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We report a detailed experimental and theoretical study of the Rb6C60 and Cs6C60 systems under pressure.
X-ray diffraction and x-ray absorption experiments have been coupled with ab initio calculations in order to
understand the mechanisms taking place during the compression of these intercalated systems. The whole data
set is consistent with a pressure-induced modification of the shape of the C60 molecule. This deformation
constitutes an enhancement of the calculated distortion of the molecule in these intercalated compounds at
ambient conditions, being equivalent to pulling the molecule through the three orthogonal axes pointing toward
the bcc faces containing the alkali metals. Both experiments and calculations show that the pressure-induced
deformation of the fullerene molecule is more important for Rb than it is for Cs intercalation.
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I. INTRODUCTION

The C60 fullerene and its compounds have attracted much
attention due to some of their extraordinary properties, re-
lated to the high symmetry and simplicity of the molecule.
Among the studied properties, the relative high supercon-
ducting critical temperature of alkali metal intercalated
fullerenes has been one of the more remarkable. Addition-
ally, the compressibility of a single bukminster-fullerene
molecule is calculated to have values between 700 and
900 GPa,1,2 exceeding significantly that of diamond. Subse-
quently, most studies of the high-pressure behavior of
fullerene-based crystals have considered the molecule as not
deformable up to the formation of intermolecular bondings.
In fact, under high-pressure and high-temperature conditions,
crystals of pristine C60’s follow a series of phase transforma-
tions including the formation of one-dimensional, two-
dimensional, or three-dimensional �3D� polymers which
have been extensively studied.3–9 Polymerization can lead to
the deformation of the molecule;8,10 nevertheless, a possible
deformation of the noncovalently bonded C60 molecules un-
der compression has not been detected yet. On the other side,
the ionic interaction due to alkali intercalation has been pre-
dicted to give rise to a distortion of the C60,

11 compared to
the isolated molecule. No experimental evidence of such de-
formation has been provided up to now. The application of
pressure constitutes a possible means to enhance such distor-
tion and its exploration constitutes the objective of the
present work.

Intercalation with alkali metals can avoid or favor the
formation of C60 intermolecular bonds depending on the na-
ture and contents of intercalated atoms. Low content or low
size of alkali atoms favor the formation of C60 polymers12–14

which spontaneously form at ambient pressure. On the other
hand, recent studies15 have shown that for high Rb content,
i.e., in Rb6C60, there is no phase transformation up to 22 GPa

and this makes of such system a very favorable case for the
study of the evolution of the C60 molecule up to high pres-
sures. Moreover, the intercalation with Cs, which is charac-
terized by a bigger ionic radius, could stabilize the C60 mol-
ecule even more with respect to polymerization and act
differently on the evolution of C60’s geometry under pressure
with respect to the Rb case. Consequently, Rb6C60 and
Cs6C60 constitute good candidate systems for the study of the
pressure evolution of the geometry of the C60 molecule. We
have combined data from x-ray diffraction �XRD� and x-ray
absorption �XAS� experiments with ab initio calculations to
study the pressure evolution of the 60 carbon atom molecule
in Rb6C60 and Cs6C60 as well as to probe the effect of the
intercalated atom size on such evolution.

II. EXPERIMENTAL DETAILS

The samples consisting of Cs6C60 and Rb6C60 powder
compounds were prepared by mixing stoichiometric amounts
of C60 �99.95+% purity� with Cs and Rb �99.98% purity�
metals in inert atmosphere, respectively. The final reaction
was obtained by annealing the mixed powder closed in a
sealed quartz tube at 500 K for a month. The quality of the
sample was verified by XRD.

High-pressure experiments were performed at the Euro-
pean Synchrotron Radiation Facility �Grenoble, France� us-
ing a “Paris-Edinburgh” pressure device16 with 5 mm sin-
tered diamond anvils as described elsewhere.17

Angular dispersive XRD experiments were performed at
the high-pressure insertion device ID27 beamline18 by angle-
resolved measurements. The monochromatic beam with
wavelength �=0.3738 Å was selected using a Si�111� mono-
chromator and focused on the sample using mirrors in the
Kirkpatrick-Baez geometry. The diffraction patterns were re-
corded on a large area scanning MAR345 image plate and
were analyzed using the FIT2D �Ref. 19� software package.
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The sample to detector distance and the image plate tilt
angles were precisly calibrated using a silicon standard lo-
cated at the sample position.

XAS measurements were performed at the bending mag-
net BM29 beamline20 in transmission geometry using a high-
stability fixed-exit double-crystal Si�311� monochromator.

For pressure calibration, XRD patterns were collected by
means of a MAR345 image plate detector mounted off axis
with respect to the beam in analogy to the setup described in
Ref. 21. The image plate position and the selected energy for
XRD measurements have been chosen for each experimental
run �Cs6C60 and Rb6C60� in order to optimize the detection of
the most intense Debye-Scherrer rings of the pressure mark-
ers.

In both XRD and XAS experiments samples were inserted
in CuBe alloy �2 wt % of Be� capsules, which were them-
selves embedded in a MgO cylinder and inserted in graphite
�for Cs6C60� or rhenium17 �for Rb6C60� resistive furnaces for
the high-pressure–high-temperature measurements. The
whole setup was prepared in an argon atmosphere glovebox
in order to avoid sample deterioration. For each system the
final sample environment was introduced in a 5 mm �exter-
nal diameter� boron-epoxy gasket that was loaded between
the anvils and precompressed in the glovebox before inser-
tion in the Paris-Edinburgh cell. The diameter of the CuBe
capsule containing the sample was equal to 1.5 mm �internal
hole diameter of the gasket�. Pressure calibration was done
using the Vinet equations of state of NaCl and MgO.22,23

NaCl powder pellets were introduced on top and at the
bottom of the CuBe capsule. In the particular case of XAS
ambient temperature measurements on Rb6C60 the experi-
mental setup for the high-pressure cell was different. In this
case we mixed small quantities of sample with the pressure
marker �hBN� in the proportion Rb6C60:BN=1:13 �in
weight� and we inserted the mixture directly into the gasket
without using the CuBe crucible. In this case only the hBN
compound was used as pressure marker and the Birch-

Murnaghan equation of state24 was used to calibrate the pres-
sure on the sample.

The high-temperature part of the experiments will be re-
ported elsewhere. As Cs6C60 and Rb6C60 are extremely sen-
sitive to oxygen and humidity, the pressure transmitting me-
dium was previously oven dried and degassed in order to
prevent contamination of the sample.

III. EXPERIMENTAL RESULTS

A. X-ray diffraction

The data quality is illustrated by the Le Bail fitting of the
Cs6C60 sample at ambient pressure and room temperature
inside the high-pressure environment cell presented in Fig. 1.
The obtained fit allows us to guarantee the absence of sample
contamination within our experimental protocol.

Both Cs6C60 and Rb6C60 systems present a body-centered

cubic �bcc� structure �Im3̄ space group� at ambient
conditions25 where the fullerene molecules are centered on

FIG. 1. Le Bail fit of the Cs6C60 XRD pattern obtained in the
high-pressure setup described in the text at room temperature and
ambient pressure. The ticks correspond from top to bottom to MgO,
CuBe alloy, Cs6C60, and graphite. The star labels point to peaks due
to the B-epoxy gasket. The lower line corresponds to the residual
pattern.

FIG. 2. Pressure evolution of the XRD pattern of Cs6C60 �upper
panel� and Rb6C60 �lower panel� from ambient pressure �AP� up to
14.8 GPa and from 0.4 up to 16.5 GPa, respectively. Data have
been normalized to the intensity of the �312� Bragg reflection. La-
bels denote the main Bragg peaks as well as reflections originating
from the sample environment. “Cu” stands for the CuBe alloy cap-
sule. In the lower panel some new Bragg reflections appearing at
5.7 GPa arise from the boron-epoxy gasket. They are indicated with
the “�” symbol.
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the bcc Bravais lattice sites and the alkali metal atoms oc-
cupy all the 12 available tetrahedral sites of the host lattice.
At room temperature and ambient pressure the values of lat-
tice parameter of Cs6C60 �a=11.790�1� Å� and Rb6C60 �a
=11.540�2� Å� obtained from our XRD analysis are in
agreement with those reported in literature.15,25

The pressure evolution of the XRD patterns from ambient
pressure up to 14.8 and 16.5 GPa, respectively, for Cs6C60
and Rb6C60 is shown in Fig. 2. No sign of phase transforma-
tion is observed up to the highest measured pressure.

Data were analyzed using the FULLPROF package26 in the
Le Bail configuration:27 unit-cell parameters and profile
shape parameters were fitted independently while the atomic
coordinates have not been refined. Consequently, the XRD
results obtained through the Le Bail refinement method can
essentially determine the lattice parameter, the absence of
detectable phase transition, and the sample purity.

Figure 3 shows the relative volume variation as a function
of pressure obtained from the lattice parameters. The experi-
mental value of the bulk modulus, B0, and its pressure de-
rivative, B0�, were obtained by fitting the experimental vol-
ume vs pressure �V vs P� points with the Murnaghan
equation of state. The results are shown in Table I.

We obtain bulk modulus values of 30 and 33 GPa for
Rb6C60 and Cs6C60, respectively, and they coincide within
the experimental error �Table I�. This can be appreciated also
in Fig. 3 where no straightforward conclusion about the rela-
tive compressibility of the two systems can be established
due to experimental uncertainties.

Our obtained B0 value for Rb6C60, 30 GPa, is consider-
ably smaller than the one experimentally found by Sabouri-
Dodoran et al.15 by studying the evolution of the lattice pa-
rameter on three Bragg reflections with no pressure
transmitting medium. They obtained 55.4 and 54 GPa by us-
ing the Murnaghan and the Vinet equations of state, respec-
tively. Due to the high correlation �0.98+ � between B0 and
its pressure derivative, it is important to consider that in our
case B0�, which is 8.5, is significantly higher than those ob-
tained by Sabouri-Dodoran et al. �5.13 and 6.0 for the Mur-
naghan and Vinet, respectively�. Nevertheless, the B0 value
that we obtain is smaller compared to their values even if
such correlation is taken into account.

In addition, we have also used the Vinet and the Birch-
Murnaghan equations of state with results lying within our
experimental uncertainty.

B. Extended x-ray absorption fine structure

The XAS data were measured at the Cs K-edge
�35.89 keV� and Rb K-edge �15.20 keV� for Cs6C60 and
Rb6C60 from ambient pressure up to 15.7 and 8.2 GPa, re-
spectively. The x-ray absorption near edge structure part of
the spectra evolved smoothly in correspondence with the
lack of phase transformation as confirmed by the XRD data.
The extended x-ray absorption fine structure �EXAFS� data
analysis of Cs6C60 and Rb6C60 was performed using the
GNXAS package.28,29 The extracted signals are shown in Fig.
4.

The evolution of the structural parameters of the first co-
ordination shell as a function of pressure was obtained by
fitting directly the absorption data without any noise filtering
or preliminary background substraction.

In the case of Rb6C60, the Rb K-edge double-electronic
excitations30 have been considered and kept fixed during the
fitting procedure to the values obtained from the analysis of
data at ambient pressure and room temperature where non-
structural components are more clearly observable. In par-
ticular, the 1s3d and 1s3p double excitations corresponding

FIG. 3. Experimental pressure dependence of the volume of
Cs6C60 and Rb6C60 relative to their ambient pressure values as ob-
tained by XRD. We report the best fit curve of the Murnaghan
equation of state function for the two systems.

TABLE I. Bulk modulus B0 coefficients and its derivative B0� of the two systems obtained from XRD data
and ab initio calculations, of the C60 molecule in the two different systems as obtained from ab initio
calculations and of the interstitial volume ��M-C��3 obtained from EXAFS data analysis. The errors of the
quantities obtained from ab initio calculations correspond to the standard error of the best fit values while for
the quantities obtained experimentally also the error propagation has been considered.

Technique
Rb6C60

B0 �GPa�
Rb6C60

B0�
Cs6C60

B0 �GPa�
Cs6C60

B0�

Total volume XRD 30 ��3� 8.5 ��0.5� 33 ��3� 8.4 ��0.5�
Total volume Calculations 23 ��1� 6.6 ��0.2� 22 ��3� 6.6 ��0.2�
C60 volume Calculations 680 ��20� 6.4 530 ��18� 6.4

Interstitial volume EXAFS 13 ��3� 5 18 ��3� 5

PRESSURE-INDUCED DEFORMATION OF THE C60… PHYSICAL REVIEW B 77, 035429 �2008�

035429-3



to shake-off channels have been recognized in our data at
�E=E−E0 equal to 122.9 and 142 eV, respectively.

For both systems, the first coordination shell of each al-
kali atom consists of 22 C atoms, arranged in two hexagons
and two pentagons facing the alkali metal and coming from
four different molecules: two from the center and two from

the vertex sites in the bcc structure with respect to any tet-
rahedral site of alkali metal atom.

The second coordination shell consisting of four alkali
metal atoms at distances of 4.114 and 4.194 Å �at ambient
conditions� in Rb6C60 and Cs6C60, respectively, was not con-
sidered in the fitting procedure for data under pressure be-
cause the data quality is not sufficient to include such con-
tribution.

The EXAFS signal of Cs6C60 at ambient pressure and
room temperature and the best fit are reported in Fig. 5. The
missing experimental points around 6.7 and 9 Å−1 have been
neglected because of the presence of monochromator-
induced glitches. The calculated total signal takes into ac-
count the first 22 carbon neighbor and first 4 Cs neighbor
contributions, labeled k�1

�2� and k�2
�2�, respectively.

For both systems, Rb6C60 and Cs6C60, the pressure evolu-
tion of the first coordination shell has been studied consider-
ing an asymmetric distribution of these C atoms around each
alkali metal photoabsorber Rb and Cs atom.

Phases and amplitudes of the EXAFS signals were gener-
ated by considering a cluster of 22 carbon atoms and 4 alkali
metal atoms around the photoabsorber. Different clusters de-
rived from the compressed structure obtained by our ab initio
calculations were used as initial inputs for the analysis of the
spectra at different pressures.

In Fig. 6 we report the relative evolution of the “intersti-
tial” volume �between the fullerenes� in the bcc structures of
Rb6C60 and Cs6C60. Such volume is obtained by considering
a sphere having a radius equal to the EXAFS average dis-
tance between the alkali metal and its first neighbor shell of
22 carbon atoms.

We calculated the bulk modulus coefficients of such inter-
stitial volume for the two compounds by fitting the experi-
mental values V vs P obtained by the EXAFS analysis with
the Murnaghan equation of state �Table I�.

We can observe that the interstitial volume in the Rb6C60
system is more compressible than in Cs6C60. They have B0

FIG. 4. k��k� EXAFS signal as a function of pressure for
Rb6C60 at the Rb K edge �upper panel� and Cs6C60 at the Cs K edge
�lower panel�.

FIG. 5. EXAFS signal and fit of the Cs K-edge spectrum of
Cs6C60 at ambient conditions. The dashed line corresponds to the
experimental signal with the continuous line overlapped corre-
sponding to best fit. k�1

�2� and k�2
�2� are the contributions of the first

22 carbon neighbors and of the 4 first Cs neighbors, respectively.
The missing experimental points around 6.7 and 9 Å−1 have been
neglected because of the presence of glitches.

FIG. 6. Evolution of the interstitial volume of Rb6C60 and
Cs6C60 relative to their ambient pressure values as obtained by the
EXAFS analysis. We report the best fit curve of the Murnaghan
equation of state function for the two systems.
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values of 13 and 18 GPa, respectively. The B0� coefficient has
been fixed to 5, which is the average value between those
obtained for the two systems which were 4 and 6 for Rb6C60
and Cs6C60, respectively. The choice of a common value of
B0� for both systems allows for a congruent comparison of the
compressibility values due to the high correlation between B0
and its pressure derivative as discussed in Sec. III A.

IV. AB INITIO CALCULATIONS

We have performed density functional ab initio simula-
tions of the two systems under high pressure.

In particular, we have used the SIESTA �Ref. 31� method,
where the eigenstates of the Kohn-Sham Hamiltonian are
expressed as linear combinations of numerical atomic orbit-
als. We have used variationally optimized32,33 double-� po-
larized basis sets. Real space integrals were performed on a
mesh with a 310 Ry cutoff.

We worked within the local density approximation to the
exchange and correlation potential.34

Core electrons are replaced by nonlocal, norm-conserving
fully separable Troullier-Martins pseudopotentials. In the
calculations 2s and 2p orbitals of C atoms were explicitly
included in the valence. For the Rb and Cs atoms, we in-
cluded both semicore and valence orbitals, the 5s and 4p and
the 6s and 5p, respectively. For Cs atoms, in particular, the
inclusion of both semicore and valence orbitals was found to
be critical in order to correctly predict the structural proper-
ties of this compound.

The bcc unit cell contains a total of 66 atoms and sam-
pling of the reciprocal space was performed using a 2	2
	2 Monkhorst-Pack mesh.

We studied the structural and electronic evolutions of
Rb6C60 and Cs6C60 as a function of pressure by decreasing
the lattice parameter from the experimental value found at
ambient pressure and room temperature �a=11.54 Å and
a=11.79 Å�15 down to 10.70 and 11.00 Å, respectively.
This corresponds to the following pressure range:
�−1.8;15.7� GPa for Rb6C60 and �−1.2;14.3� GPa for
Cs6C60. The negative values of pressure corresponding to the
experimental lattice parameters found at ambient conditions
are a result of the well known DFT-LDA underestimation of
the experimental lattice constant.

For the different values of the volume we have minimized
the total energy until the forces on atoms were smaller than
0.04 eV /Å.

Both the structural and electronic evolutions of the two
systems confirm the phase stability observed experimentally
up to 8.2 and 15.7 GPa for the Rb6C60 and Cs6C60 com-
pounds, respectively.

Both systems are insulators at low pressure with the t1u
three-fold degenerate state completely occupied and a gap
between the highest occupied and the lowest unoccupied
bands of 0.66 and 0.63 eV for Cs6C60 and Rb6C60, respec-
tively. The electronic structure shows a progressive closure
of this gap as a function of pressure resulting from the band-
width broadening consistent with the increase in density. In
Fig. 7 we report the evolution of the gap and the evolution of
the bandwidth of the t1u �highest occupied� band and t1g
�lowest occupied� band for both systems as a function of

pressure. These data show the evidence of a pressure-
induced metallization which should apply in the absence of
structural phase transformations.

In Fig. 8 we show the two E�V� calculated curves. They
have been fitted by using the Murnaghan equation of state.
The obtained coefficients are reported in Table I. We observe
that even if the compressibility values of Rb6C60 �23 GPa�
and Cs6C60 �22 GPa� are different from those obtained ex-
perimentally, they coincide for the two systems within the
error and such result is in close agreement with our experi-
mental observations. However, this is in contradiction with
the theoretical work of Ranjan et al.35 where they found bulk
moduli of 52.5 and 38.2 GPa for Rb6C60 and Cs6C60, respec-
tively.

The C60 molecule compressibility has been studied in the
two different systems. While we cannot partition the total
energy of the system into two separated C60 and alkaline
contributions, we can estimate the C60 compressibility by
considering the variations of the total energy of the Rb6C60
and Cs6C60 structures as a function of the molecule volume.
The volume of the C60 molecule is calculated numerically as
a discrete integral of the space enclosed by the 60 C atoms.
This is computed in the real grid built in the SIESTA calcula-
tion. The E�V� curves are shown in Fig. 8. The compressibil-
ity coefficients have been obtained by fitting the E vs V
points with the Murnaghan equation of state and the result is

FIG. 7. Electronic structure evolution of the two systems as a
function of pressure. The evolution of the calculated gap �upper
panel� between the highest occupied �HO� and the lowest unoccu-
pied �LU� bands and the bandwidth W �lower panel� as a function of
pressure is shown in the picture for both systems. The rhombus
symbol in the lower panel corresponds to the HO band values.
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reported in Table I. The C60 molecule belonging to Rb6C60
shows a bulk modulus �680 GPa� coefficient higher than for
Cs6C60 �530 GPa�. Even though these values are smaller
than those previously reported for the isolated molecule,1,2 a
meaningful comparison cannot be carried out due to our
method used for the estimation of the bulk modulus. Never-
theless, the comparison of the compressibility between the

two systems, calculated within the same approximation, can
be, in principle, fairly made.

V. RESULTS AND DISCUSSION

Important considerations arise by considering the differ-
ent experimental and theoretical bulk moduli given in Table
I. We should be aware that some of the compressibilities here
defined do not correspond to the thermodynamic ones, as
they have a local character. Nevertheless, their use has al-
ready been found to be extremely useful in the study of
isotropic36 as well as in anisotropic systems.37

By considering the geometric volume of the fullerene, VF,
the total volume of the bcc fulleride cell, VT, of the two
M6C60 systems can be decomposed as

VT = 2VF + nVi, �1�

where nVi represents the total interstitial volume in the bcc
unit cell.

We have defined then a volume corresponding to the av-
erage distance between the alkali metal atom and the first 22
carbon atom neighbors as we did in EXAFS, which corre-
sponds to nVi. The evaluation from ab initio calculations of
all the variables in Eq. �1�, i.e., VT, VF, and Vi, leads to a
value of n equal to 22. By deriving and opportunely reorga-
nizing Eq. �1� we can then conclude that with a 1% incerti-
tude, coming from the fact that we neglect the term associ-
ated with the fullerene molecule due to its low
compressibility,

B0T

B0i
=

V0T

V0T − 2V0F
, �2�

where the T and F labels apply again to total and fullerene,
respectively.

By using the right side term of Eq. �2�, we obtain a value
of approximately 1.3 for both systems. This value differs
from the ones that can be obtained by evaluation of the left
side of Eq. �2� using the experimental data in �Table I� which
give 2.3 for Rb6C60 and 1.8 for Cs6C60. This represents a
difference of 78% and 41%, respectively, with respect to the
result from the other part of the equation. Consequently we
need to conclude that the interstitial volume given by EX-
AFS decreases too rapidly to be considered as representing
the real interstitial volume. In addition, such volume reduc-
tion appears to be more important in the Rb than in the Cs
intercalation case.

In order to explain such disagreement, we consider the
evolution of the geometry of the molecule with pressure as
given by our ab initio calculations. In Fig. 9 we show the
histogram plot of the evolution with pressure of the distance
of the carbon atoms from the geometric center of the mol-
ecule in Rb6C60 and Cs6C60.

While in the isolated C60 molecule with Ih symmetry all C
atoms are equidistant from the center, in the studied ful-
lerides the fullerene molecule exhibits a bimodal distribution
of distances. This dispersion encountered in the case of the
alkali intercalated fullerenes, which characterizes a deforma-
tion with respect to the icosahedral symmetry, is further en-

(b)

(a)

FIG. 8. Calculated total energy versus volume for Rb6C60 �up-
per left panel�, Cs6C60 �lower left panel�, C60 molecule in the
Rb6C60 �upper right panel�, and Cs6C60 �lower right panel� struc-
ture. The continuous line is a fit of the calculated E�V� points by the
Murnaghan equation of state.
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hanced under pressure. It corresponds to an elongation of the
C60 cage along the three Cartesian axes and confirms previ-
ous studies carried out on Rb6C60 and K6C60.

11 The origin of
the important distortion of the C60 molecule in these alkali
intercalated compounds can probably be found on the ionic
interaction between the fullerene and the intercalated ions.

Let us call 
 the distance of the C atoms from the center
of the molecule. We consider then the difference between 

of each atom and the 
av quantity obtained as the average
between the 60 
 values. With pressure, the distance of the
60 C atoms from the center decreases and the C60 molecule
preserves the same distribution of 
, namely, 36 atoms at

p�
av and 24 with 
n�
av. Nevertheless, the shape of such
distribution evolves differently for Rb6C60 and for Cs6C60, as
shown in Fig. 9.

We can then define a distortion parameter d as follows:

d =
1

36�
i=1

36


p�i� −
1

24�
i=1

24


n�i� . �3�

In Fig. 10 we plotted the fullerene distortion parameter d
as a function of pressure for both Rb6C60 and Cs6C60. It
increases with pressure in both cases and for all pressures the

distortion induced by Rb intercalation is higher of than for
the Cs case.

At the highest pressure studied, i.e., around 15 GPa, d
becomes 2.8 and 2.3 times higher �for Rb6C60 and Cs6C60,
respectively� compared to the low pressure case correspond-
ing to the experimental value of the lattice parameter found
at ambient pressure. This corresponds to a 54% higher dis-
tortion of the molecule in Rb6C60 compared to Cs6C60.

The nature of the pressure-induced distortion can be un-
derstood by looking at the upper panel of Fig. 10 where we
represent the C60 molecule in the bcc Rb6C60 structure sur-
rounded by 24 Rb atoms placed at the tetrahedral sites at the
6 faces. In this picture, the d parameter has been amplified by
a factor of 32 in order to better appreciate the pressure-
induced deformation. The pressure-induced distortion consti-
tutes basically an amplification of the one already observed
at ambient conditions. In conclusion, the shape modification

FIG. 9. Histograms of the 
 distribution for the molecule in the
Rb6C60 �upper panel� and Cs6C60 systems �lower panel�, for the
different pressure values, respectively. We report histograms for
−1.8, −0.2, 2, 6.2, and 15.7 GPa and −1.2, 2, 6.8, and 14.3 GPa, for
Rb6C60 and Cs6C60, respectively, starting from the right side of the
graphs. The histograms are reported within a spacing between bars
equal to 60% meaning that more dispersed distributions are repre-
sented with wider columns.

(b)

(a)

FIG. 10. �Color online� Pressure-induced distortion of C60. The
distorted C60 molecule is represented with the 24 Rb atoms at the
tetrahedral sites �upper panel�. We report the molecule a 15.7 GPa
with an enhanced distortion such that d has been increased of a
factor 32. The evolution of the difference between the average value
of 
p and the average value of 
n for the different pressure condi-
tions of the relative system is reported in the lower panel.
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of the C60 fullerene can be better interpreted as an elongation
of the molecule due to a traction force, in which the mol-
ecule is pulled in the three Cartesian axes probably due to the
Coulombic interaction between the negatively charged
fullerene and the alkali cations. The observed distortion is
considerably smaller than that observed for the bukminster-
fullerene in single crystal of 3D polymers of undoped C60 by
Yamanaka et al.8 They observed a cuboidal molecule at am-
bient pressure with the distortion parameter, according to Eq.
�3�, equal to 0.6, i.e., 37 and 57 times higher than the distor-
tion of the fullerene in Rb6C60 and Cs6C60, respectively, cal-
culated by us at around 15 GPa. This is essentially due to the
formation of strong covalent bondings between the mol-
ecules in the 3D polymerized structure.

We can now understand the apparent inconsistency that
we found when comparing the two terms of Eq. �2�. The
pressure-induced deformation of the C60 molecule leads to an
additional reduction of the alkali-carbon distances that needs
to be added to simple homogenous compressive effects.

In addition, our calculations show that the deformation of
the fullerene in the case of Rb intercalation is stronger than
for Cs, consistently with local compressibilities obtained by
EXAFS, where higher interstitial volume compressibility is
obtained for Rb6C60 �B0=13 GPa� with respect to Cs6C60

�B0=18 GPa�. Moreover, although the molecule in Rb6C60

appears to suffer a stronger deformation than in Cs6C60, its
stiffness �B0=680 GPa� is interestingly higher than in the
case of Cs intercalation �B0=530 GPa� as obtained by ab
initio calculations.

VI. CONCLUSIONS

We have reported a detailed study of the Rb6C60 and
Cs6C60 systems under pressure. In particular, we coupled the
complementary information obtained by XRD and EXAFS
with the result obtained by ab initio calculations in order to
understand the mechanisms taking place during the compres-
sion of such systems.

We have calculated and measured the compressibility of
both systems and compared this to that obtained by EXAFS
for the interstitial volumes between molecules. Both for
Rb6C60 and Cs6C60 the EXAFS compressibilities appear to
be too small to correspond to an isotropic compression of the
system. The analysis of the pressure-induced deformation of
the C60 molecule via ab initio calculations allows us to un-
derstand such differences.

We infer that compression of the C60 molecule is accom-
panied by a shape-changing deformation under pressure.
This is probably due to an enhancement of the Coulombic
interaction with the surrounding ions, effectively increasing
the difference between the distances from each molecule’s
center to those 36 carbons closest to the alkali metals, on one
hand, and to those 24 carbon atoms located closest to other
C60 molecules, on the other. This deformation is analogous to
pulling the molecule through the three orthogonal axes point-
ing toward the bcc faces containing the alkali metals.

Both experiments and calculations agree with a deforma-
tion of the fullerene molecule which is more important for
Rb than for Cs intercalation. The defined distortion param-
eter of the fullerene, d, obtained by analyzing the evolution
of both structures under pressure, is 54% higher in Rb6C60
than in Cs6C60 at around 15 GPa. This fact cannot be simply
associated with steric effects because of the higher stiffness
of the molecule, obtained by our calculation, in the Rb than
in the Cs intercalated system.
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