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The structural stability and electronic properties of Ca2.75C60 are probed by means of

high-pressure Raman spectroscopy using two different pressure transmitting media that
lead to practically identical results. Although Ca2.75C60 is isostructural with the rare-

earth metal fulleride, Sm2.75C60 of the same stoichiometry, the pressure coefficients of
characteristic intramolecular C60 modes are larger than those in the Sm2.75C60 counter-
part but similar to those in the pristine C60 solid. Since the reduced pressure coefficients

in the Sm fulleride have been attributed to strong Sm-C60 coupling, our findings for the
isostructural Ca fulleride are compatible with a reduced orbital mixing and Ca-C60

coupling.
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1. Introduction

Alkaline (AE) and rare-earth (RE) metal C60 fullerides — metal intercalation com-

pounds of C60 — comprise an interesting class of novel, highly correlated molecular

systems due to the possible strong orbital mixing between the metal atom and the

C60 π electron states.1 RE fullerides (RE = Sm, Eu, Yb) adopt a stable RE2.75C60

stoichiometry and form an orthorhombic superstructure with dimensions twice as

large as those of A3C60 (A = alkali metal) in every direction due to the ordering of

partially occupied tetrahedral cation defects.2 Owing to the fragility of the valence

state of the rare-earth ions and the presence of the also electronically active an-

ion (C60) sublattice,3–5,32 these systems exhibit on cooling an isosymmetric phase

transition accompanied by a dramatic anomalous isotropic volume increase caused

by the rare-earth valence transition from a mixed valence (2+ε)+(0 < ε < 1) state

to nearly 2+.2,6 This effect was unprecedented in molecular systems and is reminis-

cent of the valence transitions encountered in intermediate valence Kondo insulators

like SmS, which undergo pressure-induced abrupt transitions from a semiconduct-

ing black to a metallic gold phase.5 Indeed, Sm2.75C60 also shows a huge pressure-

induced lattice collapse and changes in its optical properties at ∼ 4 GPa, implying

an insulator-to-metal transition.8,9 Our recent high pressure X-ray absorption ex-

periments confirmed that a pressure-induced change of the Sm valence from the

mixed (2 + ε)+ state at ambient conditions towards 3+ at elevated pressures is the

cause for the observed behavior.10

Isovalent and aliovalent metal substitution in the Sm2.75C60 fulleride is of great

importance for the chemical control of the electronic configuration of the rare-

earth ions and the tuning of their exchange interactions. Towards this direction,

we have synthesized multinary (Sm1−xCax)2.75C60 (x = 0− 1) alkaline-earth/rare-

earth metal fullerides and examined the pressure evolution of the samarium valence

state. We have verified the pressure-induced valence transition of the Sm ions in

the whole series, while the critical pressure, the total valence change and the hys-

teretic loop of the valence transition strongly depend on the Ca content.10 Thus, the

smallest member of this family, the Ca2.75C60 alkaline-earth metal fulleride, where

the metal cations are strictly divalent, appears as a key compound for the under-

standing of its intriguing electronic properties under external stimuli, like pressure

and temperature, and the role played by the different interfullerene separation and

band filling.

Earlier electron-energy-loss spectroscopy (EELS),11 as well as photoemission

and inverse photoemission studies,12 of the CaxC60 system with x ∼ 3 showed

that the t1u C60 band is, as expected, completely filled, rendering this composi-

tion of insulating character at ambient conditions. On the other hand, Kortan et

al. reported a superconducting phase (Tc = 8.4 K) for this system when x ∼ 5.13

Moreover, our structural studies of Ca2.75C60 verified that the pure alkaline-earth

metal fulleride shows no anomalous expansion behavior between 5 and 300 K, con-

trary to the situation encountered in its isostructural mixed (Sm1−xCax)2.75C60
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compounds and compatible with the lack of an electronically active 4f sublat-

tice in this case.14 Raman scattering in fullerene-based materials, which selectively

probes the intramolecular C60 modes, is a powerful tool in the investigation of their

physical properties thanks to its sensitivity to the specific molecular structural and

electronic configurations and their modifications caused by external perturbations.

Therefore, in this work, Raman spectroscopy, is employed to study the structural

and electronic response of the Ca2.75C60 fulleride to high pressures using two pres-

sure transmitting media that exhibit different solidification pressures and hence

different hydrostatic limits.

2. Experimental Procedures

2.1. Synthesis and characterization

Polycrystalline samples with nominal composition Ca2.75C60 were prepared by di-

rect reaction of stoichiometric quantities of C60 (super gold grade, > 99.9%) and

calcium (dendritic pieces, Sigma Aldrich, > 99.99%). C60 was degassed for 15 hours

at 450◦C under dynamic vacuum of 10−5 mbar prior to synthesis, and fine Ca pow-

der was prepared by dissolving Ca pieces using dried liquid ammonia. They were

mechanically mixed and pressed into pellets, which were placed inside a tantalum

(Ta) tube. The Ta tube was then sealed in a quartz tube filled with helium (∼ 300

mbar) and placed in a pre-heated furnace (550◦C) for 3 days with one intermediate

grinding.

2.2. Structural measurements

High-resolution synchrotron X-ray diffraction experiments were carried out on the

ID31 beamline at the European Synchrotron Radiation Facility (ESRF), France.

The sample was sealed in a 0.5-mm diameter thin-wall glass capillary and diffraction

profiles (λ = 0.412740 Å) were collected in continuous scanning mode at room

temperature. The data were rebinned in the 2θ range 1.5-20◦ to a step of 0.002◦.

Analysis of the diffraction data was performed with the GSAS suite of Rietveld

analysis programs.

2.3. Raman measurements

Raman spectra were recorded in the back-scattering geometry using a Horiba

LabRAM HR (HORIBA) spectrometer. For excitation, the 632.8 nm (785 nm in

the case of the pristine C60 solid to avoid photo-polymerization) line of a He-Ne

laser was focused on the Ca2.75C60 sample by means of a 50× super long working

distance (SLWD) objective, while the laser power was kept below 0.1 mW in order

to eliminate any laser-heating effects. Pressure was generated by a Mao-Bell type

diamond anvil cell (DAC) using the ruby fluorescence for pressure calibration while

a 1:1 FC70-FC77 Fluorinert mixture or Daphne 7474 were alternatively used as the

pressure transmitting medium (PTM).
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3. Results and Discussion

The synchrotron X-ray diffraction profile of the Ca2.75C60 sample collected at am-

bient conditions is illustrated in Fig. 1. Rietveld refinement of the X-ray diffraction

data confirmed the formation of an orthorhombic phase (space group Pcab, Rwp =

12.28%, Rexp = 8.51%) and yielded the structural parameters a = 27.9160(2) Å,

b = 27.9244(2) Å, c = 27.9076(2) Å and V = 21774.8(5) Å3. As in the case of its

rare-earth metal analogues (RE2.75C60), the calcium cations occupy off-centered

octahedral and tetrahedral interstitial sites of the pristine fcc C60 lattice.2,6 One

out of every eight tetrahedral sites is only partially occupied (∼ 25%) and due to

the long-range ordering of these tetrahedral Ca defects, a superstructure arises with

dimensions twice as large in every direction compared to the fcc alkali fullerides,

A3C60 (A = K, Rb, Cs).15 The structural motif of the Ca2.75C60 fulleride is depicted

in Fig. 2.

In C60 fullerides, the charge transfer from the metal atoms to the molecular

cages, as well as the lowering of the crystal and molecular symmetry, cause fre-

quency shifts of the Raman peaks, splitting of the fivefold degenerate Hg modes

and the activation of silent — in the icosahedral molecular symmetry, Ih, of the

isolated C60 molecule-modes.16,17 Hence, the Raman spectrum of the studied com-

pound appears to be richer in structure compared to that of the pristine C60 solid

(Fig. 3). The most prominent Raman peaks of the C60 solid, using the 785 nm

laser line for excitation, are the Hg(1) “squashing” mode and the totally symmet-

ric Ag(1) radial “breathing” and Ag(2) tangential “pentagonal-pinch” modes of

the C60 molecule. The Raman band originating from the Hg(1) mode appears to

split into two components at 266 and 272 cm−1 due to the Th point group of the

Fig. 1. (Color online) Final observed (red circles) and calculated (blue solid line) synchrotron

X-ray (λ = 0.412740 Å) powder diffraction profiles for the Ca2.75C60 sample at ambient conditions.
The lower green solid line shows the difference profiles and the tick marks show the reflection

positions. The inset shows an expanded view of the diffraction profile at high Bragg angles.
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Fig. 2. (Color online) (a) Building block and (b) unit cell of the orthorhombic superstructure of

Ca2.75C60 that can be obtained by doubling the subcell along all three lattice directions. Distorted
octahedral and tetrahedral calcium cations are depicted as yellow and red spheres, respectively,

while the tetrahedral defects are shown as green spheres.

molecules in the fcc phase of solid C60 (compatibility relation between Ih and Th
symmetry: Hg → Eg + Tg).18 The corresponding band further splits in the Ra-

man spectrum of the Ca2.75C60 fulleride into a shoulder-like peak at 265 cm−1

and three well-resolved peaks at 271, 281 and 292 cm−1 due to the symmetry

lowering.

The totally symmetric Raman modes, marked by the dashed vertical lines in

Fig. 3, are located at 496 {Ag(1)} and 1468 cm−1 {Ag(2)} in the C60 solid, in

good agreement with the literature.19 In the case of Ca2.75C60, the Ag(1) peak

is upshifted to 509 cm−1, while the Ag(2) peak is downshifted to 1448 cm−1. The

general trend of these frequency shifts is compatible with what was previously re-

ported for alkali, alkaline-earth and rare-earth metal fullerides. In the alkali metal

fullerides, an upshift of ∼ 1 cm−1 was found for the Ag(1) peak and a downshift of

6–7 cm−1 for the Ag(2) peak per electron transferred from the metallic atoms to

the C60 molecule.20–22 The upshift of the radial mode is attributed to the Coulomb

interaction between the metal cations and the C60 anions while the downshift of

the tangential mode to the elongation of the intramolecular bonds induced by the

charge transfer process and the resulting softening of the force constants.16,23 In

alkaline- and rare-earth metal fullerides, the frequency shifts of the totally symmet-

ric Raman modes deviate significantly from the quasi-linear trends found in alkali

metal fullerides, which is attributed to the strong metal-C60 coupling and their

orbital hybridization.24–27

The overall profile of the Raman spectrum of Ca2.75C60 appears very similar to

that of Sm2.75C60, where the Ag(1) and the Ag(2) peak frequencies are downshifted

with respect to the former compound to ∼ 505 and ∼ 1441 cm−1, respectively,

which cannot be explained solely by lattice size considerations.9,28 Moreover, it

should be mentioned that the scattering efficiency and the Raman signal of the
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Fig. 3. (Color online) The Raman spectrum at ambient conditions of the Ca2.75C60 fulleride

in comparison with that of the pristine C60 solid. The mode assignment refers to the irreducible

representations of the C60 molecule in the icosahedral (Ih) symmetry. The dashed vertical lines
indicate the frequency positions of the Ag(1) and Ag(2) Raman peaks in the pristine C60.

(Sm1−xCax)2.75C60 (x = 0–1) series increases with increasing calcium content,

x,28 being compatible with the aforementioned insulating character of Ca2.75C60

at ambient conditions and indicative of a weaker metal atom-C60 coupling (vide

infra).

Characteristic Raman spectra of Ca2.75C60 at various pressures recorded upon

pressure increase are illustrated in Figs. 4(a) (Fluorinert mixture) and 4(b)

(Daphne) for the two different pressure-transmitting media (PTM) employed in

the present study. The stronger Raman signal of Ca2.75C60 has allowed us to follow

also the pressure evolution of the weaker in these systems band originating from the

intramolecular Ag(2) mode of C60, in contrast to the case of Sm2.75C60.9 Although

the two PTM used have different solidification pressure values (∼ 1 GPa for the

1:1 FC70-FC77 Fluorinert mixture and ∼ 3.7 GPa for Daphne 7474),29–31 the pres-

sure evolution of the Raman spectra of the studied compound is nearly identical.

Namely, the spectrum profile remains almost unaffected with increasing pressure,

apart from a gradual intensity reduction of the high frequency Ag(2) band, possibly

originating from pressure-induced changes in the bandgap of the material and the

concomitant modification of the resonant conditions. Simultaneously, the strongest

Raman peaks shift to higher frequencies, in accordance with the commonly expected

hardening of the intramolecular bonds with pressure.

The pressure dependence of the frequencies, ω, of the well-resolved Raman peaks

of Ca2.75C60 is illustrated in Fig. 5, where the corresponding pressure coefficients,

2040056-6
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Fig. 4. (Color online) Characteristic Raman spectra of Ca2.75C60 at various pressures using

(a) 1:1 FC70-FC77 Fluorinert mixture and (b) Daphne 7474 as the pressure transmitting medium.

The mode assignment refers to the irreducible representations of the C60 molecule in the Ih
symmetry.

∂ω/∂P , are also given. The pressure induced frequency shifts are quasi-linear in

the whole pressure region investigated and fully reversible upon pressure release,

as indicated by the solid symbols in the figure, suggesting the structural stability

of the material up to the maximum pressure attained in the present experiments

(∼ 4.5 GPa). As it was mentioned above, the pressure coefficients of all the studied

Raman peaks are positive with the only exception being that of the low intensity

peak at ∼ 687 cm−1, attributed to the Hg(3) mode of the C60 molecule, which has

a small negative value. This negative pressure coefficient is reminiscent of those

observed in the case of the pristine C60 fullerene for peaks attributed to the Hg(3)

and Hg(4) intramolecular modes.32,33 Moreover, as it can be inferred from Fig. 5,

the pressure coefficients of the corresponding Raman peaks are practically, within

the experimental accuracy, the same for the two different PTM employed in this

study.

The values of the pressure coefficients for all the Raman peak frequencies of

Ca2.75C60 lie closely to the corresponding ones obtained for solid C60 and are larger,

in general, than those found for the isostructural Sm2.75C60 compound.9,34 More

specifically, the totally symmetric Ag(1) and Ag(2) intramolecular modes exhibit in

the C60 solid pressure coefficient values of 4.2 and 5.5 cm−1GPa−1, respectively,34
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Fig. 5. (Color online) Pressure dependence of well-resolved Raman peak frequencies of Ca2.75C60

using (a) 1:1 FC70-FC77 Fluorinert mixture and (b) Daphne 7474 as the pressure transmitting

medium. Numbers on the right of each panel refer to their pressure coefficients in cm−1GPa−1,
obtained from linear least-squares fits to the experimental data (solid lines through the sym-

bols). Open (solid) symbols denote data obtained upon pressure increase (decrease). The mode

assignment refers to the irreducible representations of the C60 molecule in the Ih symmetry.

being essentially identical to those in Ca2.75C60. On the other hand, in Sm2.75C60

the pressure coefficient of the peak originating from the Ag(1) radial breathing

mode deviates significantly from these values, being only 2.6 cm−1GPa−1.7 The

much smaller value in this case has been ascribed to the reduced compressibility

of the rare-earth metal fulleride,8 compared with that of the pristine C60,35 and

the strong Sm-C60 coupling.9 Therefore, our findings are compatible with a weaker

Ca-C60 coupling and orbital mixing in the case of the Ca2.75C60 fulleride.

4. Conclusions

In summary, pure Ca2.75C60 alkaline-earth metal fulleride was isolated and struc-

turally characterized by synchrotron X-ray powder diffraction. The analysis of the

X-ray diffraction data reveals that Ca2.75C60 adopts an orthorhombic structure,

which is similar to that of the rare-earth metal C60 fullerides having the same com-

position. The pressure response of Ca2.75C60 was examined by means of Raman

spectroscopy. Two different fluids were employed as PTM, providing almost iden-

tical results and thus confirming the reproducibility of our findings. The pressure
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evolution of the Raman spectrum, the quasi-linear pressure dependence and the

reversibility of the Raman peak frequencies demonstrate the stability of the stud-

ied compound for pressures up to 4.5 GPa and is in line with the robust divalent

state of the metal cations. The pressure coefficients of the peaks originating from

the totally symmetric Ag(1) and Ag(2) modes of the C60 molecule are practically

identical to those of the pristine C60 solid. This finding along with the much larger

pressure coefficient of the Ag(1) peak frequency in Ca2.75C60 compared to that in

its isostructural Sm2.75C60 analogue is suggestive of a weaker coupling between the

metal cations and the C60 anions in the case of the studied alkaline-earth metal

fulleride.
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