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1 Introduction Alkali-metal fullerides are among the
most investigated class of fullerene-based compounds. By
doping fullerene with alkali metal, different properties can
be realized depending on the charge on the fullerene. Among
the family of alkali-metal fullerides, A3C60 was studied exten-
sively as it exhibits superconductivity. A4C60 compounds,
in contrast, are non-metallic: The additional charge in C4−

60

causes a Jahn–Teller distortion and symmetry reduction. At
ambient conditions, A4C60 is described as a Mott–Jahn–Teller
insulator [1]. Efforts have been made to tune A4C60 toward
a metallic state under pressure, and indeed a metallic phase
under pressure was reported by NMR [2], which triggered
high-pressure studies by several other groups. A brief review
of the pressure-dependent results was presented by Yao et al.
[3]. In spite of the large volume of the literature, the driv-
ing mechanism of the insulator-to-metal transition is not
yet understood. Several experimental techniques have con-
tributed in this direction, and the two possible explanations
for the pressure-induced insulator-to-metal transition cur-
rently discussed in the literature are (i) the closing of the
charge gap based on NMR [4] and XRD [5, 6] results, and
(ii) a nanoscale phase separation based on the Raman spec-
tra under pressure, where the presence of the metallic Rb3C60

phase was concluded from the Raman-active phonon modes
[3, 7]. However, the phase separation scenario has not yet
been verified by other experimental techniques.

In this article we present the results of an infrared
reflectivity study on Rb4C60 under high pressure. Infrared

spectroscopy is a powerful technique to monitor the pressure-
induced changes in the electronic properties of a material
[8–12]. We will discuss in detail the possible underlying
mechanism of the pressure-induced insulator-to-metal tran-
sition in Rb4C60 based on our findings.

2 Experiment
2.1 Synthesis and powder XRD of Rb4C60 Rb4C60

powder samples were synthesized by solid-state reaction
[13–16], by allowing stoichiometric amount of C60 and Rb
to react in a stainless steel capsule at 450 ◦C under vacuum
(10−6 mbar) for about 25 days. Intermediate grinding was car-
ried out to improve the homogeneity of the sample. Rb4C60

was characterized by powder X-ray diffraction (XRD), and
the XRD patterns were analyzed by Le Bail fitting. Accord-
ingly, the sample was identified as phase pure Rb4C60. The
XRD pattern of Rb4C60 is shown in Fig. 1 together with the
expected diffraction peak positions for the different possible
phases Rb4C60, Rb3C60, and Rb6C60.

2.2 High-pressure infrared reflectivity measure-
ments Reflection measurements in the infrared frequency
range were carried out with a Bruker 66v/S Fourier trans-
form infrared spectrometer. The spectrometer is coupled to
an infrared microscope Bruker IR scope II with 15× magnifi-
cation, in order to focus the beam on the small samples in the
diamond anvil cell (DAC). The high pressure up to 8 GPa was
generated by a Cryo DAC Mega (Almax easyLab). The ruby
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Figure 1 Powder X-ray diffraction pattern of Rb4C60 together with
the diffraction peak positions of possible phases Rb4C60, Rb3C60,
and Rb6C60 in the lower panel.

luminescence method was used for pressure determination
[17]. Rb4C60 pellets were made by pressing the powder sam-
ple between the pristine gasket and the diamonds of the DAC.
Reflection measurements on Rb4C60 pellet were performed in
the far- to midinfrared (FIR–MIR) region (100–8000 cm−1).
The interface between the gasket (CuBe) and diamond was
measured as the reference for normalization of the sample
spectra, as illustrated in the inset of Fig. 2. Data were recorded
with a resolution of 1 cm−1 in the frequency range 100–
500 cm−1 and 2 cm−1 in the frequency range 500–8000 cm−1.
All measurements were carried out at room temperature.

3 Results and discussion The infrared reflectivity
spectra of Rb4C60 as a function of pressure are depicted in
Fig. 2. The frequency region around 2000 cm−1 is cut out from
the experimental spectra, since strong diamond multiphonon
absorptions cause artifacts in this spectral range. The overall
reflectivity at the lowest applied pressure (0.8 GPa) is low
and shows the two infrared-active T1u phonon modes at 572
and 1355 cm−1. The phonon at 1355 cm−1 shows a twofold
splitting. With increasing pressure, the overall reflectivity
increases and the phonon modes harden.

For a quantitative analysis, the reflectivity spectra were
fitted according to the Fresnel equation for the normal-
incidence reflectivity, taking into account the diamond-
sample interface:

Rs−d =
∣∣∣∣
ndia − √

εs

ndia + √
εs

∣∣∣∣
2

, (1)

where ndia is the refractive index of the diamond which
is assumed to be independent of pressure, and εs is the
complex dielectric function of the sample which can be
written as εs = ε∞ + iσ

/
(ε0ω) , where σ is the optical

conductivity. The reflectivity spectra were fitted with the
Drude–Lorentz model and the asymmetric phonons were
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Figure 2 Infrared reflectivity spectra of Rb4C60 for selected pres-
sures together with the fitting according to the Drude–Lorentz model
with a Fano approach. Inset: Reflectivity measurement configura-
tion with the incident beam (Ii), the reflected beam from the sample
(Is), and the reference beam reflected from the gasket-diamond
interface (Ir).

fitted using the Fano approach. Within the Drude–Lorentz
model the complex dielectric function is described as

ε(ω) = ε∞ − ω2
p

ω2 + iωγ
+

∑

i

ω2
p,i

(ω2
i
− ω2) − iωγi

, (2)

where ε∞ stands for the dielectric constant at high energy,
ωp the plasma frequency, the second term is the Drude
component, and the last term is the Lorentz component.

According to the Fano theory [18] the interaction of one
or more discrete levels with a continuum of states would
result in asymmetric optical absorption peaks. After subtrac-
tion of the continuous electronic background the Fano profile
is described by

σ(ω) =
∑

j

iσoj

(qj + i)2

i + x(ω)
, (3)

with x(ω) = (ω2
0j

− ω2)/γjω, where ω0j is the resonance fre-
quency, ωj is the damping and σoj = ωpj/γjq

2
j

with ωpj as
the oscillator strength, and qj is the dimensionless asymme-
try factor of the jth absorption. The fit value of the Fano
parameter q describes the asymmetry of the peak. For the
Fano parameter |q| → ∞, a Lorentzian oscillator line shape
is recovered. Furthermore, depending on the value of q,
the absorption can be in resonance with phonon domina-
tion when |q| � 1, dispersive when the contribution of the
phonon and electronic background are comparable (|q| ∼ 1),
or antiresonance line shape when |q| 	 1 representing the
domination of the electronic background.
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Figure 3 Calculated high-frequency permittivity ε∞ as a function
of pressure.

To obtain a good fit of the reflectivity spectra, the value
of ε∞ as a function of pressure was determined by using the
Clausius–Mossotti equation given by [19]

ε∞(P) − 1

ε∞(P) + 2
= α

3ε0V (P)
. (4)

Hereby, α is the electronic polarizability of the unit
cell, which is obtained from the lowest-pressure data by
taking into account the corresponding unit cell volume.
The pressure-dependent XRD measurements by Huq and
Stephens [6] and Sabouri et al. [5] give the unit cell vol-
ume change V (P) in the pressure range which is of interest
here. By assuming that α is pressure independent, the high-
frequency dielectric permittivity was obtained and is shown
with increasing pressure in Fig. 3. With the so-obtained val-
ues of ε∞, the reflectivity spectra in the FIR–MIR region were
fitted with the above-described models, and a few selected
spectra with the corresponding fitting curves are shown in
Fig. 2. The data in the region between 1700 and 2600 cm−1

are not used for the analysis because of the artifacts caused
by the multi-phonon absorption in the diamonds of the DAC.
The two infrared-active phonons T1u(2) and T1u(4) are indeed
better described by a Fano resonance profile than by the usual
harmonic Lorentz oscillator, as illustrated in Fig. 4. The real
part of optical conductivity σ1(ω), as obtained from the fit-
ting of the reflectivity spectra, is shown in Fig. 5 for selected
pressures.

3.1 Infrared spectra of Rb4C60 at lowest pressure
At lowest pressure (0.8 GPa) the real part of the optical con-
ductivity of Rb4C60 shows a small, but finite value at low
frequencies as seen in Fig. 5, owing to a small Drude contribu-
tion. This low value of the low-frequency optical conductivity
indicates a bad-metal behavior of Rb4C60, which is in agree-
ment with the literature data [4]. Besides the two T1u phonon
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Figure 4 Reflectivity spectra of Rb4C60 at 0.8 GPa in the phonon
mode region together with the fits according to the Lorentz and the
Fano model.

modes, a MIR band is observed at around 7000 cm−1, which
corresponds to the LUMO → LUMO+1 transitions [20, 21].

The infrared phonons of Rb4C60 at the lowest pressure
are well described by the Fano resonance model. The down
shift of the T1u(4) phonon mode as compared to the neutral
fullerene can be attributed to the charge transfer [13].
The T1u(2) phonon is a singlet, while the T1u(4) phonon is
analyzed as a doublet. According to group theory, a D2h sym-
metry of the molecule would give rise to a triplet splitting of
the T1u(4) phonon [13]. Based on our data we do not exclude
the possibility of a threefold splitting because of the broad
second branch of the T1u(4) mode. The Fano parameter q

has a positive value for both phonons, indicating that these
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Figure 5 Real part of optical conductivity σ1(ω) of Rb4C60 for
selected pressures, as obtained from the Drude–Lorentz fitting of
the reflectivity spectra.
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Figure 6 Pressure-dependence of the four parameters of the Fano resonance model applied for fitting the T1u phonon modes.

vibrational modes are coupled with an electronic background
at lower frequency, most probably the Drude term.

3.2 Pressure-dependent infrared spectra of
Rb4C60 The low-frequency optical conductivity of Rb4C60

increases with increasing pressure (see Fig. 5), indicating
an improved metallic behavior. However, the value of the
low-frequency optical conductivity remains low up to the
highest applied pressure, and hence the bad metal character
Rb4C60 is retained in the whole measured pressure range.
The pressure dependence of the phonon parameters, as
obtained from the fitting with the Fano resonance model, is
shown in Fig. 6. Both phonon modes harden monotonically
under pressure. The other fitting parameters do not show a
clear pressure dependence, except the asymmetry factor q,
which tends to lower values with increasing pressure. The
decreasing value suggests an increasing coupling between
the phonons and the electronic states. Furthermore, the
redshift of the MIR electronic transitions in the fulleride
ions indicates a pressure-induced broadening of the bands at
a molecular level.

Yao et al. proposed that the metallic state under pres-
sure is due to the phase separation of Rb4C60 into Rb3C60

and Rb6C60 [3, 7]. Based on the results of our infrared
measurements it is possible to comment on this phase sep-
aration scenario. The Rb6C60 phase is expected to be easily
detectable in the infrared spectra because of its four infrared-
active phonons [22]. Therefore, if additional phonons due to
Rb6C60 are observed under pressure, it would indirectly con-
firm the appearance of the Rb3C60 phase, and hence could

explain the metallic character of the sample in terms of
a phase-separation scenario. In our reflectivity spectra no
new phonons were observed in the whole measured pres-
sure range. Thus, we exclude the appearance of the Rb6C60

phase under pressure based on our data, which in turn makes
the phase separation scenario unlikely. Therefore, the metal-
lic character of Rb4C60 under pressure could be explained
by the closing of the charge gap with increasing pressure.
However, a nanoscale phase separation would be below the
diffraction limit of the infrared measurements [23, 24] and
we would not be able to detect it.

4 Conclusions High-pressure infrared reflectivity
measurements were carried out on the alkali-metal ful-
leride Rb4C60. The real part of optical conductivity at the
lowest pressure (0.8 GPa) has a small, but finite Drude
term indicating a bad metal character. With increasing
pressure the Drude term increases, but the finite value of
the low-frequency optical conductivity remains low, i.e.,
the bad metal character is retained up to 7 GPa. From the
phonon excitations in the optical spectra the appearance
of other alkali fulleride phases, like Rb3C60 or Rb6C60, can
be excluded. Thus the occurrence of a phase separation as
the driving mechanism of the pressure-induced insulator-
to-metal transition in Rb4C60 seems to be unlikely. The
observed metallic state under pressure is rather due to the
closing of the charge gap.
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