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Metal-carbon cage vibrations of crystalline endohedralD2d-M2@C84 (M5Sc,Y,Dy)
dimetallofullerenes were analyzed by temperature dependent Raman scattering and a dynamical
force field model. Three groups of metal-carbon cage modes were found at energies of 35–200 cm21

and assigned to metal-cage stretching and deformation vibrations. They exhibit a textbook example
for the splitting of molecular vibrations in a crystal field. Induced dipole–dipole and quadrupole–
quadrupole interactions account quantitatively for the observed mode splitting. Based on the
metal-cage vibrational structure it is demonstrated thatD2d-Y2@C84 dimetallofullerene retains a
monoclinic crystal structure up to 550 K and undergoes a transition from a disordered to an ordered
orientational state at a temperature of approximately 150 K. ©2004 American Institute of Physics.
@DOI: 10.1063/1.1632899#

I. INTRODUCTION

The encapsulation of atoms and small molecules has
been one of the central objectives in fullerene research since
its beginning.1 Numerous metals, the noble gases, and the
group 15 elements nitrogen and phosphorous were success-
fully encaged.2–4 Scandium plays a special role, since met-
allofullerenes with up to four Sc atoms could be prepared.
More recently fullerenes with four atomic heteronuclear en-
capsulates as Sc3N ~Ref. 5! and Sc2C2 ~Ref. 6! were synthe-
sized. Among the carbon cages theD2d-C84 isomer No. 23
~Ref. 7! is of particular interest, as it exhibits an unique sta-
bility without as well as with different encapsulates like Sc2

or Sc2C2 . Hence the influence of the intrafullerene charge
transfer on molecular and solid state properties can be stud-
ied. Due to the charge transfer from the endohedral species
to the carbon cage larger dipole and quadrupole moments
than for empty cages are expected. So far little is known on
the influence of electrostatic interactions on the solid state
properties of endohedral fullerenes. However they have to be
taken into account in addition to van der Waals interactions
which are the dominating forces in crystals of empty
fullerenes.

Vibrational spectroscopy has been a key technique for
the analysis of fullerenes in general. It allows for the deter-
mination of the C60 charge state inAxC60 (A5K,Rb,Cs;x
50,1,3,4,6) alkaline metal fullerides, supplies experimental
proof for dimer formation and gives evidence for the phase
transition in solid C60.8 Studies of fullerenes beyond C60

suffer from the high number of cage modes, which makes a
detailed mode analysis ambiguous or even impossible. The
metal-cage modes however provide an excellent target for
the analysis as they appear in a rather convenient frequency
range between 200 and 35 cm21, well separated from lattice
modes below 25 cm21 on the one and cage modes above
200 cm21 on the other hand. So far, metal-cage modes have
been investigated mainly for monometallofullerenes. Such
spectra always showed two lines which are Raman and IR
active.9–12 Recently, preliminary results were reported for
metal-cage modes of dimetallofullereneD2d-Sc2@C84.13 In
this case, unexpectedly many metal-cage lines appeared in
the low frequency Raman spectrum. A similar large number
of low energy modes was observed for crystalline
Sc3N@C80.14 Tentatively, crystal field and Davydov split-
ting of low energetic molecular vibrations were made re-
sponsible for these observations.

By analyzing temperature dependent Raman scattering
of equistructuralM2@C84 dimetallofullerenes and applying
a dynamical force field model we demonstrate in this paper
that such system allows for a case study of crystal field and
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Davydov splitting. The latter mechanism is also known as
factor group splitting. Here,M is one of the metals Sc, Y, or
Dy and the fullerene cage is theD2d-C84 isomer No. 23. The
experiments revealed a set of metal dependent vibrational
modes at wave numbers between 35–200 cm21. They dis-
played a pattern of three groups composed of up to four lines
and were assigned to the stretching, antisymmetric and sym-
metric deformation modes of the encaged metals. For the
detailed mode assignment, crystal field and factor group
splittings were calculated using a dynamical force field
model. As expected, the static crystal field shows the char-
acteristics of a quadrupole–quadrupole interaction of the
nondipolarM2@C84 molecules. Whenever a molecular di-
pole is induced during a metal-cage vibration as, e.g., for the
antisymmetricM2-C84 stretching mode, an induced dipole-
induced dipole coupling dominates the interaction of the two
oscillators in the monoclinic unit cell and determines the
frequency splitting. For the other cases quadrupole–
quadrupole or higher multipole interactions were found to be
responsible for the splitting. Our model accounts almost
quantitatively for the observed line positions and splittings in
D2d-M2@C84 dimetallofullerenes. The temperature depen-
dence of the metal-cage vibrational structure implied a
monoclinic crystal structure up to a temperature of at least
550 K. At approximately 150 K a phase transition from a
disordered to an ordered orientational state is proposed.

II. EXPERIMENTAL AND THEORETICAL APPROACH

A. Sample preparation and Raman measurements

The empty D2d-C84 fullerene and theD2d-M2@C84

(M5Sc,Y,Dy) dimetallofullerene samples were prepared by
a modified Krätschmer–Huffman arc burning method and
subsequently soxhlet extracted in CS2. For separation a mul-
tistage high performance liquid chromatography~HPLC!
protocol described previously15–17 was used. In all cases a
final sample purity of at least 98% was obtained as estab-
lished by HPLC and mass spectrometry.

For Raman studies solutions of'100mg sample in 1 ml
toluene were used to dropcoat gold covered silicon substrates
at temperatures of about 50 °C. Samples were transferred
into a liquid nitrogen (LN2) cryostat and kept at a dynamic
vacuum of;531027 mbar. For excitation of Raman scat-
tering either the 514.5 nm Ar1 line or the 647.1 nm Kr1 line
of a mixed gas ion laser model 2018~Spectra Physics Corp.,
USA! were used. A prism premonochromator and adopted
interference filters were applied to remove the plasma lines
from the incident laser radiation. To reduce local heating a
cylinder lens was inserted to spread the laser beam to a line
focus of 0.0532.0 mm2. Raman spectra were recorded on a
Dilor XY 500 spectrometer in the subtractive mode using a
standard CCD detector. The spectral resolution was set to 2.0
cm21 for the green and 1.5 cm21 for the red laser wave-
length, respectively. Temperature dependent spectra were re-
corded between 32 K and 550 K with a 20–25 K step width.

B. The dynamical model

In order to estimate the factor-group and crystal-field
splittings of the metal-cage modes quantitatively, calcula-
tions of the vibrational modes ofM2@C84 crystals were car-
ried out by means of a valence force field model.18 The va-
lence force field parameters for the C84 cage were transferred
from graphite.19 The ab initio electronic structure calcula-
tions by Nagase20 revealed that the Sc–C bonding is mostly
electrostatic. Moreover, neither significant positive overlap
nor bond order was found between Sc and C. For these rea-
sons, electrostatic interactions were accounted for between
the encaged metal atoms and the carbon cage. Two Coulomb
potentials were used between the metal atoms~with charge
ZM) and two classes of carbon atoms: the 232 nearest
double bond carbon atoms~with chargeZC8) on the one side
and the 80 remaining carbons~with chargeZC9) on the other
side. In addition two different Born–Mayer potentials of the
form V(r )5a exp(2br) were used wherer is the metal-
carbon distance anda and b represent the Born–Mayer pa-
rameters. No repulsive interactions were included between
the different cages. A schematic drawing of the intramolecu-
lar forces is depicted exemplary for Sc2@C84 in Fig. 1. We
note that the Born–Mayer potentials have essential short-
range character whereas the longe-range Coulomb potentials
are mainly responsible for the crystal forces. The orienta-
tional angles of the molecularS4 symmetry axis and the
values of the six disposable model parameters were derived
by minimization of the interaction energy between the vari-
ous atoms in the unit cell and by fitting to the observed
Raman shifts. The condition for vanishing of the forces on
the metal atoms was imposed during the minimization pro-
cedure. Using the obtained model parameters similar calcu-
lations were carried out for linear chains with one and two
Y2@C84 molecules in the unit cell.

III. RESULTS

A. Vibrational analysis for D2d-M2@C84 molecules

Based on13C-NMR spectroscopy15,21 C84 and Sc2@C84

under study were assigned to theD2d-C84 cage isomer 23
according to the fullerene nomenclature introduced by
Fowler et al.7 The isomers of Y2@C84 and Dy2@C84 under
study have been attributed to the sameD2d-C84 cage due to

FIG. 1. Schematic view on the parameters used in the dynamical model for
D2d-M2@C84 crystals;ZM , ZC8 , and ZC9 represent the charges for the
metal and the carbon atoms,a8 anda9 are Born–Mayer parameters for two
differently charged carbon atoms,S4 depicts the molecular main symmetry
axis.
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almost identical HPLC retention times and identical Vis-NIR
spectra in comparison to theD2d-Sc2@C84 isomer.16,17 The
246 vibrational degrees of freedom of the carbon cage are
distributed on the irreducible representations ofD2d as

Gvib,D2d-C84
532A1~Ra!130A2~2 !131B1~Ra!

131B2~Ra,IR!161E~Ra,IR!. ~1!

From x-ray analysis is known that the Sc atoms in
D2d-Sc2@C84 are accommodated on the fourfold inversion
axis (S4) of the C84 cage. Thus the overallD2d molecular
symmetry is retained for the dimetallofullerene.22 Implying
the same energetically favorable metal positions for
D2d-Y2@C84 and -Dy2@C84, the group theoretical analysis
for the free M2@C84 molecules leads to four metal-cage
modes with the following symmetry species:

Gvib,M2-C84
51A1~Ra!11B2~Ra,IR!12E~Ra,IR!. ~2!

Raman~Ra! and infrared activities~IR! are given in paren-
theses. TheA1 andB2 modes are metal-cage vibrations along

the molecularS4 axis with a distinct bond-stretching charac-
ter. TheE modes correspond to metal displacements perpen-
dicular to theS4 axis. In Ref. 9 these modes were assigned as
lateral metal modes. Here we prefer the term metal-cage de-
formation vibrations.

B. Metal and temperature dependent Raman spectra

Low energy Raman spectra of emptyD2d-C84 and
D2d-M2@C84 dimetallofullerenes recorded at 100 K are pre-
sented in Fig. 2. The response of the empty cage is domi-
nated by a line group with a center of gravity at 219 cm21.
Weak lines appeared at 255 and 270 cm21. No Raman lines
were detected below 200 cm21. A detailed line shape analy-
sis revealed seven Raman lines for the empty C84 fullerene
and as well as for the dimetallofullerenes in the range be-
tween 200 and 280 cm21. The five lower energetic dimetal-
lofullerene lines correspond to the modes observed around
219 cm21 for empty C84. Their center of gravity is uniformly
upshifted to 232 cm21 in comparison to the unfilled carbon
cage. For Sc2@C84, e.g., five Lorentzian lines at 211, 225,
233, 241, and 248 cm21 account for the experimental profile.
The spectral structure around 260 cm21 is attributed to the
superposition of the weak cage lines at 255 and 270 cm21.
Neither additional lines nor metal dependent frequency shifts
were found in the dimetallofullerene spectra between 200
and 280 cm21 in comparison to emptyD2d-C84. Thus all
Raman lines in this range were assigned to cage modes.

Below 200 cm21 the dimetallofullerenes exhibited a set
of new Raman lines compared to empty C84. For easier
recognition these lines were marked by arrows in Fig. 2. Due
to their absence in the Raman spectrum of the unfilled
fullerene they are assigned to metal-cage modes, abbreviated
as M2– C84 modes in the following text. TheM2– C84 lines
are not randomly distributed but exhibit a clusterlike spectral
pattern of three line groups, labeled as I, II, and III in the
order of increasing frequencies. Each of the groups consists
of up to four lines. This is demonstrated for Y2@C84 in Fig.
3: 12 Y2– C84 lines were found at 100 K, and nine lines
could be resolved at 300 K. For Dy2@C84 and Sc2@C84 a

FIG. 2. Low energy Raman spectra of emptyD2d-C84 and D2d-M2@C84

(M5Sc,Y,Dy) at 100 K, 647 nm laser excitation, 2 (C84) and 5 mW laser
power, 1.5 cm21 spectral bandpass, 2 h integration time per spectral win-
dow,M2– C84 fundamentals are marked by arrows,* denotes a Sc2– C84 line
which is probably due to a Fermi resonance.

FIG. 3. Lorentzian line shape analysis for the metal-cage Raman lines of
D2d-Y2@C84 at 100 K ~a–c! and 300 K~d, e!, recording parameters as in
Fig. 2.
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similar number ofM2– C84 modes was observed. The com-
plete data are listed in Table I. Two missing components of
the Dy2– C84 line group I are hidden by the elastic scattering
light. The M2– C84 lines displayed significant metal depen-
dent frequency shifts. This is a second experimental proof for
a metal based origin. Correlation coefficients ofR250.995
and R250.993 were obtained for the average frequency of
group II and two highest components of theM2– C84 mode
group I with respect to the square root of the reciprocal re-
duced mass of an idealized superatomicM2– C84 molecule.
On the other hand the frequencies of the highest energetic
metal induced line group III did not show such a linear cor-
relation but had a maximum value for Y2@C84 with the in-
termediate metal mass.

To get insight into dynamic properties ofD2d-Y2@C84

dimetallofullerenes the temperature dependence of the Ra-
man response was studied in detail. The measurements were
started at 300 K without prior sample heating. Hence, resid-
ing toluene was presumably present, similar as in the x-ray
study of Takataet al.22 The low temperature response down
to 32 K was studied next. During the final high temperature
studies up to 550 K repeated reference measurements at
300 K were used to check for spectral changes due to toluene
evaporation or a possible thermal degradation of the sample.
Representative temperature dependent low energy Raman
spectra are shown in Fig. 4. The Raman response of Y2@C84

can be classified into two temperature regions:

~i! 550–180 K,
~ii ! 180–32 K.

FIG. 4. Temperature dependent low energy Raman spectra of
D2d-Y2@C84, recording parameters as in Fig. 2.

TABLE I. Experimental~100 K and 300 K! and calculated frequencies of the metal-cage modes ofM 2@C84

crystals~in cm21!. In addition the calculated frequencies of the isolated molecules are given in brackets. The
symbols~s! and ~a! stand for ‘‘symmetric’’ and ‘‘antisymmetric,’’ respectively. The ‘‘h’’ means hidden by the
elastic stray light.

Sample

Deformation modes
symmetric
~group I!

Deformation modes
antisymmetric

~group II!
Stretching modes

~group III!

Expt.
100 K 300 K Calc.

Expt.
100 K 300 K Calc.

Expt.
100 K 300 K Calc.

Sc2@C84 ~54! ~104! (171(a))
(181(s))

48 h 51 84 77 96 164 ¯ 167(a)
48 h 53 88 ¯ 98 168 165 172(a)
58 h 54 95 91 99 175 175 181(s)
61 51 59 110 106 103 180 175 181(s)

Y2@C84 ~40! ~102! (175(s))
(188(a))

39 h 36 77 72 93 173 177 175(s)
42 h 38 83 79 96 178 177 175(s)
48 43 39 89 85 97 185 185 183(a)
56 50 46 95 95 101 191 190 189(a)

Dy2@C84 ~32! ~83! (142(s))
(157(a))

h h 30 60 59 76 147 147 142(s)
h h 31 65 59 79 147 147 142(s)
42 h 32 70 64 79 154 154 155(a)
48 h 36 87 84 82 159 158 158(a)
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In the high temperature range the Y2– C84 line group III con-
sists of three components, the four lines of the group II are
broad and overlap, and the group I is partially hidden by the
elastic stray light. This spectral signature is independent
from the presence of solvent molecules, which are com-
pletely removed at 475 K.12 Neither a significant influence of
solvent on line positions or widths was found. Starting at
180 K down to 32 K continuous spectral changes were ob-
served. A fourth component appeared on the low frequency
side of Y2– C84 line group III and gained intensity with de-
creasing temperature. Similarly one component from the
Y2– C84 line groups I and II became dominant at very low
temperatures.

The detailed frequency and line width evolution of three
selected Y2@C84 Raman lines is displayed in Fig. 5. Selec-
tion criteria were an undistorted line profile in the whole
temperature range on the one hand and the inclusion of
Y2– C84 and C84 cage lines on the other hand. No discontinu-
ous changes were found in the whole temperature range. Two
of the lines exhibited a shallow frequency maximum around
120 K. Temperature induced frequency shifts of<0.7 cm21/
100 K were found for the majority of Raman lines. Larger
shifts were observed for the lower energetic Y2– C84 line

groups: 1.6 cm21/100 K for the averaged group II frequency
and even 2.5 and 3.0 cm21/100 K for the lines of group I.
The linewidths were in general almost constant from 32 K to
around 140 K. From 150 K onwards they showed an activa-
tion like broadening up to 550 K. Similar results as
for Y2@C84 were obtained for Dy2@C84 and Sc2@C84

~Table I!.

C. Assignment of metal-cage modes in D2d-M2@C84
dimetallofullerene crystals

To assign the observedM2– C84 Raman lines to specific
vibrational modes and to understand the forces which are
responsible for the observed splitting a dynamical model de-
scribed in Sec. II B was applied. In Table I calculated fre-
quencies forM2@C84 molecules and crystals are listed in
comparison to our experimental results. In Fig. 6 atomic dis-
placements are presented for the fourM2– C84 molecular vi-
brations. The observed pattern of threeM2– C84 line groups
was quantitatively confirmed by the calculation. The lines of
group III are assigned to antisymmetric and symmetric
stretching vibrations. The group II modes are antisymmetric
deformation modes, where the metal ions are vibrating per-
pendicular to theS4 axis with opposite phase. Finally, the
metal-cage modes of group I are assigned to in phase metal
displacements perpendicular toS4 , i.e., symmetric deforma-
tion modes. The calculated frequencies of theM2– C84

stretching modes agree withinDñ512.5 to 23.5% com-
pared to the experimental data. Deviations ofDñ515 to
113% andDñ50 to 214% were obtained for the antisym-
metric and symmetric deformation modes. Nevertheless their
assignment is unambiguous as interferences with other
modes are to be excluded. Based on the present work a pre-
vious tentative assignment for the symmetric Sc2– C84

stretching mode in Ref. 13 could be specified. In a recent
theoretical work onD2d-Sc2@C84 molecules wave numbers
of 215, 216, 138, and 94 cm21 were predicted for the
Sc2– C84 modes.23 Whereas the mode ordering and sequence
in Ref. 23 agree very well with our results, the frequencies
exhibit an average offset of 43 cm21 compared to our data.
Frequency offsets are intrinsic properties of quantumchemi-
cal calculations, which are in general treated by the introduc-
tion of specific scaling factors. As very similar frequency
offsets were found for the four Sc2– C84 modes, scaling
seems to be appropriate to reduce the difference between the
present and the results in Ref. 23.

For the spectrum of Sc2@C84 one line at 138 cm21 re-
mains unexplained so far. Its assignment to one component
of the antisymmetric deformation mode would infer a crystal
field splitting of 40 cm21 which is very unusual and does not
correspond to the calculated values. A possible explanation is
the response from the overtone of the symmetric deformation
mode at 62 cm21, enhanced and up-shifted by a Fermi reso-
nance with the highest component of the antisymmetric de-
formation mode.

FIG. 5. Temperature dependence of frequency and linewidths for selected
D2d-Y2@C84 Raman modes; assignments according to Table I.

FIG. 6. Atomic displacements of the metal-cage vibrations inD2d-Y2@C84

molecules: symmetric deformation, antisymmetric deformation, symmetric
stretching, and antisymmetric stretching vibration~from left to right!.
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IV. DISCUSSION

A. Crystal field splitting of metal-cage vibrations

According to Eq.~2! four metal-cage vibrational modes
are expected forD2d-M2@C84 molecules. Hence, the mo-
lecular approach is not sufficient to explain the observed
number of metal-cage Raman lines ofD2d-M2@C84 (M
5Sy, Y,Dy) dimetallofullerene crystals. In addition, the crys-
tal structure has to be taken into account. Sc2@C84 crystal-
lizes in space groupP21 .22 This monoclinic space group and
moreover specific lattice parametersb05c0 and b'108°
were found for numerous empty and filled fullerene crystals
grown from toluene.24–26 Due to the identity of the carbon
cage isomers, the presence of the same solvent during crys-
tallization as in Ref. 22, and the same high degree of
M2– C84 mode splitting, this space group was adopted for the
further analysis of the observed Raman response. The space
groupP21 has only one set of twoa1 sites, i.e., the basis of
the primitive unit cell consists of two molecules which oc-
cupy sites of symmetry 1 (C1). As a result of the low site
symmetry, the crystal field splits the 2E modes into two
components of symmetryA. The 2M2– C84 stretching modes
are likewise correlated to this site symmetry species. Addi-
tionally, the interaction of the two molecules in the unit cell
gives rise to factor-group splitting yielding modes ofA andB
symmetry species for each crystal field component.13 The
total number of metal-cage modes will be 12: eight deforma-

tion modes, two symmetric and two antisymmetric stretching
modes. Group theory entirely accounts for the experimental
data. On the other hand the metal-cage modes ofD2d-C84

based dimetallofullerenes and in particular ofD2d-Y2@C84

are intriguing examples for a full crystal field and factor
group splitting of a particular group of vibrational modes.

In order to understand the responsible forces for the ob-
served crystal field splitting inD2d-M2@C84 crystals model
calculations for linear chains of dimetallofullerenes with one
and two molecules per unit cell were performed as a function
of a rotation anglew. The anglew is equal to zero for the
perpendicular orientation of the molecularS4 symmetry axis
with respect to the chain axis and equal top/2 for the paral-
lel orientation. The results for the zone-centerM2– C84

phonons (k50) are shown in Figs. 7 and 8. Apparently the
frequencies and the number of resolvable lines depend sig-
nificantly on the orientation of theM2@C84 molecules in the
chain. For one molecule per unit cell, all molecules vibrate
with the same phase~in-phase motion!. The crystal field
splits the doubly degenerated deformation modes into com-
ponents with metal motions parallel and perpendicular to the
chain~denoted by the symbols' andi in Fig. 7!. The angu-
lar dependence of the mode frequencies reveals the physical
origin of the crystal field effects. For the antisymmetric
stretching and deformation modes the frequencies exhibit an
angular dependence ofVm}1 – 3 cos2 w, what corresponds to
the interaction of dipoles arranged in a linear chain. As the

FIG. 7. Splitting of the metal-cage modes ofM 2@C84 in a linear chain with
one molecule per unit cell vs the anglew of the S4 axis with respect to the
chain. The four panels present results for~a! antisymmetric stretching,~b!
symmetric stretching,~c! antisymmetric deformation, and~d! symmetric de-
formation modes. The symbols' and i stand for movements perpendicular
and parallel to the chain.

FIG. 8. Splitting of the metal-cage modes ofM 2@C84 in a linear chain with
two molecules per unit cell vs the anglew of theS4 axis with respect to the
chain. The four panels present results for~a! antisymmetric stretching,~b!
symmetric stretching,~c! antisymmetric deformation, and~d! symmetric de-
formation modes. The notations↑↑ and↑↓ designate modes with in-phase
and counter-phase motion of the metal atoms in the two molecules. The
symbols' and i have the same meaning as for Fig. 7.
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D2d-M2@C84 molecules have no permanent dipole moment,
vibration induced dipole–dipole interactions are responsible
for this behavior. The angular dependence of the symmetric
modes is smaller than of the antisymmetric modes and in
general for more complex. It corresponds basically to the
angular dependence of a quadrupole–quadrupole interaction,
according toVQ}3 – 30 cos2 w125 cos4 w. Contributions of
higher multipole interactions give rise to minor deviations
from the ideal quadrupole–quadrupole angular dependence.
The difference in the distance dependence of dipole–dipole
(Vm}1/r 3) and quadrupole–quadrupole interactions (VQ

}1/r 5) accounts for the larger effect of the former type of
crystal field interactions on theM2– C84 frequencies and
splitting energies. For a dimolecular chain, the interaction
between the molecules in the unit cell leads to factor group
or Davydov splitting. From each mode of the monomolecular
chain originate two modes with in-phase and antiphase mo-
tion ~denoted by↑↓! of the metal atoms in the two molecules
of the unit cell as shown in Fig. 8. Depending on the rotation
angle w a factor group splitting of 2.5 cm21<Dñ
<5.5 cm21 was calculated for the antisymmetric Y2– C84

stretching mode, what is in the same order as the observed
splittings in dimetallofullerene crystals. The predicted small
splitting of ;0.2 cm21 for the symmetric stretching mode
precludes their observation as two separate peaks in the Ra-
man spectrum in the temperature range from 180 K to 550 K.
Moreover, the model calculation reproduced the larger crys-
tal field splitting of theM2– C84 deformations modes com-
pared to the stretching vibrations.

The model parameters accounting for the observed Ra-
man frequencies inM2@C84 crystals are given in Table II.
The Born–Mayer parameters as well as the Coulomb charges
are nearly identical forD2d-Y2@C84 and -Dy2@C84, but
somewhat different for Sc2@C84. They imply stronger
short-range metal–carbon interactions and a larger charge
transfer in the former dimetallofullerenes compared to the
Sc2 compound. The weaker metal-cage interaction in
Sc2@C84 accounts for the unexpected low value of the
Sc2– C84 stretching frequencies compared to the yttrium and
dysprosium dimetallofullerenes. It has to be noted, that the
metal-cage stretching frequencies reflect the superposition of
ionic, covalent, and crystal field contributions to the overall
metal-cage bond energy. Whereas a reliable bond strength
ordering is obtained, our approach does not provide a direct
measure of the transferred charge.

B. Molecular and lattice dynamics of D2d-M2@C84
dimetallofullerenes

The temperature dependence of theM2– C84 deforma-
tion mode frequencies is significantly higher than those of
C84 cage modes and M2– C84 stretching modes:
1.6–5.0 cm21/100 K compared to 0–0.7 cm21/100 K. For
intramolecular vibrations in molecular crystals line shifts up
to 1 cm21/100 K are common. Larger shifts are typical for
lattice phonons. Their larger temperature dependence implies
a stronger interaction ofM2– C84 deformation modes with
the crystal lattice than it is the case for the C84 cage and the
M2– C84 stretching modes. Such a coupling could involve
lattice phonons or cage rotations.

The kink in the widths of the Y2@C84 Raman lines
around 150 K indicates another dynamic process. Below this
temperature the linewidths remained almost constant. This
observation represents an intrinsic property of the vibrational
modes, as the linewidths ofnas (Y2– C84), ns (Y2– C84), and
the C84 cage mode at 250 cm21 are well beyond the resolu-
tion of the spectrometer. Apparently one relaxation channel
is no more available below 150 K. In C60 crystals beyond the
phase transition from sc to fcc at 255 K the molecules are
rotating almost free, i.e., with random orientation. Below this
temperature the C60 molecules rotate in a few locked orien-
tations and the basis of the spectroscopic unit cell increases
from one to four molecules. This phase transition causes
steps and kinks in the temperature evolution of C60 vibra-
tional line widths as well as a line splitting.27 Two factors
account for a lower order–disorder phase transition tempera-
ture in Y2@C84: On the one hand the moment of inertiaI is
roughly by a factor 2 larger than for C60. As Erot}1/I , less
energy is necessary to excite cage rotations. On the other
hand, the energy gain due to favorable alignments of cage
double bonds and hexagons in the ordered phase should be
of the same order or even smaller for larger carbon cages
than C60. Hence, the observed linewidth evolution is attrib-
uted to a transition from an ordered to a rotationally disor-
dered state of Y2@C84 around 150 K. A similar phase tran-
sition was reported forD2d-Sc2@C84 at 160 K.28

Below the transition temperatures, a fourthM2– C84

stretching vibration was observed for the Y2 and the Sc2
compound. This line is not predicted by our dynamical
model, neither for the dimetallofullerene crystals nor for the
two linear chain models. A careful inspection of the low
temperature phase Y2@C84 Raman spectrum in Fig. 4 re-
veals at least three more lines of weak intensity at 70, 104,
and 108 cm21. As the number of 12M2– C84 cage modes
allowed for space groupP21 is exceeded, our data infer a
larger spectroscopic unit cell in the low temperature phase.

Solvent grown crystals of empty fullerenes like C76 and
C82 crystallized in space groupP21 were reported to undergo
a structural phase transition from a monoclinic to a fcc lattice
at temperatures around 375 K due to the loss of the solvent.24

As the Y2– C84 vibrational structure in general and in par-
ticular the number of three Y2– C84 stretching modes did not
change during sample heating~see Fig. 4!, such a transition
can be excluded forD2d-Y2@C84 dimetallofullerene up to
temperatures of 550 K. The higher thermal stability of the
monoclinic crystal structure is presumably due to electro-

TABLE II. Model parameters used for the calculation of the metal-cage
modes in molecular and crystalineM 2@C84 compounds. The charge is
given in units of the elementary charge,a andb are in eV, and Å21, respec-
tively.

Metal atom

Ionic charges Born–Mayer parameters

ZM ZC8 ZC9 a8 a9 b

Sc 1.60 20.20 20.03 520 694 3.464
Y 2.20 20.30 20.04 1345 2403 3.505
Dy 2.20 20.30 20.04 1312 2344 3.420
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static interactions of the molecular dimetallofullerene qua-
drupoles in the crystal, which make a rearrangement to a
cubic structure more difficult.

V. SUMMARY

In conclusion, agreement between calculation and ex-
periment for metal-cage vibrational modes inD2d-M2@C84

dimetallofullerene crystals has been demonstrated. The
present study provides for the first time a quantitative de-
scription of crystal-field and factor-group splitting in these
systems. TheM2– C84 modes exhibit a full crystal field in-
duced splitting of molecular vibrations according to group
theoretical predictions. The physical origin for the splitting
are static and dynamic dipole and quadrupole interactions.
These interactions account further for the unusual high ther-
mal stability of the monoclinic crystal structure of
D2d-Y2@C84 dimetallofullerene. Lateral,M2– C84 deforma-
tion modes of D2d-M2@C84 dimetallofullerenes show a
stronger coupling to the crystal lattice than pure C84 cage
modes andM2– C84 stretching vibrations. At a temperature
of approximately 150 K Y2@C84 dimetallofullerene under-
goes a phase transition from a disordered to an ordered ori-
entational state.
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