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Rare-earth-metal-doped fullerides with nominal composition ofR3C70 (R5Sm, Eu! adopt a pseudomono-
clinic structure in which C70 dimers glued with rare-earth ions are involved. High-pressure powder x-ray
diffraction experiments revealed that these compounds undergo a reversible first-order structural phase transi-
tion at 1.5 GPa, associated with 2.7%–2.9% reduction of the unit cell volume. Structural analyses showed that
the rare-earth ions, which are located close to the edge of tetrahedral sites at ambient pressure, move back to
the center of the tetrahedral sites. Simultaneously, C70 molecules are realigned so that the fivefold~long! axes

are perpendicular to the(101̄) or (111̄) f cc plane at high pressure. The derived charge density map indicates
that the transition is regarded as a structural change from dimers to three-dimensional polymers of fullerenes.
These features are ascribed to the unique bonding nature in rare-earth C70 compounds.

DOI: 10.1103/PhysRevB.67.094101 PACS number~s!: 61.48.1c, 61.10.Nz

INTRODUCTION

Intercalation of fullerites with metals has afforded a rich
variety of materials, which have attracted considerable inter-
est in this decade. Among them, intercalation compounds
with rare-earth metals are much less known due to the diffi-
culty in synthesis. Recently, researchers have have found
several crystalline phases, including superconductors1,2 and
ferromagnetic compounds3,4 in this family of materials.

From the structural point of view, four stable rare-earth-
metal-fulleride phasesR2.75C60 (R5Yb and Sm! ~Refs. 1
and 2!, R6C60 (R5Sm and Eu! ~Refs. 5 and 3!, R2.78C70

(R5Sm) ~Refs. 6 and 7!, andR9C70 (R5Eu) ~Ref. 4! have
been identified. In contrast to the saturation phasesR6C60

and R9C70, which have similar structures to those of the
alkali-metal counterparts, the intermediate phases Yb2.75C60

and Sm2.78C70 are quite unique. InR2.75C60 compounds, tet-
rahedral vacancy ordering and the consequent shift of the
cation position stabilize the intermediate concentration of
rare-earth ions rather than the stoichiometricR3C60.1,8 It is
reported that alkaline-earth-metal-doped fulleride, Ca2.75C60,
is another isostructural compound.9 Tetrahedral vacancy is
also encountered in Sm2.78C70, but it is not ordered in C70
compounds.7 A very similar chemical composition deter-
mined by a Rietveld refinement indicates that the occurrence
of tetrahedral vacancy sites is a generic property in nominal
R;3C60 andR;3C70 systems.

A notable feature of Sm2.78C70 is that this structure con-
sists of C70 dimers glued with rare-earth ions.7 The Rietveld
analysis has shown that the distance between Sm-C is con-
siderably small, and a maximum entropy method~MEM! has
revealed that there exists a strong electron density in between
Sm and carbon, connecting two neighboring C70 molecules,
via tetrahedral Sm ions. Figure 1 shows an equicontour map

of electron density derived by the MEM-Rietveld analysis.7

One of the tetrahedral anions with occupancy of nearly unity
connects neighboring C70 molecules. Due to this dimeriza-
tion, C70 molecules are orientationally ordered, as shown in
Fig. 1.

In general, the interaction between intercalated alkali met-
als and fullerene moieties is known to be weak.10 In the case
of rare-earth metals, on the other hand, it has been pointed
out that the bonding nature between C and metals is signifi-
cantly different. In Yb2.75C60 ~Ref. 1! the shortest Yb-C bond
is 2.6–2.9 Å, which is slightly smaller than the sum of the
ionic radius of Yb21 and Van der Waals radius of carbon
~1.71 Å!. The Sm-C bond in Sm2.78C70 is expected to be
much stronger than the Yb-C bonds in Yb2.75C60, since the
observed Sm-C distance, 2.47~1! Å is markedly smaller than

FIG. 1. Equicontour (0.6e Å23) density map of the MEM
charge density of Sm2.78C70 at ambient pressure, viewed from the
@111# f cc direction.
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the sum of the Sm21 ionic radius 1.2 Å and carbon Van der
Waals radius. In contrast to the well known interfullerene
bonding via 212 cycloaddition and C-C single bonds,11,12

the C70-M -C70-type bonding in solids is quite unique, possi-
bly offering a new opportunity to investigate novel structural
properties based on this interfullerene bonds. One of particu-
lar interest is the high-pressure effect, because it has pro-
vided numerous important and interesting information on the
bonding properties in fullerites and fullerides.

In this paper, we report a synthesis of Eu3C70 and
Yb3C70, forming an isostructural series with Sm3C70, fol-
lowed by investigation of the hydrostatic pressure effect on
the structure of Sm3C70 and Eu3C70. We found that these
substances undergo first-order phase transitions at around 1.5
GPa, associated with a discontinuous volume reduction and a
pressure hysteresis of 0.2 GPa. The Rietveld analysis of the
high-pressure phase of Sm3C70 indicates that the tetrahedral
Sm21 ions, which were located close to the edge of the site,
move back to the site center in the high-pressure phase. The
size of the tetrahedral site in the high-pressure phase is
smaller than the ionic radii of Sm21 and Eu21. These struc-
tural features at the high-pressure phase agree well with the a
three-dimensional polymerlike charge density map, calcu-
lated by a combined method of the Rietveld analysis and
MEM.13

EXPERIMENT

The compound with a nominal composition ofR3C70 has
been synthesized by a solid-state reaction of stoichiometric
mixture of metals and C70 powders. Mixed powders were
sealed in quartz tubes under high vacuum of 231026 torr.
The tubes were annealed at 450 °C for 4 days and cooled
down slowly to room temperature in a furnace. In a previous
paper, we have reported the synthesis and crystal structure of
Sm3C70 ~Refs. 6 and 7! and Eu3C70 ~Ref. 4!, and showed that
R3C70 fullerides are very stable compounds. We have also
succeeded in obtaining the Yb3C70 fulleride by the same syn-
thesis procedure.

For a fundamental characterization, high-resolution syn-
chrotron x-ray powder diffraction data were recorded at
room temperature on the beamline BL02B2 at the Super
Photon Ring~SPring-8!, Japan.14 The samples ofR3C70 were
sealed in thin glass capillaries of 0.3 mm in outer diameter
for these experiments. In high-pressure experiments, quasi-
hydrostatic pressure was generated by a diamond anvil cell
~DAC!, which was equipped with an inconel gasket. The
diameter of the top face of the diamond culet was 1 mm, and
the sample was introduced in a hole made in the gasket 0.2
mm in depth and 0.4 mm in diameter inside a controlled
atmosphere of argon. Silicone oil was used as a pressure
medium. Pressure was measured with the ruby-flourescence
method. The high-pressure synchrotron x-ray diffraction ex-
periments at ambient temperature were performed on beam-
line BL10XU at SPring-8. The diffraction patterns were col-
lected using an image-plate detector with 5 min exposure
time. Integration of the two-dimensional diffraction images
was performed with a localPIP software. The valence states
of rare-earth ions at high pressure have been inspected by the

x-ray absorption near edge structure~XANES! spectra on the
beamline BL01B1 at SPring-8. Rietveld refinement was
made usingGSASsoftware,15 combined with MEM~Ref. 13!
using theENIGMA package.16

RESULTS

Figure 2 shows the ambient pressure x-ray diffraction pat-
terns of Sm3C70, Eu3C70 and Yb3C70, recorded atl
50.688 83(1) Å. All of the diffraction patterns can be in-
dexed on monoclinic cells with the lattice parameters sum-
marized in Table I. The lattice parametera514.926(2) Å of
Eu3C70 is comparable to that of fcc structure of undoped
C70.17 In a similar manner to Sm3C70, the unit cell of
Eu3C70 and Yb3C70 is derived by a deformation of the fcc
cell, in which intercalated metal ions occupy the tetrahedral
and octahedral sites in a conventional way. Due to the similar
diffraction profiles, Eu3C70 and Yb3C70 are expected to be
isostructual to Sm3C70, in which C70 molecules are orienta-
tionally ordered and bridged by metal ions forming a dimer
structure~Fig. 1!. Details of the dimer structure have been
described in our previous paper,7 where the exact chemical
representation of nominal Sm3C70 phase was obtained as
Sm2.78C70 due to the tetrahedral vacancy. The cell dimen-
sions in Table I indicate that similar composition is also
likely in Eu3C70 and Yb3C70. However, we represent this
phase asR3C70 in this paper.

According to a geometrical consideration on the unit cell,
it is expected that the volume of unit cell ofR3C70 is con-
siderably smaller than that of K3C70 ~fcc, a514.86 Å),18

because of the two reasons. First, the ionic radius of Sm21

(r;1.2 Å) is smaller than the ionic radius of K1

FIG. 2. Synchrotron x-ray powder diffraction profiles of nomi-
nal ~a! Sm3C70 ~b! Eu3C70 and~c! Yb3C70. Ticks mark positions of
allowed reflections for Yb3C70.

TABLE I. Lattice parameters forR3C70 (R5Sm, Eu, and Yb!.

Materials Lattice parameters

Sm3C70 14.860(1)310.091(2)310.918(2) Å3, b596.173(5)°
Eu3C70 14.926(2)310.130(1)310.950(1) Å3, b596.111(5)°
Yb3C70 14.774(1)39.991(1)310.897(1) Å3, b596.072(5)°
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(r;1.35 Å). Second, enhanced Madelung energy in rare-
earth fullerides induces further lattice contraction, because
Sm, Eu, and Yb ions are divalent, while K is monovalent.
However, the volume/C70 values ofR3C70 were found to be
comparable to that of K3C70 in contradiction to the above
simple considration. The unexpectedly large volume/C70 in
R3C70 may indicate that the dimerization induces a signifi-
cant realignment of C70 molecules and, consequently, rather
loose packing.

In a zigzag alignment of ellipsoidal C70 molecules~Fig.
1!, it is noted that the long~fivefold! axes of all C70 mol-
ecules are perpendicular to theb axis. In fact, theb param-
eter ~510.094 Å! is nearly identical to the C60-C60 distance
~10.02 Å! in undoped fcc C60, in agreement with the C70
alignment perpendicular to theb axis. In theac plane, on
the other hand, significant expansion is observed in the
a(514.862 Å.A23b514.275 Å) andc(510.922 Å) pa-
rameters.

The formation of the dimer structure in Eu and Yb com-
pounds is still an open question. However, we presume that
similar dimer structure exists at least in Eu3C70, since the
volume/C70 of this compound is even larger than that of
K3C70. Additional evidence is provided from the high-
pressure experiment, which showed an occurrence of identi-
cal phase transitions in Sm3C70 and Eu3C70.

High-pressure x-ray powder diffraction profiles of
Sm3C70 and Eu3C70 were collected at pressures between am-
bient and 5.0 GPa. Figure 3 shows the pressure evolution of

the diffraction pattern of Sm3C70 and Eu3C70. When a pres-
sure of 1.3 GPa was reached, the diffraction patterns obvi-
ously showed weakening of a group of reflections~0 0 1!,
$~1 1 1!, ~2 0 1̄)%, ~2 1 0!, and~2 0 1! ~marked by arrows! for
both cases of Sm3C70 and Eu3C70. Figure 4 shows the
pressure variation of the integrated intensity of reflections
~0 0 1!, $~1 1 1!, ~2 0 1̄)%, $~2 1 0!, ~2 0 1!%, normalized by
the ambient pressure values. The intensity of these peaks
becomes negligible above 1.8 GPa, indicative of the occur-
rence of a phase transition.

Despite the peak broadening, the indexing process of the
diffraction profiles at high pressure was successfully made
on a monoclinic cell. The cell parameters extracted by the Le
Bail fit at 1.8 GPa werea514.467(3) Å, b59.760(3) Å,
c510.628(3) Å, b596.209(5)° and a514.533(3) Å, b
59.826(3) Å,c510.700(2) Å,b596.216(5)° for Sm3C70
and Eu3C70, respectively. These cell parameters are very
similar to those at ambient pressure, indicating that the high-
pressure structure is essentially similar to that at ambient
pressure. A closer inspection of the space group at the high-
pressure phase was made by the Rietveld analysis, which
will be described in a following section.

To confirm the occurrence of the phase transition, we plot
in Fig. 5 the pressure evolution of the cell parameters of
Sm3C70 and Eu3C70 extracted by the Le Bail method. All the
parameters display discontinuous changes at about 1.5 GPa.

FIG. 3. Pressure evolution of the diffraction profiles of Sm3C70

~top! and Eu3C70 ~bottom!.
FIG. 4. Pressure variation of the normalized intesity of reflec-

tions ~0 0 1!, $~1 1 1!, ~2 0 1̄)%, $~2 1 0!, ~2 0 1!% in diffraction
profiles of Sm3C70 and Eu3C70.
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The diffraction patterns at 1.5 GPa showed a two-phase be-
havior both in Sm3C70 and Eu3C70. In this case, the two-
phase refinements converged smoothly, resulting in the two
sets of lattice parametersa514.610(5) Å,b59.905(4) Å,
c510.734(5) Å, b596.078(7)° and a514.504(5) Å, b
59.785(5) Å, c510.654(5) Å, b596.209(7)° for
Sm3C70. These two sets correspond to the low- and high-
pressure phases, respectively, showing a volume reduction of
2.7%. A similar analysis on Eu3C70 gave a 2.9% decrease in
volume at the transition. The decompression experiments
showed a slight hysteresis behavior ofP50.2 GPa for both
Sm3C70 and Eu3C70. All these results provide unambiguous
evidence of the occurrence of a first-order phase transition at
1.5 GPa. Another implication from Fig. 5 is that the com-
pression process is essentially isotropic within an experimen-
tal error. Since the covalent bond is limited within the dimer
unit, the whole crystal is regarded as isotropic, in contrast to
the anisotropic compression of polymeric fullerene
structures.19

DISCUSSION: GEOMETRICAL CONSIDERATIONS

Figure 6 shows the pressure evolution of the unit cell
volume of Sm3C70 and Eu3C70 obtained from the data in Fig.

5, together with the least-squares fit to the semiempirical
second-order Murnaghan equation of states20 ~EOS!:

P5~K0 /K08!@~V0 /V!K0821#

for both low- and high-pressure regions.K0 is the
atmospheric-pressure isothermal bulk modulus,K08 is its
pressure derivative (5dK0 /dP), and V0 is the volume of
the unit cell at zero pressure. For the low-pressure region, the
fit results in values ofK0525.9(4) GPa,K08512.0(5) for
Sm3C70 and K0525.4(4) GPa,K08516.9(5) for Eu3C70.
The extracted values of the volume compressibilityk
51/K0 at the low-pressure region arek50.038(1) GPa21

and 0.039~1! GPa21 for Sm3C70 and Eu3C70, respectively.
These are comparable to those measured for the fcc fulleride
phases, K3C60 @0.036(3) GPa21# ~Ref. 21! and Rb3C60
(0.046(3) GPa21) ~Refs. 21 and 22!.

For the high-pressure phase, the extracted values of vol-
ume compressibility, k50.020(1)GPa21 and 0.022~1!
GPa21 for Sm3C70 and Eu3C70, respectively, are much
smaller than those at the low-pressure phase, suggesting
much more tight crystal packing or stronger interaction be-
tween dopant cations and fullerene anions at high-pressure. It
is also noted that no evidence of anisotropy was found in the
high pressure phase.

These experimental results allow us to postulate two hy-
potheses on the mechanism of the pressure-induced phase
transition. One is the pressure-induced valence change from
R21 to R31, which indeed occurred in the SmS compound.23

In the trivalent state, the enhanced Madelung energy might

FIG. 5. Pressure dependence of the cell parametersa, b, c, and
b ~from top to bottom! for Sm3C70 extracted by the Le Bail method.
Open and solid circles represent points for the low- and high-
pressure phases, respectively.

FIG. 6. Pressure dependence of the volume of pseudomono-
clinic unit cell extracted by the Le-Bail method for Sm3C70 ~top!
and Eu3C70 ~bottom!. Solid lines show the least-squares fit to the
second-order Murnaghan equation of states.
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cause the shrinking and hardening of the cell. To test this
hypothesis, we have measured XANES spectra of Sm ions in
Sm3C70 at high pressure. The high-pressure XANES spectra
clearly showed that the average valence of Sm ion remains
unchanged at 21 well above the transition pressure 1.5 GPa.
Therefore, we excluded the possibility of the valence change.

The second hypothesis is a purely structural origin. As
discussed above, the crystal structure ofR3C70 at ambient
pressure is a zigzag packing of metal-bridged dimers, form-
ing a relatively large empty space in the interstices. Hence,
the second possibility, which may be simple and convincing,
is the collapsing of the dimer structure due to a steric crowd-
ing of dopant cations and fullerene anions at high pressure.
For clarifying this hypothesis and understanding the mecha-
nism of the structural transition, the interrelation between the
size of interstitial sites and the ionic radii of intercalants
would be an important key. Since the high-pressure XANES
experiment confirmed that the Sm ion is divalent, the discus-
sion related to the size of ionic radius should be based on the
divalent ionic radius. Figure 7 shows the pressure depen-
dence of the average size of the tetrahedral interstitial sites,
which are geometrically calculated from the lattice param-
eters using the average radius of the spherical C70 molecule.
At ambient pressure, the size of tetrahedral interstitial site is
larger than the divalent ionic radius of the intercalant for
both Sm3C70 and Eu3C70, indicating no steric crowding for
metal ions. Metal ions are stabilized at off-centered positions
both in octahedral and tetrahedral sites. At high pressure, the
structural phase transition causes a large volume decrease of
the unit cell and thus a size decrease of the interstitial sites.

Particularly, the size of the tetrahedral interstitial site is re-
duced just to fit to the size of the metal ions~Fig. 7!. The
smaller compressibility at the high-pressure phase is attrib-
utable to the steric crowding.

DISCUSSION: MEM-RIETVELD ANALYSIS

For further understanding the nature of the phase transi-
tion, we have made a MEM-Rietveld analysis.13 The first
Rietveld refinement of the high-pressure phase at 2.5GPa for
Sm3C60 was done with the spherical shell model, where C70
molecules are approximated by two sherical shells of charge,
representing the long and short axes of C70. Despite the
simpleness of the model, the obtained locations of the metal
ions are known to be reliable since the electron densities of
the rare-earth ions are large enough comparing to that of
carbon atoms. This refinement started from the structural
model at ambient pressure, where metal ions in tetrahedral
and octahedral interstitial sites are placed at the same posi-
tion and with the same occupancy to those in the ambient-
pressure structure.7 Since we have only 36 resolved peaks
with 196 reflections involved, due to the peak broadening,
we needed to reduce the number of refined parameters. Thus
we fixed the occupancies of Sm ions at the ambient-pressure
values and refined 29 parameters, including positions and
thermal parameters of Sm ions, a thermal parameter of car-
bon, and diameters of two spherical shells. The fixed occu-
pancy is a reasonable assumption, since all experiments were
carried out at room temperature, where migration of interca-
lated Sm ions is not activated.

In the primary refinement withRI, 10%, the tetrahedral
Sm ions were found to be situated at (; 1

4 ,; 1
2 ,0), (; 3

4 ,
; 1

2 ,0), (; 1
4 ,0,; 1

2 ), and (; 3
4 ,0,; 1

2 ), namely, close to the
center of the tetrahedral sites in the deformed fcc structure.

FIG. 8. Rietveld refinement on the x-ray diffraction pattern of
Sm2.78C70 at 2.5 GPa, within a ellipsoidal C70 model. Top: the raw
data~open circles! and the best-fit profile~solid line!. Middle: peak
positions. Bottom: the difference between the experimental and cal-
culated patterns.

FIG. 7. Pressure dependence of average size of tetrahedral in-
terstitial sites, which are geometrically calculated from the lattice
parameters and average radius of C70 molecule assuming a spherical
shape.
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The disappearance of the several diffraction peaks indexed as
~0 0 1!, ~1 1 1!, ~2 0 1̄), ~2 1 0!, and~2 0 1! is well accounted
for by the shift of the tetrahedral Sm ions to the positions
close to the high-symmetry points. However, experimental
data indicate that these reflections are not exactly forbidden.
In fact, the calculated structure factors of these reflections are
finite, but about three orders of magnitude smaller than the
main reflection$(200),(011)%. The result of the first Ri-
etveld fit for the 2.5GPa data with the spherical shell model
gave reliability factors ofRwp5 6.25%,RI5 6.18%.

As for the space group of the high-pressure structure, the
peak indexing and Le Bail processes implied that there are
only three possible space groupsP1, P2, and P2/m. We
have inspected these three space groups in the first Rietveld
process the reliability factorRwp for P2/m with 12 fitting
parameters was always larger than 10%. The refinement with
P2 space group and 16 fitting parameters gaveRwp of 8.72%
and 8.53% for the spherical and ellipsoidal shell models,
respectively. These values are considerably larger thanRwp5
6.25% for theP1 space group and the spherical shell model.
Hence, we concluded that the space group of the high-
pressure phase isP1, which is identical to that at ambient
pressure.7 Since the Rietveld refinement itself showed that all
the tetrahedral Sm is moved close to the high-symmetry
points, this result is a bit puzzling. We presume that the low
symmetry of the high-pressure phase is caused by the small

occupancy of one particular tetrahedral site Sm~3!, which
does not allow higher symmetry.

In the second step of the analysis, we have computed
charge density map with MEM using the structure factors
obtained from the first Rietveld refinement with the spherical
shell model. It is now well established that the imaging abil-
ity of the MEM-Rietveld analysis provides more detailed
structural models beyond the initial model for the first Ri-
etveld refinement.13 In fact, the method has been successfully
applied to structural determinations of endohedral
metallofullerenes24 and many other examples. Details of the
method are described elsewhere.13 To our surprise, the calu-
lated MEM charge density predicted that the orientation of
the long axis of all C70 molecules is perpendicular to the
(101̄) or (111̄) f cc plane.

Based upon the MEM’s predition of the orientation of
C70, the second Rietveld refinement was carried out using an
ellipsoidal shell model of C70 with fixed long and short axes
of 7.9 Å and 7.1 Å, respectively. Since two of the fitting
parameters—the diameters of two spheroids in the spherical
shell model—are replaced by two orienation angles of the
C70 ellipsoid in the ellipsoidal shell model, the total number
of parameters remained 29. Figure 8 displays the x-ray dif-
fraction pattern of the Sm3C70 sample at 2.5 GPa with the
result of the second Rietveld fit shown as a solid line. The
result of this alaysis is summarized in Table II. The reliability

TABLE II. Structural parameters for Sm2.78C70 at 2.5 GPa. Here, we use Cartesian coordinates expressed
in angstroms. They axis of the coordinate system is along the monoclinicb, axis thez axis along thea axis,
and x5y3z. The the long axis of the ellipsoidal shell model of C70 is directed parallel to thea axis, the
center of the shell is placed at~0,0,0!, and the shell is subjected to the rotations

S cosc sinc 0

2sinc cosc 0

0 0 1
D S cosu 0 sinu

0 1 0

2sinu 0 cosu
D S cosf sinf 0

2sinf cosf 0

0 0 1
D .

Sm2.78C70 High-pressure phase~2.5 GPa!

Lattice parameter 14.408(2)39.723(2)310.592(2)Å3,
b596.205(5)°

Space group P1
Rietveld fit Rwp55.17%,RI54.86%,x257.32

Center of the rigidC70 and Eulerian angles C70~1! 0.0 0.0 0.0c554° u50° f50°

C70(2) 0.5 0.5 0.5c554° u50° f50°
Atomic coordinates and occupancies Sm~1! 0.250~7! 0.977~7! 0.517~8! 1.00

Sm~2! 0.743~8! 0.013~6! 0.477~7! 0.93
Sm~3! 0.231~8! 0.489~8! 0.970~8! 0.68
Sm~4! 0.747~7! 0.531~6! 0.020~6! 0.95
Sm~5! 0.011~7! 0.431~6! 0.455~7! 0.50
Sm~6! 0.988~6! 0.429~8! 0.460~8! 0.50
Sm~7! 0.510~8! 0.914~8! 0.041~6! 0.50
Sm~8! 0.489~7! 0.920~7! 0.039~8! 0.50

Thermal parameters B(Sm1,2,3,4)50.03(1) Å2

B(Sm5,6,7,8)50.80(2) Å2

B(C)50.08(2) Å2
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factor of the second Rietveld analysis wasRwp5 5.17%,
RI5 4.86%, which is a significant improvement from the
spherical shell model, considering that the number of refined
parameters in the ellipsoidal shell model is identical to that
in the spherical shell model. We also calculated the second
MEM charge density based on the second Rietveld result.
This MEM picture, however, presented no additional impli-
cation of more detailed structures. For a further refinement
process, more fitting parameters are required. Considering
the broadness of the diffraction pattern and limited number
of resolved peaks, we stopped the analysis to avoid overin-
terpretation. The second~final! MEM charge density is
shown in Fig. 9, combined with that at ambient pressure.

The final result of the Rietveld refinement does not seri-
ously affect the location of Sm ions determined in the first
refinement within a spherical shell model. In contrast to the
tetrahedral site, occupied by a single Sm21 ion, there still
exist two stable positions for Sm21 ions in the octahedral

site, though these two positions are much closer to each other
than at ambient pressure. These two sites are randomly oc-
cupied by Sm ions in a mutually exclusive way, removing
unphysically short contacts.

Combining the MEM-Rietveld structural analysis of the
high-pressure phase with the consideration of the size of the
tetrahedral interstitial site~Fig. 7!, the transition can be ex-
plained by the simultaneous movement of rare-earth ions and
C70 molecules, due to the steric crowding of dopant cations
and fullerene anions under high pressure. At the ambient-
pressure phase, the tetrahedral ions are shifted from the site
center since they participate the formation of rare-earth–
carbon bonds. By application of hydrostatic pressure, the
metal ions are naturally pressed back to the site center due to
external force, possibly causing a collapse of the dimer struc-
ture and a reorientation of C70. Figure 10 shows a schematic
illustration of the high-pressure structure. The long axis of all
C70 molecules is aligned perpendicular to(101̄) or (111̄) f cc

FIG. 9. ~Color! Color contour
map ~from 0.6e Å to 5e Å23) of
the cross section of the MEM
charge density for Sm2.78C70 at
ambient pressure~left! and at
2.5GPa ~high-pressure phase!
~right!. The section was obtained
by cutting the three-dimensional
charge density map by the plane
involving C-Sm~4!-C bonds,
which is parallel to the(110) or
(111)f cc plane.

FIG. 10. ~Color! Schematic illustration of the
pseudomonoclinic and parent fcc cells. Directions
of unit vectors for the former and latter cells are
represented by black solid and blue dotted lines,
respectively. The MEM charge density map in
Fig. 9 is drawn for the pink-colored(110) or
(111)f cc plane. At the high-pressure phase, the
long axis of all C70 molecules~brown ellipsoids!

is perpendicular to the(101̄) or (111̄) f cc plane
hatched with light blue color.
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plane ~hatched in ligh blue!, forming a closely packed dis-
torted rhombohedral structure.

These changes are well described by the MEM charge
density map for ambient and high pressure shown in Fig. 9,
which is a cross section cut by a plane parallel to(110) or
(111)f cc . A new indication from this figure is that strong
hybridization between rare-earth metals and fullerene cages
is established. This state is not surprising when one recalls
that the size of the tetrahedral holes is smaller than the ionic
radius of Sm21 in the high-pressure phase as shown in Fig.
7. This state might be regarded as a new type of polymeric
fullerene structure with a three-dimensional network. The
small compressibility of the high-pressure phase, which is
only half of that for the low-pressure phase~Fig. 6!, is also
reasonably understood from Fig. 9. Taking the comparable
compressibility of the low-pressure phase to that of alkali-
metal fullerides K3C60 or Rb3C60 into account, the interac-
tion in the high-pressure phase of Sm3C70 is much stronger
than the typical ionic fullerides.

In the present MEM-Rietveld analysis, we were not able
to determine the orientational state around the long axis of
the C70 molecule, due to the broadening of diffraction pattern
at high pressure. There remain two possble orientational
states: One scenario is that the orientation is really disor-
dered, and the other is that the orientaion is ordered but the
available data are not sufficient for a full determination. For
the latter case, a distorted rhombohedral structure necessiates
nearly threefold symmetry in the C70 molecule, which is ab-
sent. Thus, if this is the case, the neighboring C70’s are not
identical to each other. For a full understanding of the high-
pressure structure, the improvement of diffraction pattern at
high pressure is crucial. For instance, use of a gas pressure
medium such as helium will be promising.

CONCLUSIONS

In conclusion, we have synthesized a stable isostructural
series of rare-earth-metal fulleridesR3C70 (R5Yb, Eu, and
Sm!. These compounds adopt a pseudomonoclinic structure,
which is derived by a deformation of the well-known fcc
structure. In analogy to the fully analyzed compound
Sm2.78C70 we suggest that the sructure involves a C70-R-C70
dimer unit. A high pressure x-ray diffraction experiment re-
vealed that Sm3C70 and Eu3C70 compounds undergo a re-
versible first-order structural phase transition at about 1.5
GPa. This transition is accompanied by a discontinuous vol-
ume reduction of 2.7%–2.9%. The MEM-Rietveld analysis
within the ellipsoidal shell model of C70 showed that rare-
earth ions, which occupied an off-centered position of tetra-
hedral interstitial sites at ambient pressure, were pushed back
close to the center of the tetrahedral site in the high-pressure
phase. Simultaneously, C70 molecules were reorientated so
that the long axis is aligned perpendicular to the(101̄) or
(111̄) f cc plane. The MEM charge density map has shown a
three-dimensional polymerlike bonding network which
agrees quite well with the small compressibility for the high-
pressure phase. The present results clearly demonstrate that
the unique bonding nature of rare-earth-metal intercalated
fullerides brings about a new structural aspect of fullerides,
which is related to the orientation of fullerene molecules.
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