na4Cgo was found to be metallic
[92], and transforms to an also metallic monomer phase around 500 K [56].

LisCgp is also a two dimensional polymer, but it has a bonding pattern containing
both cycloadditional and single interfullerene bonds (see Fig. 12d.) [93]. This mate-
rial has an insulating ground state, but is an ionic conductor due to the high mobility
of the Li™ ions above 200 K [58].
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5 Conclusions

In the present paper, we have tried to show how the Jahn-Teller effect, an inherently
molecular property, influences exotic solid-state phenomena as superconductivity
and magnetism in fulleride salts; and how spectroscopy can amplify the effect of
distortions which are minuscule at the structural level. Vibrational and electronic
spectra in the solid state can unambigously prove the dynamic character of the
Mott-Jahn-Teller insulating phase, as predicted by Fabrizio and Tosatti [16]. The
characteristic time scale of optical spectroscopy being much shorter than that of
magnetic resonance methods, it has the advantage of detecting dynamic distortions
even at room temperature. Despite the existing experimental difficulties, it would be
worthwile extending the scope of measurements to more fulleride salts.
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