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Abstract. The fulleride salt Cgo-tetraphenylphosphonium bromide is investigated as a function of temper-
ature by single crystal X-ray diffuse scattering and diffraction. At room temperature, the Cgo orientational
disorder is found to be more complex than previously expected. Moreover, a structural phase transition,
due to the Cgp orientational ordering, is evidenced around 120 K. Its relation with the stabilization of a

static Jahn-Teller effect is discussed.

PACS. 61.10.Eq X-ray scattering (including small-angle scattering) — 61.10.Nz Single-crystal and powder
diffraction — 61.48.4+c Fullerenes and fullerene-related materials

1 Introduction

The Cgp molecule has a strong electron affinity and numer-
ous Cgp-reduced solids have been synthesized. We cite, as
an example, the doped fullerides, with three alkali per Cg,
whose superconductivity was discovered in 1991, which
are the highest-T.. organic superconductors [1]. Another
intensively studied fullerene salt is TDAE. Cgg, which is
ferromagnetic below 16 K [2], the highest transition tem-
perature known for all organic compounds. However, the
understanding of the microscopic mechanisms responsible
for the remarkable properties of the fullerene derivatives
is still very incomplete, partly because of the scarcity of
single crystals.

The icosahedral Cgg molecule has a three-fold degen-
erate (t1,) lowest unoccupied molecular orbital. For Cgg
anions, static or dynamic Jahn-Teller effects are expected
to occur. In the static case, the degeneracy of the 1, level
is lifted by the electron-phonon interactions, the energy
splitting being accompanied by a molecular deformation:
the Jahn-Teller distortion [3-5]. It has been proposed that
Jahn-Teller effects may play a key role in the understand-
ing of the electronic properties of the alkali-metal doped
fullerenes, in the fulleride superconductivity or ferromag-
netism [6]. However, electron addition on the large Cgo
molecule would result in very small distortions (typically,
in Cg,, one expects displacements of about 0.01 A for only
20 atoms out of 60 [5]). Thus, direct structural observa-
tions of these distortions are rare [7,8].

Ceo-tetraphenylphosphonium halides were the first ful-
leride salts to be synthesized. They are stable in air and
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were obtained in powder form in 1991 [9]. Two years
later, they were shown to form single crystals by elec-
trocrystallization [10]. Isostructural salts of general for-
mula [PhyP+]5[Cq][X7]4[Cl™|1—4, with Ph = CgHs and
X = Cl, Br or I have been synthesized [10-12]. They have
been thoroughly studied by X-ray diffraction [10-12], elec-
tron spin resonance (ESR) [9,13-17], calorimetry [17], nu-
clear magnetic resonance [18], infrared [11(b), 19,20] and
Raman [21] spectroscopies. Their structure has been de-
termined independently by Pénicaud et al. [10] and by
Bilow and Jansen [11]. The space group at room temper-
ature is I4/m, with unit cell parameters a = b ~ 12.5 A
and ¢ ~ 20.3 A. The halogen ions are located at the ori-
gin of the unit cell, the tetraphenylphosphonium ions are
located at (0,1/2,1/4) and the fullerene ions around 4/m
centers at (0,0,1/2). The structure is a distorted CsCl-
type structure where Cs™ is replaced by (PhsP)" and
where Cl™ is alternatively replaced by an halogen or a
fullerene ion. The PhyP* cations form a host lattice sta-
bilized by multiple phenyl embraces [22]. The Cg, an-
ions are surrounded by eight PhyP* cations and are well
separated from each other. Cgp-tetraphenylphosphonium
halide salts are thus model systems to study Cgo mono-
anions in the solid state. Moreover, an interesting orien-
tational property of these salts has been evidenced by the
early structural studies [10,11]. The molecule being lo-
cated on a 4/m center with a two-fold axis parallel to the
four-fold crystal axis c, it can take two orientations, re-
lated by a 90° rotation about the ¢ axis, with equal prob-
ability [10,11] (merohedral disorder). Actually, it appears
that several (48 out of 60) C atoms on a molecule are
close to other C atoms on the rotated molecule (Fig. 1).
This is a further difficulty in view of direct structural in-
vestigations of the Jahn-Teller distortion. On the other
hand, strong indications for a Jahn-Teller effect have been
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Fig. 1. Refined atomic positions and thermal ellipsoids for the
Ceo molecule at room temperature (I4/m space group). Inter-
atomic bonds are drawn to facilitate visualization. The atoms
Ci and C; belong to the same Cgp molecule. Two molecule
orientations, related by a 90° rotation around the axis ¢, are
found. C; and Csz are well separated from the equivalent atoms
on the rotated molecule, but 48 atomic positions out of 60 are
not resolved and appear superimposed for the two molecule
orientations.

provided by ESR [14,23] and by far-infrared studies [20].
These measurements have found changes in the molecular
Landé factor of the fullerene or splitting of Cg, vibrational
modes, in connection with a symmetry lowering. In this
paper we present a study of the X-ray diffuse scattering
in Cgp-tetraphenylphosphonium bromide as a function of
temperature together with the results of a new low tem-
perature structural determination. We discuss the Jahn-
Teller effect in Cgo-tetraphenylphosphonium halide salts
in relation with the orientational ordering.

2 Experimental results: X-ray diffraction
and diffuse scattering

[PhyPT]2[Cgyl[Br~|4[Cl7]1—, single crystals were grown
by electrocrystallization [10,23]. In the electrocrystalli-
sation procedure, Cgo and [PhyP][Br] were dissolved in
toluene-dichloromethane, which was in fact also a source
of chlorine [12], thus explaining the mixed formulae
[Br™]3[Cl7]1—¢. Elemental analysis performed on 10 mg of
material gave x = 0.42 [23]. Diffraction data were obtained
on single crystals of typical size 0.2 x 0.25 x 0.35 mm?.
Their analysis gives information about the average struc-
ture. X-ray diffuse scattering is usually more extended
than Bragg scattering and its intensity is weaker. The
X-ray diffuse scattering experiments have thus been per-
formed on larger crystals of typical size 2 mm? x 0.1 mm.
The diffuse scattering gives information about disorder or
local order.

The crystals used to measure the diffuse scattering
were first characterized at room temperature using the
precession technique, which gives undistorted diffraction
patterns of selected reciprocal planes. As an example,
the measured diffraction pattern for [ = 0 is shown
in Figure 2a. It can be compared with that calculated
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using the structural model of references [10,11] (Fig. 2b).
The observed and calculated intensity distributions of the
(h, k,0) reflections appear to be in good agreement.

The monochromatic fixed-crystal fixed-film technique
was employed to detect the weak diffuse scattering signal
between the Bragg peaks, and to follow its evolution as a
function of temperature. CuKo radiation (A = 1.5418 A)
was selected by reflection on a doubly-bent graphite
monochromator. The crystal was placed in an evacuated
chamber to remove air scattering. The diffuse scattering
patterns were recorded on cylindrical (¢ = 60 mm) imag-
ing plates or films. The low temperature experiments were
performed using a cryocooler and the crystal was glued to
the sample holder with varnish. Note that the tempera-
ture was measured on the cold end of the sample holder so
that the actual crystal temperature was probably higher
than the measured one.

Broad diffuse scattering modulations are clearly visi-
ble at room temperature, as shown in Figures 3a and 4a.
The diffuse scattering intensity varies slowly in recipro-
cal space and its modulations extend over several Bril-
louin zones. Because the width of diffuse scattering in-
tensity maxima are roughly proportional to the inverse of
the correlation lengths in direct space, this indicates that
the diffuse intensity is a signature of random disorder (or
at least of very short-range correlations). The structure
refinements (using the Bragg peak intensities) together
with elemental analyses have identified two types of disor-
der: 1) orientational disorder of the Cgp molecules [10,11],
ii) substitutional disorder between Cl~ and Br~ [12,23].
The diffuse intensity for the substitutional disorder is
given by the Laue formula [24]:

In(Q) x Nz(1 — )| for- (Q) — fa— (@), (1)

where Q is the scattering wave vector, @) is its modulus,
N is the number of unit cells and where fq- and fg,.-
are the X-ray form factors for the C1~ and Br~ ions. This
diffuse scattering intensity is a slowly decreasing function
of the wave-vector, so that it does not account for the dif-
fuse modulations in Figure 3a or in Figure 4a. The diffuse
scattering for two differently oriented molecules randomly
distributed on lattice sites can also be treated with a simi-
lar formalism [25]. For two possible orientations with equal
probabilities, it reads:

1n(Q) x YA (Q) - BQ)F @)

where F1(Q) and F5(Q) are the form factors of the Cgg
molecule in its two orientations (Fig. 1). Note that the
Cgo molecular form factors exhibit a non-monotonous de-
pendence with the wave-vector Q (in contrast to the ionic
form factors) so that pronounced diffuse scattering mod-
ulations are expected in this case. The diffuse scattering
calculated from (Eq. (2)) for the two Cgo orientations de-
duced from the structural analyses is shown in Figure 3b.
It appears that the calculated and measured diffuse scat-
tering do not agree, the calculated diffuse scattering distri-
bution presenting fewer and more localized maxima. Note
that strong diffuse scattering modulations are visible in
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Fig. 2. Precession photograph of the 1 = 0 plane, exhibiting a four-fold symmetry. (a) Experiment: imaging plate, CuKa
radiation (A = 1.5418 A); (b) simulation from the structural model of references [10,11].
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Fig. 3. Monochromatic fixed-crystal fixed-film pho-
tographs (CuKa radiation, A\ = 1.5418 A); the vertical
axis is (a+ b), ¢* is parallel to the X-ray beam (i.e. perpen-
dicular to the image at the film center). (a) Experiment, (b)
simulation for the two Cgo orientations proposed from the
diffraction experiments [10,11], the calculated diffuse intensity
being represented in gray scale (large intensities correspond
to dark areas). In (a), the central halo is an artefact due to
the sample holder. The double-arrow points toward a strong

diffuse scattering area around 3.3 A

Figure 3a for values of the scattering vector modulus close

to 3.3 A~'. This is the position of the first diffuse halo
characteristic of the orientational molecular disorder in
the high temperature phase of pure Cgp [26-28]. One may
thus infer that an important part of the diffuse scattering
in Cgp-tetraphenylphosphonium bromide is due to some
Cgo orientational disorder, even though this disorder is
more complex than that deduced from the structural re-
finements in references [10,11].

It is worth pointing out also that diffuse lines are
observed in some regions of the diffuse scattering pat-
terns. These lines join Bragg reflections along directions
of the type b* +c*(a* +¢*) and they are clearly visible in
Figure 4c. Such diffuse lines are the signature for stacking
disorder of (011), (011), (101) and (101) planes or lay-
ers in the structure. The origin of the disorder is not yet
fully understood but an interesting feature can already

Fig. 4.
graph (CuKa radiation, A = 1.5418 A): (a) T =
(b) T = 35 K, (¢) T = 115 K (exposure times are 24, 24
and 32 hours, respectively). The double-arrow points toward

Monochromatic fixed-crystal fixed-film photo-

285 K,

a33A" strong diffuse scattering area. In the dotted area in
(c) diffuse lines joining Bragg reflections and in the shape of
lozenges run along directions of the type a* + ¢* and b* + c*.
The central halo and the sharp rings are artefacts due to
diffraction from the sample holder.

be noted: the (011)-type planes are homopolar planes of
each constituent of the salt, with the following sequence:
Br—/Cl~, PhuP*, Cg), PhyP™, and so on, as seen in
Figure 5.

Comparing Figures 4a and 4b one observes that the
broad diffuse scattering intensity strongly decreases with
temperature. This diffuse scattering decreases most be-
tween room temperature and 110 K; below 110 K, it is
too weak to be measured. The diffuse line intensities also
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Fig. 5. Schematic representation of the (011) homopolar
planes (solid lines).

decrease with temperature. The overall decrease of diffuse
scattering with temperature indicates a dramatic reduc-
tion of the disorder. However, since the origin of the dif-
fuse scattering is not fully clarified, the understanding of
its temperature dependence remains incomplete.

In contrast to the diffuse scattering evolution, the
fixed-crystal fixed-film photographs reveal no significant
change in the Bragg peak reflection pattern, down to
35 K. In particular no supplementary Bragg reflection
is observed and the body-centered condition (h + k +
I = 2n) is still fulfilled at low temperature. Therefore,
the Cgp orientational ordering does not affect the body-
centering. To get more information, new four-circle diffrac-
tion experiments have been carried out at 123 K and
110 K. The data collection and analysis are summarized in
references [29,30] and will be described in detail else-
where [23]. The results which are specifically related to the
reduction of the disorder are already presented here. Fig-
ure 6 shows a schematic representation of a simple orien-
tational order/disorder model. At room temperature, one
considers two randomly distributed Cgo orientations (cor-
responding to angles ¢ and 7/2+ ¢ around ¢, see Fig. 6a)
within the space group I4/m. The Cgy molecule does not
possess any 4-fold symmetry axis and the orientational or-
dering must thus lead to a lower symmetry. In Figure 6b,
the Cgp ordering is schematized in the space group 12/m.
In order to preserve the point symmetry operations at the
macroscopic level, there must be two types of orientational
domains, in which all molecules have the same orientation
angle ¢ or m/2 + p. At 123 K, attempts to refine the
structure within the I12/m hypothesis fail (the refinement
diverges). Within the I4/m hypothesis, a good reliability
factor R = 0.051 is obtained from the structural refine-
ment. At 110 K, structural refinements within the 14/m
and I2/m hypotheses give reliability factors R = 0.082 and
0.037 respectively. The low R value for 12/m and the sig-
nificant difference from that for I14/m validate the 12/m
hypothesis [31]. It follows that a structural phase tran-
sition from I4/m to I12/m space groups takes place be-
tween 123 K and 110 K in Cgp-tetraphenylphosphonium
bromide. This transition appears to be mainly related
to the suppression of the on-site orientational disorder
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Fig. 6. Schematic view of the Cgo orientations for the (a) I4/m
and (b) 12/m space groups. The bars indicate the orientation of
the molecules (angles ¢ or /24 ¢ with respect to axis a); they
represent the projection onto the (a, b) plane of the C;—Cs
bond in Figure 1. Shaded (open) bars represent molecules at
z=0 (z=1/2).

of the Cgp molecules, as illustrated in Figure 6. Indeed,
the value of the Cgg orientation angle (¢ ~ 10°) and the
phenyl ring orientations or the phosphor or halide posi-
tions are roughly the same at 293 K, 123 K and 110 K. At
room temperature, minimization of the energy between
the tetraphenylphosphonium and the fulleride ions is
attributed to face-to-face and edge-to-face interactions be-
tween the phenyl rings and the fullerides [11,22], which are
preserved in the low temperature 12/m structure.

In the ordered 12/m phase, direct observation of a
static Jahn-Teller distortion may be measurable, more
easily than when there is orientational disorder. Actually,
some dispersion is found between the molecular diameters
deduced from the atomic positions (minimum diameter of
7.057(8) A and maximum diameter of 7.124(11) A), but no
clear symmetry breaking of the Cgp molecule is observed,
while axial elongation or contraction have been evidenced
in [PPN*],CZ; or in decamethylnickelocenium buckmin-
sterfulleride [7,8]. Therefore, the currently available struc-
ture refinements are not sensitive enough to determine
the Cgo distortion, probably very weak, resulting from
the Jahn-Teller effect in Cgp-tetraphenylphosphonium
bromide.

3 Discussion

In this section, we discuss our structural results in relation
with the ESR [14,23] and infrared [20] data and with the
Jahn-Teller effect.

We have shown that the diffuse scattering observed
at room temperature can be reasonably attributed to
Cgo orientational disorder. However, its intensity mod-
ulations cannot be fully explained considering only the
two-orientation disorder deduced from the Bragg peak
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intensity analyses in references [10,11]. The disorder
is probably more complex and it may involve sev-
eral orientational configurations. Further studies should
clarify this important aspect. The diffuse scatter-
ing, related to the differences between the struc-
ture factors of the molecules with different orienta-
tions (Eq. (2)), appears as a more sensitive probe
to the complete Cgg orientational disorder than the
Bragg scattering, which is related to the mean value
of the structure factors. Note that a structural model dif-
ferent from that of references [10,11] has been proposed in
reference [32]. This model considers that the Cgp molecules
are ordered at room temperature which is invalidated by
our diffuse scattering observations.

Aside from this broad diffuse scattering, there is a clear
evidence for weak diffuse lines running along directions of
the type a* 4+ ¢* and b* + ¢*. They correspond to some
kind of disorder involving (101) and (011) planes, which
are homopolar. The exact nature of this disorder is still un-
clear but the geometry of the diffuse scattering evidences
a two-dimensional character of the compound.

Although the disorder model with two Cgo orienta-
tions (¢ and 7/2 + ¢) described within the space group
I4/m does not account correctly for the room temperature
diffuse scattering distribution, it can be considered as a
useful approach for the analysis of the low temperature be-
havior. The strong decrease of the diffuse scattering mod-
ulations between room temperature and 110 K (the mea-
sured temperature being underestimated) indicates some
Cgo orientational ordering. We have found that simulta-
neously the average structure changes from I4/m to I12/m
so that this ordering corresponds to the formation of two
types of orientational domains, with either the ¢ or 7/2+¢
molecular orientations. A phase transition thus occurs in
the 110-120 K range. Correlatively, far-infrared studies in
Ceo-tetraphenylphosphonium iodine had indicated a weak
transition in the 125 K-150 K region, for both the Cg, and
counterion modes [20], while no transition had been evi-
denced by previous X-ray diffraction nor by differential
scanning calorimetry measurements [11(b),17].

Isostructural Cgo-tetraphenylphosphonium salts with
bromine (X = Br) and iodine (X = I) have been investi-
gated by ESR spectroscopy [14,23]. Perpendicularly to the
c axis, a splitting of the Landé factor g of the Cg, molecule
into two components g, and g (gL > g||) has been evi-
denced below T7 ~ 120 K for X = Br and 77 ~ 140 K for
X = I[14]; the third component, along the c axis, is equal
to g [23]. The splitting differentiates one axis in the (a, b)
plane from the perpendicular axis in the (a, b) plane and
from the c axis. It increases with decreasing temperature
below T and it saturates around 60 K. The Landé factor
splitting appears as the signature for a Jahn-Teller distor-
tion. Far-infrared study of Cgg-tetraphenylphosphonium
iodide have also shown a splitting of some Fi, modes into
doublets at room temperature, indicating a Jahn-Teller
effect [20]. Note that ESR gives indications for a Jahn-
Teller effect below T only, while infrared data show that
it is already present at room temperature. The following
scenario has thus been proposed in reference [20]. At room
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temperature, there would be a dynamic competition be-
tween different Jahn-Teller distortions (occurring between
distortions of the same symmetry, along different molecu-
lar directions, or between distortions of different symme-
tries, since they are nearly degenerate in energy [4]). FIR
frequencies being of the order of 10 s~! and ESR be-
ing sensitive to frequencies below 10° s~!, the Jahn-Teller
distortions would have been observed in FIR experiments
while they were averaged out in ESR experiments.

Our X-ray diffuse scattering and diffraction results
point toward a Cgo orientational ordering phase transition
around 120 K in Cgo-tetraphenylphosphonium bromide. It
occurs in the same temperature range as the Landé factor
splitting in ESR data, indicating a possible common ori-
gin. Furthermore, that the Landé factor anisotropy varies
as an order parameter [14] supports the common origin hy-
pothesis. The Cgg orientational ordering, which is a bulk
phenomenon, appears correlated with the molecular Jahn-
Teller effect [20]. This may be explained as follows: the
Jahn-Teller distortion can be stabilized at the structural
transition due to crystal field effects [33]. Indeed, at the
orientational ordering transition, the crystal field symme-
try on the molecule is lowered from 4/m to 2/m, which
may induce the static stabilization of a Jahn-Teller dis-
tortion of a given symmetry along a specific molecular
axis. Correlatively, in solutions, polar solvent can lower
the symmetry more than non-polar ones, which suggests
dynamic Jahn-Teller effects trapped in static structures
by the environment [34].

The diffuse scattering and diffraction results on Cgg-
tetraphenylphosphonium bromide have pointed toward a
Cgo ordering at low temperature, which can be correlated
with the static stabilization of the molecular Jahn-Teller
effect. Further diffraction experiments below 60 K, where
the Landé factor splitting saturates, are also awaited to
try measuring directly the fulleride Jahn-Teller distortion.
Note that in numerous Cgp-based compounds, the nearly
spherical Cgp molecule can exhibit many orientational or-
dering phenomena and that the Jahn-Teller effect is ex-
pected to play an important role in electronic properties.
Other studies of the stabilization of Jahn-Teller distor-
tions, in relation with orientational ordering, would thus
be very interesting.

We thank P. Batail and K. Boubekeur for the use of their
diffractometer and V. Long for providing us with her preprint
before publication.
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