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Abstract: 

The electrical resistance R of K4C60 and Li4C60 has been measured between 100 and 300 K 

under pressures up to 1 and 2 GPa, respectively. For both materials, the temperature 

coefficient of R is negative at all pressures and temperatures in this range. The transport 

properties of Li4C60 at low pressure are compatible with a recent observation of high ionic 

conductivity, but surprisingly this conductivity term increases strongly with increasing 

pressure, contradicting an intuitive model. For K4C60 we see no sign of a recently suggested 

structural phase transformation at low temperature, nor can we find any convincing evidence 

for a lattice disproportionation as recently observed for Rb4C60. 
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1. Introduction 

Intercalation of alkali metals (A) into fullerenes such as C60 leads to charge transfer, in 

most cases with one electron being transferred to the fullerene conduction band for every 

alkali metal ion inserted. The conduction band of C60 can accommodate up to six electrons per 

fullerene molecule, and the C60 lattice can also accommodate up to six alkali metal ions per 

fullerene (except for the very small Li+ ion, which may be inserted in much larger numbers). 

The saturated A6C60 compounds are thus insulators, while lower alkali metal concentrations 

result in fulleride compounds with interesting physical properties, in some cases (A3C60) even 

including high transition temperature superconductivity [1]. From a simple band model the 

A4C60 compounds would also be expected to be metallic, but all are found to be small 

bandgap semiconductors. For the light compunds (A = Li, Na), charge transfer leads to 

formation of covalent interfullerene bonds (polymerization), which modifies the band 

structure, while for the heavier ones (A = K, Rb) a Jahn-Teller molecular distortion leads to 

opening of a small band gap at the Fermi surface [2]. Several years ago, NMR data were 

reported to show that Rb4C60 underwent an insulator-to-metal transition near 1 GPa [3] at 

room temperature, and to investigate this interesting behaviour further we recently carried out 

measurements of the electrical conductivity over a wide range of temperatures up to 2 GPa 

[4]. Surprisingly, no such metallization was found, but a later Raman investigation on the 

same material showed [5] that the Rb4C60 actually disproportionated reversibly into the more 

stable phases Rb3C60 and Rb6C60 under pressure. The first of these phases is metallic, 

explaining the earlier NMR results in a natural way. For the structurally very similar 

compound K4C60, data from infrared spectroscopy also recently showed the possibility of a 



phase transition below 250 K [2]. Interest in the A4C60 compounds has continued to increase 

even further recently, mainly due to the discovery that Li4C60 has a unique, layered two-

dimensional polymeric structure at room temperature [6]. Recent investigations of the 

conduction properties of this phase have indicated a very high ionic conductivity with an 

excitation energy of only 0.23 eV [7]. 

In this short report we present recent results for the electrical conductivities of Li4C60 

and K4C60 as functions of temperature in the range 100 K to room temperature, at pressures up 

to 2 and 1 GPa, respectively. Full results for Li4C60 will be presented elsewhere [8], but we 

show here that the results for this material are not fully compatible with the suggested ionic 

conduction mechanism. We also show very recent data for K4C60, which we have investigated 

to see whether we can see i) any indications of a low temperature structural transformation, or 

ii) any indications of a disproportionation of the material, similar to that found for Rb4C60. For 

the latter material a good fit to the low temperature conductivity data could only be obtained 

if a metallic term was added during the fitting procedure, and the magnitude of this term 

varied reversibly [4, 9] with applied pressure. 

 

2. Experimental details 

The compounds studied were synthesized from sublimed C60 with a nominal purity 

better than 99.98 %, which was first treated at temperatures above 200oC for more than 48 h 

under dynamic vacuum to remove water and atmospheric gases. A turbomolecular pump was 

used during most of the treatment period to obtain the best possible vacuum. The Li4C60 was 

synthesized by directly mixing stoichiometric amounts of metallic lithium and C60. The mix 



was then annealed at 350oC or higher for several weeks with intermediate grinding and re-

mixing. To synthesize K4C60, we applied the same two-step procedure as used for 

synthesizing Rb4C60 [4]. Saturated K6C60 was first produced by a gas phase intercalation 

method. A known amount of C60 and an excess amount of K metal were inserted at the two 

ends of a sealed, evacuated Pyrex tube which was kept at 300oC for three weeks. A small 

temperature gradient kept the potassium from condensing on the fullerene powder. Near 

stoichiometric amounts of C60 and K6C60 were then well mixed and annealed together in 

another evacuated and closed tube at the same temperature for a month to obtain the final 

reaction product. It should be noted that for the nominal K4C60 (as for Rb4C60 earlier) we kept 

the K content on the high side to avoid formation of metallic K3C60. The presence of a small 

amount of insulating K6C60 should have little effect on the measured conductivity. 

After synthesis, the materials were characterized by X-ray diffraction and Raman 

scattering. Due to their sensitivity to air and water, the samples were protected in thin glass 

capillaries which degraded the signal-to-noise ratios. We show in Figures 1a and 1b a Raman 

spectrum and an X-ray diffraction diagram for K4C60. In the latter case, the background from 

the glass capillary has been removed but the peaks are broadened because of the experimental 

geometry. In Figure 1a we also show, for comparison, a Raman spectrum for Rb4C60, 

synthesized by the same method for our earlier investigation [4]. The spectra are in excellent 

agreement, showing very similar peak shifts (relative to peaks for pure C60) for the Ag(1) and 

Ag(2) modes at 496 and 1445 cm-1, respectively. Both methods agree that all samples contain 

the expected majority phases, although for nominal K4C60 both Raman spectroscopy and X-

ray diffraction also show the presence of a small amount of K6C60, as intended. 



As before [4], the electrical resistance R was measured using a DC method in a four-

probe geometry, filling the loose powder into grooves machined in the bottom of the Teflon 

cells used. Nickel alloy (Nickel 200) wires were used for both current and potential 

contacts. Pressure was created in a piston-and-cylinder device, 45 mm in internal diameter, 

using a hydraulic press. The pressure was estimated from the press load, using an earlier 

calibration, and temperature was measured using a type K thermocouple. The pressure cell 

could be cooled down to about 100 K using liquid nitrogen. Raman spectra were collected 

using a Renishaw 1000 micro-Raman spectrometer and X-ray diffraction data were obtained 

using a Siemens/Bruker D5000 diffractometer system. 

 

3. Experimental results and discussion 

3.1. General considerations on measurements and analysis 

Measurements have been carried out on at least two samples of each type, and at room 

temperature and below the results have been found to be quite repeatable and stable, with the 

exception of the data from the initial phase of the experiment when the powder samples are 

compressed into solid lumps. None of the A4C60 compounds has been found to be stable on 

heating to above 400 K, and in the present paper we limit the discussion to the low-

temperature range. (Effects of heating will be discussed further elsewhere [8].)  

Data for the conductance G = 1/R have been fitted to equations of the type 

G(T) = A exp(-B/T) + C exp(-D/T)  (+ further terms).      (1) 

As discussed in detail earlier [4,8], it is usually not possible to fit conductance data for this 

type of compounds by a single exponential term, since carriers may be excited through 



different mechanisms. The fitted parameters may be identified in different ways depending on 

the conduction mechanism assumed. Taking the first term in Eq. (1) as our model, in the case 

of ionic conductivity, as identified by Riccò et al. [7], we may calculate the activation energy, 

Ea, from B = Ea/kB. For electronic conduction, the exponential terms will yield either the band 

gap energy, Eg, from B = Eg/2kB, or the energy Es of localized electronic states in the gap as B 

= Es/2kB. For Rb4C60 [4] we found a band gap value of Eg = 0.7 eV. in good agreement with 

literature data, but below room temperature the conductivity was actually dominated by 

electrons excited from localized states with energies Es just above 0.1 eV. Such a behaviour is 

observed also for pure fullerenes, such as C60 [10], and for other fullerene compounds [8]. 

Although the "further terms" indicated in Eq. (1) may be further exponential terms, for Rb4C60 

it was necessary to add a "metallic" conductivity term f/T, indicating the presence of a small 

amount of metallic Rb3C60. The fitting procedure used is discussed in detail elsewhere [4,8] 

and below we only present the results of the fitting in terms of band gaps or activation 

energies. 

 

3.2. Results for Li4C60 

Measurements were carried out on well characterized Li4C60, in order to investigate 

whether we could observe the ionic conductivity term identified by Riccò et al. [7]. 

Experimental results between 100 and 300 K, and up to 2 GPa, for one sample are shown in 

Figure 2. (The extra curvature below 115 K at 0.1 GPa is caused by the input impedance of 

the measurement system, and must be corrected for.) At all pressures, Eq. (1) could be fitted 

to the data provided at least two terms were used, and we always found one term which could 



be interpreted in terms of an activation energy Ea near 0.23 eV, in excellent agreement with 

the report by Riccò et al. [7]. In addition, we also found a second term, dominant below 240 

K, which we could interprete in terms of electrons, excited from localized states in the band 

gap, as for other fullerides investigated. At low temperature we also observed other terms 

with even lower energies, but these terms were less well defined because of the narrow 

temperature range where they could be observed. In no case did we need to use a "metallic" 

term f/T in Eq. (1), but we note that a metallic phase has actually been observed in Li4C60 at 

high temperatures [11].  

With increasing pressure the activation energy of the "ionic" term steadily decreased, 

while all other excitation energies were constant within the experimental scatter. A calculation 

of the magnitudes of the two (or three) fitted conductance terms in Eq. (1) showed that all 

terms increased in magnitude with increasing pressure, and the relative increase was very 

similar for the two dominant terms; in fact, the "ionic" term increased by a factor of eight 

from 0.1 to 2 GPa, while the electronic term increased by a smaller factor of five. Further 

details will be given in a separate publication [8]. 

The high pressure results are quite unexpected, since intuitively we would not expect 

ionic conductivity to increase under pressure when compression of the lattice makes less 

space available for diffusion of the ions. In some amorphous materials the free volume 

initially increases under pressure, causing a peak in their ionic conductivities, but it is difficult 

to see such a mechanism at work in the present crystalline structure. Possible reasons for the 

observed behaviour might be either that plastic deformation of the sample opens new 

macroscopic diffusion paths, or that the carbon-lithium interaction decreases under pressure. 



If the results would be interpreted instead in terms of an electronic conduction mechanism 

with Eg = 2 Ea = 0.46 eV, the increased conductivity is a natural consequence of the expected 

(and, in this model, observed) decrease in band gap with increasing pressure, as the increasing 

intermolecular interactions broaden the valence and conduction bands. 

Clearly, the present study has created more new questions than it has answered, and 

further studies are definitely required in order to understand the conduction properties of this 

material under high pressure. 

 

3.3. Results for K4C60 

Very recently, we also carried out a corresponding investigation of the electrical 

transport properties of K4C60 below room temperature and under pressures up to 1 GPa. The 

aim of this investigation was to find out whether this material, like the structurally very 

similar compound Rb4C60, is susceptible to disproportionation under pressure. However, we 

also wanted to see if we could find any electrical anomalies that could be attributed to the 

possible structural transformation suggested by Kamarás et al. [2]. Since the changes in the IR 

spectrum found by Kamarás et al. were observed at zero pressure our search has been focused 

on the low pressure range, and we show in Figure 3 the electrical resistance of one sample of 

K4C60 at 0.1, 0.5, and 1.0 GPa. The data shown were in all cases obtained during cooling, i.e. 

for decreasing temperature. The resistance is a smooth function of temperature at all 

pressures. It is also clear that the resistance has a negative temperature coefficient at all 

pressures and temperatures and thus shows an "activated" or "semiconductor-like" behaviour 

like all other A4C60 compounds investigated. Again, as for the other A4C60 compounds it is 



impossible to fit a single exponential term in T-1 to the data. This is obvious from the near 

linearity of R (logarithmic scale) versus T in the Figure, and plotting each isobaric data set as 

ln R (or ln G) versus 1/T gives a very strong curvature instead of a straight line. On the other 

hand, Eq. (1) can again be fitted to the data for G with excellent results, using two conduction 

terms. The addition of a small extra "metallic" conductance term does not improve the global 

fit significantly, but there is a noticeable improvement in the agreement between the data and 

the fitted function (especially regarding dG/dT) below about 140 K. However, on the scale of 

the figure the difference is such that both types of curves fall well within the symbols shown, 

and although the magnitudes of the fitted "metallic" terms increase with pressure there is no 

clear evidence for disproportionation.  

The fitted energy levels are surprising low. In the range studied, the higher of the fitted 

energy levels is about 0.23 eV, while the lower is about an order of magnitude smaller. A very 

small energy gap of 50 meV, in reasonable agreement with our results, was reported for K4C60 

by Ruani et al. [12] based on resonant Raman scattering studies. However, later direct optical 

measurements [13] have shown that the actual band gap is close to 0.5 eV, about twice the 

value of the highest energy level found here. Early band structure calculations by both LDA-

DFT [14] and tight-binding [15] methods indicated that K4C60 should be metallic, but at 

present there is a consensus that a gap opens at the Fermi surface due to a Jahn-Teller 

distortion of the C60 molecules [2, 13]. Because no ionic conductivity is expected from the 

large, heavy K+ ions and because the band gap is quite large, both energy levels observed in 

this work probably correspond to localized states in the band gap.  The very low excitation 

energies also imply that the total change in resistance between 100 and 300 K is only about 



one order of magnitude (see Figure 3). The magnitude of the resistivity is low and we thus 

conclude that the number of carriers is high, suggesting that there must be a very large 

concentration of localized defect states in the band gap. Due to the high conductivity arising 

from this term, any effect from electrons excited over the actual band gap is completely 

masked at and below room temperature. 

Returning to the question of a possible phase transformation in K4C60, as suggested by 

Kamarás et al. [2], we note that the rotational transition in pure C60 gives rise to a step change 

in the measured resistance by about a factor of two [16]. Such an anomaly would be easily 

discernible in our data, but we find that the measured resistance is a smooth function of 

temperature at all pressures up to 1 GPa, with no sharp anomalies that can be attributed to 

structural phase transformations. We thus conclude that there are probably no structural phase 

transformations, involving positional changes in the molecular lattice, in the ranges 

investigated. Rotational or orientational transitions involving the molecular ions can probably 

also be ruled out, unless smeared over a large range in temperature. Kamarás et al. [2] 

speculate that the IR anomalies observed might arise from either a true structural lattice 

transformation, or from more subtle changes from a static Jahn-Teller molecular distortion at 

low temperature to a dynamic Jahn-Teller effect at high T. It is probable that the latter type of 

transition, involving rather the shape of an individual molecule than its position, would have a 

much smaller effect on the transport properties and would not be easy to observe in a 

temperature range where conduction is dominated by electrons excited mainly from localized 

states in the gap. 



Further measurements, over wider ranges in pressure and temperature, are in progress, 

and might possibly shed further light on the behaviour of K4C60 under high pressure. 

 

4. Conclusions 

Recent measurements show that high pressure transport properties of the anomalous 

A4C60 compounds may reveal many interesting and unexpected properties of the materials. 

For the fulleride polymer Li4C60 we observe a conduction mechanism which may be identified 

with the ionic mechanism observed in a recent publication [7]. High pressure studies, 

however, show that this conduction term increases with increasing pressure at a rate very 

similar to that of other conduction terms which we identify as having an electronic origin. 

Because ionic conduction would intuitively become less easy when ion diffusion paths are 

closed by the compression of the lattice, we find it difficult to explain this observation in 

terms of purely ionic conduction. 

For K4C60, we see no resistance anomalies that may be connected with the low-

temperature structural lattice transformation suggested by Kamarás et al. [2], and neither do 

we observe any significant metallic component in the conductivity, indicating the existence of 

a structural disproportionation as observed in the related compound Rb4C60 [5]. 
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Figure captions: 

 

Figure 1 a. Raman spectra for K4C60 (synthesized for this work) and for Rb4C60 synthesized in 

an earlier investigation [4]. Both spectra were obtained using HeNe laser excitation at 632.8 

nm and have been shifted vertically for clarity. The triangular feature between 300 and 400 

cm-1 is a known experimental artifact in our spectrometer. 

Figure 1b. X-ray diffraction diagram for nominal K4C60. Ticks indicate expected peak 

positions; top for K4C60 (I4/mmm, a = 1.186 nm, c = 1.076 nm), bottom for K6C60 (Im3, a = 

1.139 nm). Two weak peaks for pure C60 can also be identified, near 17.8 and 21.0 degrees. A 

strong background from the glass capillary has been removed for clarity. 

 

Figure 2. Electrical resistance of a Li4C60 sample as a function of temperature at the pressures 

indicated. 

 

Figure 3. Electrical resistance of a K4C60 sample as a function of temperature at the pressures 

indicated. 
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Figure 1 b 



 

Figure 2 
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Figure 3 
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