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Rare-earth-metal-doped fullerides with nominal compositioRgE,, (R=Sm, EY adopt a pseudomono-
clinic structure in which &, 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. Simultaneous}y,n@®lecules are realigned so that the fivefdlmhg) axes
are perpendicular to th(éLOT) or (11?)fCC 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-egtbn@pounds.

DOI: 10.1103/PhysRevB.67.094101 PACS nunider61.48:+c, 61.10.Nz

INTRODUCTION of electron density derived by the MEM-Rietveld analysis.
One of the tetrahedral anions with occupancy of nearly unity
Intercalation of fullerites with metals has afforded a rich connects neighboring /¢ molecules. Due to this dimeriza-
variety of materials, which have attracted considerable intertion, C;; molecules are orientationally ordered, as shown in
est in this decade. Among them, intercalation compound§&ig. 1.
with rare-earth metals are much less known due to the diffi- In general, the interaction between intercalated alkali met-
culty in synthesis. Recently, researchers have have foundls and fullerene moieties is known to be wé8kn the case
several crystalline phases, including supercondutfoasd  Of rare-earth metals, on the other hand, it has been pointed
ferromagnetic compoundi$in this family of materials. out that.the bonding nature between C and metals is signifi-
From the structural point of view, four stable rare-earth-cantly different. In Yb 7:Ceo (Ref. 1) the shortest Yb-C bond
metal-fulleride phase®,,«Ceo (R=Yb and Sm (Refs. 1 IS 2.6—2._9 A, WhICT is slightly smaller than the sum of the
and 2, ReCeo (R=Sm and Eii (Refs. 5 and B R, Cro  1ONIC radius of YB* and Van der Waa_ls radius of carbon
(R=Sm) (Refs. 6 and ¥, andRoCy, (R=EU) (Ref. 4 have (1.71 A. The Sm-C bond in ShydCro is expected to be
been identified. In contrast to the saturation phaRg&g much stronger than the Yb-C tg\qnds 'nk2Y7|§?60’ snl‘:ce thhe
and RqC;q, which have similar structures to those of the observed Sm-C distance, 2(4J A is markedly smaller than

alkali-metal counterparts, the intermediate phases X®&o
and Sm ,¢C;q are quite unique. IR, 7:C¢g cCOMpounds, tet- o« O ,
rahedral vacancy ordering and the consequent shift of the e 3
cation position stabilize the intermediate concentration of ,
rare-earth ions rather than the stoichiomeRigCso.22 It is ) '®)
reported that alkaline-earth-metal-doped fulleride; 385, ) )
is another isostructural compoufidietrahedral vacancy is ~ o , '
also encountered in SmdC;q, but it is not ordered in & @ @
compounds. A very similar chemical composition deter- / ‘ \
mined by a Rietveld refinement indicates that the occurrence O @ O
of tetrahedral vacancy sites is a generic property in nominal , ‘
R_3Cgp andR_3C;( systems. ' L :
A notable feature of SpydC; is that this structure con- { o
sists of G, dimers glued with rare-earth iodsThe Rietveld ‘ , \
analysis has shown that the distance between Sm-C is con- ® o
siderably small, and a maximum entropy methibEM) has
revealed that there exists a strong electron density in between FiG. 1. Equicontour (06A~3) density map of the MEM
Sm and carbon, connecting two neighboring, @olecules, charge density of SpydC,o at ambient pressure, viewed from the
via tetrahedral Sm ions. Figure 1 shows an equicontour mapi11];.. direction.
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the sum of the SAT" ionic radius 1.2 A and carbon Van der
Waals radius. In contrast to the well known interfullerene
bonding via 2-2 cycloaddition and C-C single bondfs!? Sm.C

the G,¢-M-C;-type bonding in solids is quite unique, possi- 2 Lo

bly offering a new opportunity to investigate novel structural 8

properties based on this interfullerene bonds. One of particu- ) Bu C
lar interest is the high-pressure effect, because it has pro- 2L -
vided numerous important and interesting information on the g

bonding properties in fullerites and fullerides.
In this paper, we report a synthesis of ;B4, and ¢_AJ Yb,Chy

Yb;C,q, forming an isostructural series with §8y,, fol-

lowed by investigation of the hydrostatic pressure effect on

the structure of SRC,;, and EyC,,. We found that these 5 10 15

substances undergo first-order phase transitions at around 1.5 2 0 (degree)

GPa, associated with a discontinuous volume reduction and a

pressure hysteresis of 0.2 GPa. The Rietveld analysis of the FIG. 2. Synchrotron x-ray powder diffraction profiles of nomi-

high-pressure phase of $8, indicates that the tetrahedral nal (@ SmsCro (b) EusCzo and(c) YbsCro. Ticks mark positions of

S ions, which were located close to the edge of the site@llowed reflections for Y4Cr,.

move back to the site center in the high-pressure phase. The

size of the tetrahedral site in the high-pressure phase f§'@Y absorption near edge struct@ANES) spectra on the

smaller than the ionic radii of SHi and E@*. These struc- beamline BLO1B1 at SPring-8. Rietveld refinement was

. 15 . .
tural features at the high-pressure phase agree well with the'H"’.Ide l;]S'r@SAS softvxliareéwcombmed with MEM(Ref. 13
three-dimensional polymerlike charge density map, calcutSIN9 thEENIGMA package.

lated by a combined method of the Rietveld analysis and
MEM.*® RESULTS

[ IR T TR T TR T IR R TRT R IR TRTTR TR ¢ X o)
1 1 1 3N

Figure 2 shows the ambient pressure x-ray diffraction pat-
EXPERIMENT terns of SmC,y, EwC;y and YkC,y, recorded ath
=0.68883(1) A. All of the diffraction patterns can be in-
gexed on monoclinic cells with the lattice parameters sum-
marized in Table |. The lattice paramete+ 14.926(2) A of
EwC,, is comparable to that of fcc structure of undoped
20-17 In a similar manner to SpC;,, the unit cell of

The compound with a nominal composition R{C,, has
been synthesized by a solid-state reaction of stoichiometri
mixture of metals and £ powders. Mixed powders were
sealed in quartz tubes under high vacuum sf1®~© torr.

The tubes were annealed at 450°C for 4 days and COOIeELIng and YhyCy is derived by a deformation of the fcc

down slowly to room temperature in a furnace. In a previous Il in which intercalated metal ion the tetrahedral
paper, we have reported the synthesis and crystal structure 6" ¢ ercaiated metal 1ons occupy the tetrahedra

and octahedral sites in a conventional way. Due to the similar
SmyCyq (Refs. 6 and Yand EuC,q (Ref. 4, and showed that " . .
R;Cy, fullerides are very stable compounds. We have alsdliffraction profiles, E4Cro and YiyCyo are expected to be

. L ; Isostructual to SRC,q, in which G, molecules are orienta-
succeeded in obtaining the Y®,, fulleride by the same syn- 70, 7 70 . ,
thesis procedure. tionally ordered and bridged by metal ions forming a dimer

structure(Fig. 1). Details of the dimer structure have been

For a fundamental characterization, high-resolution SYNascribed in our previous papewhere the exact chemical

chrotron x-ray powder diffraction data were recorded at . . .

room temperature on the beamline BLO2B2 at the Supe epresentation of nominal $f@i;, phase was obtained as
Photon RingSPring-8, Japart* The samples oR;C,, were Mp.74C70 due to the tetrahedral vacancy. The cell dimen-
sealed in thin glass capillaries of 0.3 mm in outer diamete >lons: I Table | indicate that similar composition is a!so
for these experiments. In high-pressure experiments, qua fkely in EusCro anq YRCro. However, we represent this
hydrostatic pressure was generated by a diamond anvil celﬂhase aR3Cro In this paper. . . .
(DAC), which was equipped with an inconel gasket. The. .Accordlng to a geometrical conS|d.erat|on on th.e unit cell,
diameter of the top face of the diamond culet was 1 mm, and] 'S expected that the volume of unit cell 8Cyo is CO?S'
the sample was introduced in a hole made in the gasket Oﬂderably smaller than that of ?K:7° (fcc_, a= 14'86 A),
mm in depth and 0.4 mm in diameter inside a controlledbecause of t_he two reasons. First, t_he lomic “’?‘d'“S of Sm
atmosphere of argon. Silicone oil was used as a pressufé ™12 A) is smaller than the ionic radius of K
medium. Pressure was measured with the ruby-flourescenc
method. The high-pressure synchrotron x-ray diffraction ex-
periments at ambient temperature were performed on beanf\'/iaterials
line BL1OXU at SPring-8. The diffraction patterns were col-
lected using an image-plate detector with 5 min exposur&sm,C,,  14.860(1)<10.091(2)< 10.918(2) &, B=96.1735)°
time. Integration of the two-dimensional diffraction imageseu,C,,  14.926(2)x10.130(1)x 10.950(1) B, 8=96.1115)°
was performed with a locatp software. The valence states yp,c,,  14.774(1)<9.991(1)x10.897(1) &, 3=96.0715)°
of rare-earth ions at high pressure have been inspected by the

eI'ABLE I. Lattice parameters foR3C;o (R=Sm, Eu, and Yh

Lattice parameters

094101-2
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FIG. 3. Pressure evolution of the diffraction profiles of s& FIG. 4. Pressure variation of the normalized intesity of reflec-

(top) and EyCyo (bottom. tions (00D, {111, 200D} {210, (20 1} in diffraction

rofiles of SmC,o and EyCy,.
(r~1.35 A). Second, enhanced Madelung energy in rare" 70 Wero

earth fullerides induces further lattice contraction, because

Sm, Eu, and Yb ions are divalent, while K is monovalent.the diffraction pattern of SgCz, and EYCro. When a pres-
However, the volume/g values ofR;C,, were found to be ~ Sure of 1.3 GPa was r_eached, the diffraction patterns obvi-
comparable to that of 4C,, in contradiction to the above ©USly showed weakening of a group of reflectidfs0 1),
simple considration. The unexpectedly large volumgi@ {(111),(201)}, (210, and(2 0 ) (marked by arrowsfor
R;C,o may indicate that the dimerization induces a signifi-both cases of SpC;, and EyCy,. Figure 4 shows the
cant realignment of & molecules and, consequently, rather pressure variation of the integrated intensity of reflections

loose packing. 00D,{11D,201n}, {210, (20 D}, normalized by

In a zigzag alignment of ellipsoidal &z molecules(Fig.  the ambient pressure values. The intensity of these peaks
1), it is noted that the londfivefold) axes of all Go mol-  becomes negligible above 1.8 GPa, indicative of the occur-
ecules are perpendicular to theaxis. In fact, theb param-  rence of a phase transition.
eter(=10.094 A is nearly identical to the £§-Cg, distance Despite the peak broadening, the indexing process of the

(10.02 A) in undoped fcc g, in agreement with the 45 diffraction profiles at high pressure was successfully made
alignment perpendicular to thie axis. In theac plane, on  on a monoclinic cell. The cell parameters extracted by the Le
the other hand, significant expansion is observed in th@ail fit at 1.8 GPa werea=14.467(3) A,b=9.760(3) A,
a(=14.862 A>\2xb=14.275 A) andc(=10.922 A) pa- ¢=10.628(3) A, 3=96.20945)° and a=14.533(3) A, b
rameters. =9.826(3) A,c=10.700(2) A,3=96.2145)° for SmyCy,

The formation of the dimer structure in Eu and Yb com-and EuC,,, respectively. These cell parameters are very
pounds is still an open question. However, we presume thatimilar to those at ambient pressure, indicating that the high-
similar dimer structure exists at least in 84y, since the pressure structure is essentially similar to that at ambient
volume/G, of this compound is even larger than that of pressure. A closer inspection of the space group at the high-
K3Cyo. Additional evidence is provided from the high- pressure phase was made by the Rietveld analysis, which
pressure experiment, which showed an occurrence of identwill be described in a following section.
cal phase transitions in S@,9 and EuCyg. To confirm the occurrence of the phase transition, we plot

High-pressure x-ray powder diffraction profiles of in Fig. 5 the pressure evolution of the cell parameters of
Sm;C,o and EyC,, were collected at pressures between am-Sm;C, and EyC extracted by the Le Bail method. All the
bient and 5.0 GPa. Figure 3 shows the pressure evolution gfarameters display discontinuous changes at about 1.5 GPa.

094101-3
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96.18 | - i g FIG. 6. Pressure dependence of the volume of pseudomono-
9% 16‘{0 o o* | clinic unit cell extracted by the Le-Bail method for $8y, (top)
) and EyCy, (bottom). Solid lines show the least-squares fit to the
: ! ! : second-order Murnaghan equation of states.
0 1 2 3 4 5
Pressure (GPa) 5, together with the least-squares fit to the semiempirical

second-order Murnaghan equation of stt¢§0S:
FIG. 5. Pressure dependence of the cell parametdrsc, and g q €809

B (from top to bottom for Sm;C,, extracted by the Le Bail method. , K

Open and solid circles represent points for the low- and high- P=(Ko/Kg)[(Vo/V) o—1]
h tively. . . .

PIESSHIE pRAses, Tespectively for both low- and high-pressure regions¥, is the

The diffraction patterns at 1.5 GPa showed a two-phase bétmospheric-pressure isothermal bulk modulfs, is its
havior both in SrgC,o and EUCy. In this case, the two- Pressure derivativedK,/dP), andV, is the volume.of
phase refinements converged smoothly, resulting in the th’e unit ce!l at zero pressure. For the Iow—p/ressure region, the
sets of lattice parametees=14.610(5) A b=9.905(4) A, fit results in values oKy=25.9(4) GPaK;=12.0(5) for
c=10.734(5) A, B=96.07§7)° and a=14.504(5) A, b SMCy and Ky=25.4(4) GPa,K=16.9(5) for E4Cyo.
=9.785(5) A, ¢=10.654(5) A, B=96.2097)° for The extracted values of the volume compressibility
SmyCyo. These two sets correspond to the low- and high-=1/Ko at the low-pressure region are=0.038(1) GPa*
pressure phases, respectively, showing a volume reduction @nd 0.0391) GPa * for SmCro and EuCyo, respectively.
2.7%. A similar analysis on EC,, gave a 2.9% decrease in These are comparable to those measured for the fcc fulleride
volume at the transition. The decompression experimentghases, KCg [0.036(3) GPa'] (Ref. 21 and RRCe
showed a slight hysteresis behaviorR#0.2 GPa for both  (0.046(3) GPa') (Refs. 21 and 22

SmyC, and EuCyq. All these results provide unambiguous ~ For the high-pressure phase, the extracted values of vol-
evidence of the occurrence of a first-order phase transition &me _compressibility, k=0.02q1)GPa™* and 0.0221)

1.5 GPa. Another implication from Fig. 5 is that the com- GPa ' for SmyCyo and EuCyo, respectively, are much
pression process is essentially isotropic within an experimersmaller than those at the low-pressure phase, suggesting
tal error. Since the covalent bond is limited within the dimermuch more tight crystal packing or stronger interaction be-
unit, the whole crystal is regarded as isotropic, in contrast téween dopant cations and fullerene anions at high-pressure. It
the anisotropic compression of polymeric fullereneis also noted that no evidence of anisotropy was found in the
structureg?® 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

Figure 6 shows the pressure evolution of the unit cellR?* to R®*, which indeed occurred in the SmS compodhd.
volume of SmC,,and E4C,, obtained from the data in Fig. In the trivalent state, the enhanced Madelung energy might

DISCUSSION: GEOMETRICAL CONSIDERATIONS

094101-4
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135 _
. ~. Sm”gC70 (2.5 GPa)
TS | R, =517%
ot 125} . ) -
$ N Sm*2 jonic radius g RI 4.86 %
&) | ;
115 ¢ 2
AR .. - EP
®e o ‘7
L1 o 1 54
— e =
1.35%ag Eu3Cyg
*®
1.3 F .. Fer b 0 er 0 0 e e o i v s umung s 00 unm s
[ 4
[ ]
o 1St .
; 1.2 Eu+2 ionic radius 35 10 15
L]
sl ‘e, ] 20 (degree)
il e, o FIG. 8. Rietveld refinement on the x-ray diffraction pattern of
. . . . Sm, ,Cyo at 2.5 GPa, within a ellipsoidal /g model. Top: the raw

data(open circles and the best-fit profil¢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 IatticeParticularly, the size of the tetrahedral interstitial site is re-
parameters and average radius gf @olecule assuming a spherical duced just to fit to the size of the metal ioff&g. 7). The
shape. smaller compressibility at the high-pressure phase is attrib-
utable to the steric crowding.

cause the shrinking and hardening of the cell. To test this
hypothesis, we have measured XANES spectra of Sm ions in
SmyC,q at high pressure. The high-pressure XANES spectra
clearly showed that the average valence of Sm ion remains For further understanding the nature of the phase transi-
unchanged at2 well above the transition pressure 1.5 GPa.tion, we have made a MEM-Rietveld analysisThe first
Therefore, we excluded the possibility of the valence changeRietveld refinement of the high-pressure phase at 2.5GPa for
The second hypothesis is a purely structural origin. AsSmyCgo was done with the spherical shell model, whekg C
discussed above, the crystal structureRafC,, at ambient molecules are approximated by two sherical shells of charge,
pressure is a zigzag packing of metal-bridged dimers, formrepresenting the long and short axes of,.CDespite the
ing a relatively large empty space in the interstices. Hencesimpleness of the model, the obtained locations of the metal
the second possibility, which may be simple and convincingjons are known to be reliable since the electron densities of
is the collapsing of the dimer structure due to a steric crowdthe rare-earth ions are large enough comparing to that of
ing of dopant cations and fullerene anions at high pressurezarbon atoms. This refinement started from the structural
For clarifying this hypothesis and understanding the mechamodel at ambient pressure, where metal ions in tetrahedral
nism of the structural transition, the interrelation between theand octahedral interstitial sites are placed at the same posi-
size of interstitial sites and the ionic radii of intercalantstion and with the same occupancy to those in the ambient-
would be an important key. Since the high-pressure XANESressure structureSince we have only 36 resolved peaks
experiment confirmed that the Sm ion is divalent, the discuswith 196 reflections involved, due to the peak broadening,
sion related to the size of ionic radius should be based on thee needed to reduce the number of refined parameters. Thus
divalent ionic radius. Figure 7 shows the pressure depenwe fixed the occupancies of Sm ions at the ambient-pressure
dence of the average size of the tetrahedral interstitial sitesjalues and refined 29 parameters, including positions and
which are geometrically calculated from the lattice param-thermal parameters of Sm ions, a thermal parameter of car-
eters using the average radius of the spheriggin®lecule.  bon, and diameters of two spherical shells. The fixed occu-
At ambient pressure, the size of tetrahedral interstitial site ipancy is a reasonable assumption, since all experiments were
larger than the divalent ionic radius of the intercalant forcarried out at room temperature, where migration of interca-
both SmC,, and EyC,,, indicating no steric crowding for lated Sm ions is not activated.
metal ions. Metal ions are stabilized at off-centered positions In the primary refinement witkR, < 10%, the tetrahedral
both in octahedral and tetrahedral sites. At high pressure, tH8m ions were found to be situated at ¥,~3,0), (~32,
structural phase transition causes a large volume decrease of;,0), (~%,0,~3), and (~3,0,~3), namely, close to the
the unit cell and thus a size decrease of the interstitial sitexenter of the tetrahedral sites in the deformed fcc structure.

Pressure (GPa)

DISCUSSION: MEM-RIETVELD ANALYSIS
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TABLE II. Structural parameters for SyndC,q at 2.5 GPa. Here, we use Cartesian coordinates expressed
in angstroms. Thg axis of the coordinate system is along the monocliniaxis thez axis along thea axis,
andx=yXz. The the long axis of the ellipsoidal shell model 0f,@s directed parallel to tha axis, the
center of the shell is placed é3,0,0, and the shell is subjected to the rotations

cosy sing O cosd 0 sind cos¢ sing O

—sinyg cosy O 0 1 0 —sing cos¢p O
0 0 1/ \ —sind 0O cos6 0 0 1
Sm, 76Cro High-pressure phas@.5 GPa
Lattice parameter 14.408(2)x 9.723(2)x 10.592(2)A3,
B=96.20%5)°
Space group P1
Rietveld fit Rup=5.17%, R, = 4.86%, x*=7.32

Center of the rigidC;g and Eulerian angles  C;¢(1) 0.0 0.0 0.0¢y=54° §=0° ¢=0°
C;o(2) 0.5 0.5 0.5=54° §=0° $=0°
Atomic coordinates and occupancies @0.2507) 0.9777) 0.5178) 1.00
Sm(2) 0.7438) 0.0136) 0.4747) 0.93
Sm(3) 0.231(8) 0.4898) 0.9708) 0.68
Sm(4) 0.7477) 0.531(6) 0.0206) 0.95
Sm(5) 0.0117) 0.4316) 0.4557) 0.50
Sm(6) 0.9886) 0.4298) 0.4608) 0.50
Sm(7) 0.5108) 0.9148) 0.0416) 0.50
Sm(8) 0.4897) 0.92Q7) 0.0398) 0.50
Thermal parameters B(Smy 53 =0.03(1) &
B(Smy 67,9 =0.80(2) &
B(C)=0.08(2) &

The disappearance of the several diffraction peaks indexed ascupancy of one particular tetrahedral site (Swhich

(001),(111,(201), (210, and(20 1) is well accounted does not allow higher symmetry.
for by the shift of the tetrahedral Sm ions to the positions In the second step of the analysis, we have computed
close to the high-symmetry points. However, experimentafharge density map with MEM using the structure factors
data indicate that these reflections are not exactly forbidderpbtained from the first Rietveld refinement with the spherical
In fact, the calculated structure factors of these reflections arghell model. It is now well established that the imaging abil-
finite, but about three orders of magnitude smaller than théy of the MEM-Rietveld analysis provides more detailed
main reflection{(200),(011}. The result of the first Ri- structural models beyond the initial model for the first Ri-
etveld fit for the 2.5GPa data with the spherical shell modePtveld refinement’ In fact, the method has been successfully
gave reliability factors oR,,= 6.25%,R,= 6.18%. applied to structural determinations of endohedral
As for the space group of the high-pressure structure, th@etallofullerene@and many other examples. Details of the
peak indexing and Le Bail processes implied that there argethod are described elsewhétdo our surprise, the calu-
only three possible space groupd, P2, and P2/m. We lated MEM charge density predicted that the orientation of
have inspected these three space groups in the first Rietvel@e long axis of all G; molecules is perpendicular to the
process the reliability factoRr,,, for P2/m with 12 fitting ~ (101) or (111)¢. plane.
parameters was always larger than 10%. The refinement with Based upon the MEM'’s predition of the orientation of
P2 space group and 16 fitting parameters gayg of 8.72%  Cy, the second Rietveld refinement was carried out using an
and 8.53% for the spherical and ellipsoidal shell modelsgllipsoidal shell model of g, with fixed long and short axes
respectively. These values are considerably larger Ryge- of 7.9 A and 7.1 A, respectively. Since two of the fitting
6.25% for theP1 space group and the spherical shell model parameters—the diameters of two spheroids in the spherical
Hence, we concluded that the space group of the highshell model—are replaced by two orienation angles of the
pressure phase B1, which is identical to that at ambient Cy, ellipsoid in the ellipsoidal shell model, the total number
pressuré.Since the Rietveld refinement itself showed that allof parameters remained 29. Figure 8 displays the x-ray dif-
the tetrahedral Sm is moved close to the high-symmetryraction pattern of the Sgt,q sample at 2.5 GPa with the
points, this result is a bit puzzling. We presume that the lowresult of the second Rietveld fit shown as a solid line. The
symmetry of the high-pressure phase is caused by the smaksult of this alaysis is summarized in Table Il. The reliability
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Ambient pressure phase High pressure phase

FIG. 9. (Color Color contour
map (from 0.6e A to 5e A %) of
the cross section of the MEM
charge density for SpydC,q at
ambient pressure(left) and at
2.5GPa (high-pressure phage
(right). The section was obtained
by cutting the three-dimensional
charge density map by the plane
involving C-Sm4)-C  bonds,
which is parallel to thg110) or
(111). plane.

factor of the second Rietveld analysis wRg,= 5.17%, site, though these two positions are much closer to each other
R,= 4.86%, which is a significant improvement from the than at ambient pressure. These two sites are randomly oc-
spherical shell model, considering that the number of refinegupied by Sm ions in a mutually exclusive way, removing
parameters in the ellipsoidal shell model is identical to thatinphysically short contacts.
in the spherical shell model. We also calculated the second Combining the MEM-Rietveld structural analysis of the
MEM charge density based on the second Rietveld resultligh-pressure phase with the consideration of the size of the
This MEM picture, however, presented no additional impli- tétrahedral interstitial sitéFig. 7), the transition can be ex-
cation of more detailed structures. For a further refinemenplained by the simultaneous movement of rare-earth ions and
process, more fitting parameters are required. Consideringzo molecules, due to the steric crowding of dopant cations
the broadness of the diffraction pattern and limited numbe@nd fullerene anions under high pressure. At the ambient-
of resolved peaks, we stopped the analysis to avoid overirPressure phase, the tetrahedral ions are shifted from the site
terpretation. The secondfinall MEM charge density is center since they participate the formation of rare-earth—
shown in Fig. 9, combined with that at ambient pressure. carbon bonds. By application of hydrostatic pressure, the
The final result of the Rietveld refinement does not seri-metal ions are naturally pressed back to the site center due to
ously affect the location of Sm ions determined in the firstexternal force, possibly causing a collapse of the dimer struc-
refinement within a spherical shell model. In contrast to thelure and a reorientation of. Figure 10 shows a schematic
tetrahedral site, occupied by a single Bmion, there still illustration of the high-pressure structure. The long axis of all
exist two stable positions for Sm ions in the octahedral C,,molecules is aligned perpendicular(tb01) or (111) ..

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-colored110) or
(111),. plane. At the high-pressure phase, the
long axis of all Gy molecules(brown ellipsoid$
is perpendicular to thé101) or (111);.. plane
hatched with light blue color.
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plane (hatched in ligh blug forming a closely packed dis- CONCLUSIONS
torted rhombohedral structure.
These changes are well described by the MEM chargge

der_msﬂy map for ambl_ent and high pressure shown in Fig. 9Sm). These compounds adopt a pseudomonoclinic structure,
which is a cross section cut by a plane paralle(1d0) or  \yhich is derived by a deformation of the well-known fcc
(111)cc. A new indication from this figure is that strong girycture. In analogy to the fully analyzed compound
hybridization between rare-earth metals and fullerene cages, ... we suggest that the sructure involves g-8-Cy,
is established. This state is not surprising when one recallgimer unit. A high pressure x-ray diffraction experiment re-
that the size of the tetrahedral holes is smaller than the ionigegled that SrC, and EyC,, compounds undergo a re-
radius of SM* in the high-pressure phase as shown in Fig.versible first-order structural phase transition at about 1.5
7. This state might be regarded as a new type of polymeriGPa. This transition is accompanied by a discontinuous vol-
fullerene structure with a three-dimensional network. Theume reduction of 2.7%-2.9%. The MEM-Rietveld analysis
small compressibility of the high-pressure phase, which iswithin the ellipsoidal shell model of £ showed that rare-
only half of that for the low-pressure phaé€ig. 6), is also  earth ions, which occupied an off-centered position of tetra-
reasonably understood from Fig. 9. Taking the comparabléedral interstitial sites at ambient pressure, were pushed back
compressibility of the low-pressure phase to that of alkali-close to the center of the tetrahedral site in the high-pressure
metal fullerides KCgo or Rb;Cy into account, the interac- Phase. Simultaneously,,¢molecules were reorientated so
tion in the high-pressure phase of gba, is much stronger that the long axis is aligned perpendicular to (1€91) or
than the typical ionic fullerides. (111)¢. plane. The MEM charge density map has shown a
In the present MEM-Rietveld analysis, we were not ablethree-dimensional polymerlike bonding network which
to determine the orientational state around the long axis ofigrees quite well with the small compressibility for the high-
the Gy molecule, due to the broadening of diffraction patternpressure phase. The present results clearly demonstrate that
at high pressure. There remain two possble orientationghe unique bonding nature of rare-earth-metal intercalated
states: One scenario is that the orientation is really disorfullerides brings about a new structural aspect of fullerides,
dered, and the other is that the orientaion is ordered but thehich is related to the orientation of fullerene molecules.
available data are not sufficient for a full determination. For
the latter case, a distorted rhombohedral structure necessiates ACKNOWLEDGMENTS
nearly threefold symmetry in the;gmolecule, which is ab-  Thijs work has been partly supported by a grant from the
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In conclusion, we have synthesized a stable isostructural
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