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Dielectric permittivity and AC conductivity in polycrystalline and amorphous C60C60C60
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The dielectric permittivity and AC conductivity of polycrystalline and amorphousC60 samples were measured at temperatures between 75
and 300 K and frequencies in the range 100 Hz to 1 MHz. For polycrystalline samples we observe effects caused byO2 molecular oxygen
intercalation because prolonged exposure to ambient air. The conductivityσ of these samples around 300 K depends on the measuring
frequencyν asσ ∼ νn with n ≈ 1 implying a strong reduction of DC conductivity to less than10−12 S/cm. Dielectric permittivity in
polycrystalline samples shows an anomaly around 258 K due to its order-disorder phase transition and dielectric relaxation phenomena is
observed in the range 130-200 K with an activation energy of 0.237 eV. In contrast with the polycrystalline samples, the amorphousC60

samples prepared by sublimation do not contain interstitialO2, their DC conductivity at 300 K is of about10−6 S/cm, is independent of
frequency, and is well described by the hopping mechanism (Davis-MottT 1/4 law) in the 200-300 K range. All evidence of phase transitions
and/or dielectric relaxation disappears in the amorphous samples.

Keywords: Conductivity; dielectric permittivity and relaxation; fullerenes.

La permitividad dieĺectrica y la conductividad AC de muestras policristalinas y amorfas deC60 se midieron a temperaturas entre 75 y 300 K
con frecuencias en el intervalo de 100 Hz a 1 MHz. Para las muestras policristalinas observamos efectos debidos a la intercalación de
ox́ıgeno molecularO2 por una prolongada exposición al aire ambiente. La conductividadσ de estas muestras alrededor de 300 K, depende
de la frecuencia de mediciónν comoσ ∼ νn conn≈ 1, implicando una fuerte reducción de la conductividad DC a menos de10−12 S/cm. La
permitividad dieĺectrica en muestras policristalinas presenta una anomalı́a alrededor de 258 K debido a la transición de fase orden-desorden
y, en el intervalo 100-200 K, se observan fenómenos de relajación dieĺectrica con energı́a de activacíon de 0.237 eV. En contraste con las
muestras policristalinas, las muestrasC60 amorfas preparadas por sublimación no contienenO2 intersticial, su conductividad DC a 300 K es
de alrededor de10−6 S/cm, es independiente de la frecuencia y queda bien descrita por el mecanismo dehopping(ley T 1/4 de Davis-Mott)
en el intervalo 200-300 K. Toda evidencia de transiciones de fase y/o relajación dieĺectrica desaparece en las muestras amorfas.

Descriptores: Conductividad; permitividad y relajación dieĺectrica; fullerenos.

PACS: 72.20.Fr; 77.22.Gm; 77.22.Ch; 61.48.+c

1. Introduction

TheC60 molecule is quasi-spherical with an effective radius
of about 10Å. In the solid state above 260 K, the molecules
occupy sites of a cubic fcc lattice (Fm̄3m) while rotating al-
most freely about their centers of mass. Below 260 K, solid
C60 transforms into a simple cubic (sc) structure (Pa3̄) with
partial orientational order in which the molecules still per-
form hindered rotations between two orientations of minimal
energy. With decreasing temperature, one of these orienta-
tions becomes gradually more populated, until a certain tem-
perature is reached below which the relative populations re-
main constant (83% and 17%), therefore leaving the system
in a state of frozen-in orientational disorder at low tempera-
ture [1, 2]. The establishment of this disordered state at low
temperatures has been described as a ’glassy’ transition oc-
curring below a temperatureTg that depends on the charac-
teristic time scale of the experimental technique of observa-
tion [1,3].

Dielectric studies onC60 have been reported by several
authors [4-10]. ForC60 single crystals, Alerset al. [5]
first reported that molecular orientational disorder in the sc
(Pā3) phase is manifested through dielectric relaxation phe-
nomena. Since isolatedC60 molecules do not have a per-

manent electric dipole because of their symmetry, the oc-
currence of dielectric relaxation was explained as due to in-
duced electric dipole moments by adjacent pairs of misori-
ented molecules. Mondalet al. [6] working with polycrys-
talline samples confirmed that this dipolar relaxation is an
intrinsic property of solidC60 and not due to defects or impu-
rities. When comparing with results from experimental tech-
niques probingC60 orientational dynamics at different time
scales (dielectric, NMR, elastic, heat capacity, thermal con-
ductivity, and thermal expansion), these authors concluded
that C60 mean relaxation rates in the sc (Pa3̄) phase follow
an Arrhenius-type behavior for over 12 decades of measur-
ing frequency [6], thus establishing the glass transition as a
relaxational process.

The ease with whichO2 molecular oxygen from ambient
air diffuses by hopping between octahedral interstitial sites
of the C60 lattice is well documented [11-15]. In an initial
stage of exposure to ambient air, a diffusion-controlled di-
electric relaxation phenomena can be observed at room tem-
perature because a smallO2 −C60 charge transfer (∼ 0.04e)
causes a permanent electric dipole moment to appear. After
prolonged exposure, all the interstitial sites become fully oc-
cupied,O2 hopping is inhibited, and the room-temperature
dipolar relaxation disappears [15]. The conductivity of an
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oxygenated sample can be reduced up to six orders of magni-
tude in comparison to a pristineC60 sample becauseO2 cre-
ates deep traps that effectively localize charge carriers [13].
Interstitial O2 leaves essentially unchanged the crystalline
structure ofC60 and slightly reduces the ordering transition
temperature [14]. Dielectric relaxation phenomena associ-
ated with molecular reorientations in the sc (Pa3̄) phase is
not precluded by oxygen intercalation [6].

In this work we perform dielectric measurements onC60

polycrystalline samples with prolonged exposure to ambient
air, and on non-oxygenated amorphous samples obtained by
rapid condensation of sublimated vapors. The oxygenated
polycrystalline samples show essentially all features reported
previously, that is, an anomaly in the real part of the dielec-
tric constant at the fcc−→ sc phase transition, dipolar relax-
ation in the sc phase, and a conductivity below10−12 S/cm
at room temperature. In the amorphous samples all manifes-
tations of the phase transition disappear and the conductiv-
ity at room temperature is of the order of10−6 S/cm. It is
found that the conductivity for the amorphous samples in the
200-300 K range occurs by a hopping mechanism described
by the Davis-MottT 1/4 law.

2. Experimental details

Samples were prepared from 99.5% pureC60 powder sup-
plied by MER Corp. (Tucson, AZ, USA). For dielectric mea-
surements, compressed pellets 0.2 - 0.3 mm thick and 6.3 mm
diameter were prepared by applying no more than 0.3 ton of
pressure with a hydraulic press. Electrodes were formed by
applying silver paint or carbon conducting cement (Carbon
Adhesive 30GM, Structure Probe, West Chester PA, USA) on
both faces of the pellets. Less noisy samples were obtained
with carbon cement electrodes. A group of samples, hereby
named ’C60−x’, were prepared from powders without any
treatment. These powders had been exposed to ambient air
for an undetermined amount of time so that their content of
intercalated oxygen is considerable [15]. Another group of
samples, to be called ’C60−a’, were prepared from mate-
rial obtained from the condensation of vapors when powders
were sublimated at 700◦C inside a quartz tube under dy-
namic vacuum. These samples are evidently free of oxygen
and due to the rapid condensation of vapors, exhibit a disor-
dered structure. This is demonstrated by X-ray diffraction at
room temperature (Siemens D500 diffractometer;CuKα1 ra-
diation,λ = 1.5405Å) of the samples analyzed after dielectric
measurements (electrodes included). In the diffraction pat-
terns of Fig. 1, the total absence of Bragg peaks is clearly ev-
ident forC60−a, justifying the classification of these samples
as amorphous. In contrast, forC60−x the observed peaks can
be indexed according to the expected fcc structure (Fm3̄m) at
room temperature with a lattice parametera = 14.18Å.

The capacitance C and conductance G of the sam-
ples were measured (in parallel mode) with an automatic
impedance meter Hewlett-Packard HP-4284A operated in the
100 Hz to 1 MHz frequency range. The real and imaginary

FIGURE 1. X-ray diffraction at room temperature ofC60 polycrys-
talline (C60−x) and amorphous (C60−a) samples. Both patterns
have the same scale but have been displaced vertically for clarity.
ForC60−x the observed peaks are indexed to a cubic fcc structure,
a = 14.18Å.

parts of the complex dielectric constant,ε′ and ε′′ respec-
tively, are obtained from C and G according to:ε′ = C/C0

andε′′ = G/ωC0, whereC0 is the geometrical capacitance
of the sample (C0 = ε0A/d, whereε0 is the permittivity of
free space,A the area of electrodes andd the thickness of the
sample), andω = 2πν, whereν is the measuring frequency.
For materials having sizable conductivity it is convenient to
express the imaginary partε′′ in terms of an AC conductivity
defined as:σ = (d/A)G = ε0ωε′′. For good thermal contact
with electrical insulation, the samples were placed between
two sapphire disks in a sample holder designed to minimize
mechanical and thermal stresses to the samples. Temperature
was varied in the 75-300 K range with a cryostat (Janis 6DT)
working with liquid nitrogen. Temperature control and mea-
surement was performed with a Lake Shore 330 instrument
coupled with a Si diode (DT-470) sensor. Data acquisition of
C, G and temperature T was automated with the use of a PC.

3. Results

3.1. PolycrystallineC60C60C60 (C60C60C60−x−x−x samples)

For sampleC60−x in Fig. 2 we present results of the real part
of the dielectric constantε′ (which we abbreviate henceforth
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simply as ”dielectric constant”) and of the conductivityσ
as a function of temperatureT and frequencyν. Our mea-
surements forε′ at selected frequencies (10 kHz, 100 kHz
and 1 MHz) are shown in Fig. 2a referred to the scale at
the left. For comparison, we also include results reported
by Alers et al. [5] in single crystals and by Mondalet al.
in polycrystalline samples [6]. The former are referred to
the scale at the left while the latter ones to the scale at the
right. In our measurements, we observe under cooling thatε′

weakly decreases at first but later, from about 258 K (we take
this value as the critical temperatureTc) to about 240 K,ε′

undergoes a frequency-independent increase with a relative
change∆ε′/ε′ ≈ 1.8%. The rapid increase ofε′ in this tem-
perature range is ascribed to the fcc−→ sc phase transition in
C60 [1,5,6]. At still lower temperatures, theε′ curves show a
frequency-dependent gradual decrease (shoulder like) in the
130-200 K range (not very visible in the scale of Fig. 2a)
which is due to the appearance of dielectric relaxation phe-
nomena. These shoulders are correlated with (dielectric loss)
maxima inε′′ orσ occurring in the same temperature range as
we describe below. Finally, further cooling in the75− 130 K
range produces only a monotonous increase inε′.

FIGURE 2. Temperature and frequency dependence of the real part
of the dielectric constantε′(ν, T ) and of the conductivityσ(ν, T )
for polycrystalline sampleC60−x. Data reported by Alerset al.[5]
and by Mondalet al. [6] are also included. Note the distinct refer-
ences to scales at left and right forε′(ν, T ) and the normalized
scale used forσ(ν, T ) (see text).

Our conductivity measurements for sampleC60 − x are
presented in Fig. 2b. Because the measuredσ(ν, T ) depends
strongly on frequency, and to avoid the use of confusing mul-
tiple scaling, we have plotted instead a normalized conductiv-
ity [σ(ν, T )− σ0]/(σ1 − σ0) in whichσ0 is the conductivity
atT = 75 K, whileσ1 is the conductivity atT = 275 K. In our
sample,σ0 attains values of1.713×10−9, 1.745×10−8, and
1.724×10−7 (S/cm) whileσ1 of 1.732×10−9, 1.755×10−8,
and1.732 × 10−7 S/cm at frequencies of 10 kHz, 100 kHz
and 1 MHz, respectively. For comparison, in Fig. 2b we also
present results of previously reported measurements [5, 6],
both referred also to the same normalized scale. (Note that
the original data of Ref. [6] are in terms ofε′′ which we
have converted toσ by usingσ = ε0ωε′′). In our mea-
surements towards high temperature, the curves show only
a monotonous increase with no sign of an anomaly at the
critical temperature 258 K. The most remarkable feature in
Fig. 2b, however, is the appearance of (local) maxima in
σ at frequency-dependent temperatures located within the
same range (130-200 K) for which the shoulders are ob-
served in ourε′ data (Fig. 2a), and where dielectric relaxation
has been reported earlier [5,6]. The maxima we observe in
our data within the 130-200 K range, show similarities with
those in Alers and Mondalet al. results, also depicted in
Fig. 2b. Also note that the single crystal sample of Alerset
al. shows clearly an anomaly inσ around the critical tem-
perature (∼ 260 K), while for polycrystalline samples, like
Mondal’s and ours, this anomaly is washed out.

3.2. AmorphousC60C60C60 (C60C60C60−a−a−a samples)

In Fig. 3 we present for sampleC60−a, the temperature
dependence ofε′ and σ (in logarithmic scale) at different
frequencies. The behavior displayed byC60−a is notori-
ously different from that observed in polycrystallineC60−x
(Fig. 2). There is no sign whatsoever of any anomaly inε′

or σ at the critical temperature 258 K that we measured in the
polycrystalline sample. At high temperatures inC60−a, ε′ is
characterized by a strong frequency dependence (dispersion)
and attains particularly large values at low frequencies. On
cooling,ε′ andσ decrease monotonously in such a way that
the dispersion inε′ gets reduced, while theσ curves approach
constant values that depend on frequency.

4. Discussion

4.1. PolycrystallineC60C60C60 (C60C60C60−x−x−x samples)

Our results forε′ in C60−x are in good general agreement
with those reported in previous publications. The value
ε′ = 4.54 that we obtain in this work forC60 at room temper-
ature is in good accord with other reported values, for exam-
ple: ε′ in the range 4.0-4.5 obtained by ellipsometry and opti-
cal reflectance/transmittance in thin films [16],ε′ = 4.4 from
dielectric measurements in thin films [4] and single crys-
tals [5] and,ε′ = 4.6 obtained from EELS [17]. Nevertheless,
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certain discrepancies are found, particularly in comparison
with the results of Mondalet al. [6], who ambiguously report
two different valuesε′ ≈ 2.6 and 3.3 at room temperature,
which they obtain from the same measurement published in
two different journals within a period of two years. To com-
pare in more detail our results with previous work, in Table I
we present a comparison of some parameters that character-
ize the temperature dependenceε′(T ) of C60. We choose to
compare our results with those from Alerset al. [5], Mon-
dal et al. [6], and Min Guet al. [7] because their results are
the most comprehensive ones we have found in the literature.
Among these, the most dissimilar ones are those of Min Gu
who report a complicated behavior aroundTc, with the pecu-
liarity thatε′ displays a peak inTc only in measurements un-
der heating (such behavior was never observed in our case).
Other distinct feature of Min Gu’s results is that they are the
only ones that show a positive slope∂ε′/∂T for the back-
ground dielectric response. On the other hand, the measure-
ments of Alers et al. in single crystals and of Mondalet al.
in polycrystals, are in better agreement with our results. In
single crystals, the transition occurs within a narrow temper-
ature range (∼ 6 K) while in polycrystals, the transition is
more sluggish and spreads over a wider temperature range
(∼ 24 K). This effect has also been observed previously in
heat capacity measurements [18].

FIGURE 3. Temperature and frequency dependence of the real part
of the dielectric constantε′(ν, T ) and of the conductivityσ(ν, T )
for amorphous sampleC60−a. No anomalies due to phase transi-
tions are detected at 258 K.

The relative size of the anomaly inε′ at Tc that we mea-
sure in this work for polycrystallineC60−x, turns out to be
considerably larger than the one measured previously also
in polycrystals [6], and only slightly smaller than the one
found in single crystals [5]. For dielectric relaxation in the
temperature range 130-200 K, the relative size of the ’relax-
ation step’ (or shoulder inε′, Fig. 2a) is in fair agreement
with the one obtained by Alers and Mondalet al. Discrep-
ancies between our results and those of other authors can be
expected to occur because of variations in experimental con-
ditions and instrumentation. These may be caused, for ex-
ample, by the use of different type of measuring apparatus
or by temperature dependent variations of stray capacitance
due to thermal contraction of sample holder and surround-
ings. Nonetheless, we must still consider an additional rea-
son that could even be more significant. TheC60−x sample
was prepared from powder that stood exposed to ambient air
for prolonged time. It is well known that molecular oxygen
O2 from ambient air diffuses reversibly and with great ease
in solid C60 occupying and hopping between octahedral in-
terstitial sites of its fcc lattice [11-15]. It has also been found
that a charge transfer occurs betweenO2 andC60 molecules
that can give rise to dielectric relaxation even at room tem-
perature [15]. This room-temperature dielectric relaxation
disappears after all the available interstitial sites become oc-
cupied byO2 after prolonged air exposure. It is then clear that
our C60−x sample is in an oxygenated state and this condi-
tion must be taken into account in the discussion. In the case
of Mondalet al. [6], they carefully removed interstitial oxy-
gen from their samples by annealing (at 750 K) in vacuum
several times. Alerset al. [5] are not so explicit but we are
certain they were careful enough not to expose their samples
to air for a long time after growing their single crystal sam-
ples. Therefore, our samples and those of Alers and Mondal
et al. differ in terms of their content of interstitial oxygen.
This oxygenation affects in various ways the properties of
solidC60. In particular, it is well known that lattice phonons
as well as the dynamics of molecular ordering and reorienta-
tion are perturbed by interstitialO2 [11,19]. This could well
be the origin of the differences found with our results in Ta-
ble I; in particular, this explains whyTc in our sampleC60−x
is displaced downwards to 258 K. Other important aspect of
oxygenation is the creation of deep level traps for charge car-
riers [12,13,15,19], which can affect drastically the electrical
conductivity.

When the conductivity is measured with an AC technique
of frequencyω = 2πν, the response that characterizes a great
variety of materials with diverse chemical compositions, ei-
ther crystalline or amorphous, can be written as [20]

σ(ω, T ) = σDC(T ) + a(T )ωn, (1)

whereσDC(T ) is the ’direct current’ (or static,ω = 0) con-
ductivity, a(T) is a factor that depends on temperature but not
on ω, andn is an exponent in the range 0.6 ≤ n ≤ 1. Equa-
tion (1) predicts that if (at certain temperature)σDC is much
less than the second term, thenσ(ω, T ) ∝ ωn, so that a log-
log plot ofσ againstω describes a straight line with slopen.
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TABLE I. Comparison of results forε′(T ) in sampleC60 − x with those reported in other publications.

this work (polycrystal) Alers [5] (single crystal) Mondal [6] (polycrystal) Min Gu [7](polycrystal)

Onset of transition,Tc [K] 258 260 260 245 (cooling)

(cooling) (cooling) (cooling) 252 (heating)

Width of transition,∆T [K] 24 6 25 22 (cooling)

20 (heating)

Anomaly atTc, ∆ε′/ε′ in % 1.8 2.4 0.4 0.3 (jump, cooling)

1.7 (peak, heating)

Relaxation step,∆ε′/ε′ in % 0.45±0.10 0.60±0.10 0.57±0.10 No data is presented

Background slope,∂ε′
∂T

[K−1] -5.24× 10−4 -1.82×10−4 -1.24×10−5 +6.67×10−5

On the other hand, ifσDC becomes larger than the sec-
ond term (by increasing temperature, for example), then
σ(ω, T ) ∝ σDC(T ), in which case the AC technique ren-
ders a measurement ofσDC , and a plot ofσ againstω in
log-log scale should give a horizontal straight line. The be-
havior ofσDC(T ) for polycrystalline semiconductors, is usu-
ally interpreted in terms of Seto’s grain boundary trapping
theory [21], which assumes the presence of a large amount
of trapping states at the grain boundary able to capture free
carriers. These (charged) states at grain boundaries create po-
tential barriers, which oppose the passage of carriers from a
grain to the neighboring ones.

When plotting in Fig. 4 our data ofσ againstν(= ω/2π)
in log-log scale for sampleC60−x, we clearly observe a lin-
ear behavior implying a negligible contribution ofσDC(T )
according to Eq. (1). The best fit to the data givesn = 1.007
for a wide temperature range (125-300 K). From careful ex-
amination of Fig. 4 we can deduce thatσDC ≤ 10−12 S/cm,
becauseσDC should be smaller than the minimum value ofσ
measured at the lowest frequency (100 Hz). This is in good
agreement with the strong reduction of conductivity expected
from the oxygenation of our sample [13,15,19].

Finally, in Fig. 5 we analyze the dielectric relaxation ob-
served in the130 − 200 K range for sampleC60−x. Re-
laxation of a dipolar system is usually a thermally activated
process if temperatures are not too low. The relaxation rateν
is related to the relaxation timeτ by ν = (2πτ)−1 and has a
temperature dependence given by

ν(T ) = ν0 exp
(
− U

kBT

)
, (2)

whereν0 is the ”attempt frequency”,U the reorientation bar-
rier, kB is Boltzmann’s constant andT is the absolute tem-
perature. Figure 5 is an Arrhenius-type plot of the measuring
frequencyν against the inverse of the temperature position
of the (local) maxima observed inσ in the 130-200 K range
(Fig. 2b). A reasonable fit to the behavior of Eq. (2) is
achieved withν0 = 2.4 × 1012 Hz andU = 0.237 eV. In
Fig. 5 we have also included results from Alerset al. [5] and
Mondalet al. [6] for two of the samples each group reports,
and also a global mean value (marked as Mondal-tot) that
Mondal gives as the best fist to data obtained from a variety

FIGURE 4. Log-log plot of the conductivityσ(ν, T ) against
frequency ν in sample C60−x for temperatures in the range
125-300 K.

of techniques covering about 13 decades in frequency. The
reorientation parameters obtained by these authors are com-
pared in Table II against our results. We find a fair agreement
with the reported results but we note that our value forU is a
bit smaller. This reduction in reorientation barrier is again a
consequence of the oxygenation of our sampleC60−x. The
small charge transfer betweenO2 and C60 molecules [15]
as well as the expansion thatO2 must cause to theC60 lat-
tice [11] are effects that contribute to the reduction of reori-
entational barriers.
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TABLE II. Comparison between molecular reorientation parame-
ters obtained in sampleC60− x with those reported in other publi-
cations.

ν0[Hz] U[eV]

This work 2.4× 1012 0.237

Alers et al. [5] 1) 1.6× 1012 1) 0.270

2) 7.9× 1012 2) 0.280

Mondalet al. [6] 1) 2.0× 1013 1) 0.293

2) 8.0× 1013 2) 0.306

tot) 2.4× 1013 tot) 0.296

FIGURE 5. Arrhenius-type plot for the molecular reorientation rate
in sampleC60−x. Data reported by Alerset al. [5] and by Mondal
et al. [6] are also included.

4.2. AmorphousC60C60C60 (C60C60C60−a−a−a samples)

The description of samplesC60−a as amorphous (supported
by X-ray diffraction in Fig. 1) is confirmed by the inexistence
of anomalies inε′ due to phase transitions in the results of
Fig. 3. Considering that these samples are obtained from the
rapid condensation of sublimated vapors, they should consist
of C60 molecules rotating freely around their centers of mass
occupying sites deprived of translational symmetry. The dis-
orderly positions of neighbors around a givenC60 molecule
prevent collective coupling of interactions that affect their ro-
tational motion and, in consequence, the ordering transition

occurring at 260 K in crystallineC60 no longer takes place.
Due to this structural disorder, it is also expected that the di-
electric relaxation phenomena observed in crystallineC60 in
the 130-200 K range is also prevented.

The strong dispersion observed in Fig. 3 forC60−a is
evidenced by large room-temperature values forε′(≈ 716)
at low frequency (100 Hz). This behavior in the dielectric re-
sponse is similar to the so called Maxwell-Wagner effect [20]
which is usually interpreted as due to interfacial polariza-
tion as occurs when, for example, blocking contacts are es-
tablished. However, this behavior can also be observed in
heterogeneous systems like granular materials or in systems
where exist barriers and traps to the transport of charge carri-
ers, as it occurs in amorphous materials.

Our conductivity data in Fig. 3 forC60−a show noto-
rious contrast with that obtained for polycrystallineC60−x
(Fig. 2). The plot in Fig. 6 for the frequency dependence
of σ in C60−a at different temperatures should be compared
to the equivalent plot forC60−x in Fig. 4. From this com-
parison it is clear that forC60−a, the conductivity at room
temperature is basically independent of frequency and, ac-
cording to Eq. (1), the measurement ofσ (at low frequency)
is equivalent toσDC(T ), at least in the 250-300 K range.
With decreasing temperature,σDC becomes smaller and the
second term in Eq. (1) starts to dominate. In this regime, a fit
to the data givesσ ∝ νn with n = 0.72. Also from Fig. 6 we

FIGURE 6. Log-log plot of the conductivityσ(ν, T ) against
frequency ν in sample C60−a for temperatures in the range
200-300 K.
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can assert thatσDC ≈ 10−6 S/cm forC60−a at room temper-
ature, which should be compared withσDC ≤ 10−12 S/cm,
as already discussed for polycrystalline sampleC60−x. Six
orders of magnitude reduction in conductivity is the result of
prolonged air exposure of sampleC60−x.

According to the Davis-Mott model for amorphous semi-
conductors, the standard energy band scheme describing a
crystalline material changes in the amorphous case so that
the valence and conduction bands stretch out and develop
’tails’ while a middle allowed band (compensated levels) also
shows up near the center of the forbidden band gap [22,23].
Carriers with energies within the tails and the central band are
described by localized states while for other energies, the car-
riers are in extended states. In the Davis-Mott model, there
are three mechanisms of charge transport that dominate over
different temperature ranges:

(i) at the highest temperatures, the carriers are excited into
extended states where they acquire mobilities orders of
magnitude greater than in localized states;

(ii) at medium temperatures, the carriers are excited into
localized states in the valence and conduction band
tails; and

(iii) at the lowest temperatures, conduction occurs by tun-
neling between states located in the central band near
the Fermi level.

For case (i), the temperature dependence ofσDC(T ) pre-
dicted by this model is Arrhenius-type (thermally activated)
with an activation energy that equals the difference between
the Fermi level and the energy that defines the boundary be-
tween localized and extended states. In case (ii), conduc-
tion occurs by thermally activated hopping andσDC(T ) also
is of Arrhenius-type behavior but with an activation energy
that involves the Fermi level, the energies of the tail edges,
and a hopping activation energy, and in addition, the pre-
exponential factor acquires a weak temperature dependence.
Finally for case (iii), conduction is by phonon-assisted tun-
neling, also known as ’variable-range hopping’ and in that
caseσDC(T ) can be written as

σDC (T ) =
σ0√
T

exp


−

(
T0

T

)1
4


 , (3)

where σ0 and T0 are parameters of Davis-Mott
model [22,23].

Information aboutσDC(T ) extracted from our data for
C60 − a has been analyzed in terms of the three mechanisms
(i)-(iii) of the Davis-Mott model mentioned above. Our anal-
ysis indicates that the data is best described by mechanism
(iii) as can be seen in Fig. 7 where a fit to the behavior given
by Eq. (3) is reasonably good for temperatures in the range
200-300 K, covering a range of about four decades in conduc-
tivity. The adjusting parameters are:T0 = 2.022× 1010 K

FIGURE 7. Data of direct conductivityσDC(T ) fitted to the Mott-
Davis model in sampleC60−a (ν = 100 Hz).

andσ0 = 4.416 × 1034K1/2S/cm. In conclusion, DC con-
ductivity in sampleC60−a is well described by a (variable-
range) hopping mechanism in the 200-300 K temperature
range.

5. Conclusions

The dielectric constantε′ and conductivityσ of polycrys-
talline and amorphous samples ofC60 were measured in the
75-300 K temperature range at frequencies between 100 Hz
and 1 MHz.

Prolonged exposure to ambient air of the material em-
ployed in the preparation of polycrystalline samples drasti-
cally affects charge transport but weakly perturbs their di-
electric properties. Occupation of interstitial sites ofC60 lat-
tice by molecular oxygenO2, does not change the crystalline
structure or quenches interactions responsible for molecular
ordering, but effectively creates traps for charge carriers. In
polycrystallineC60, DC conductivity at room temperature
becomes less than10−12 S/cm as a result of oxygenation.
For samples prepared by sublimation and rapid condensation,
their amorphous nature is confirmed in dielectric measure-
ments by the total absence of phase-transition anomalies in
the measured dielectric constant. Because amorphous sam-
ples are oxygen-free, their DC conductivity at room tempera-
ture turns out to be of10−6 S/cm, that is, six orders of magni-
tude higher than the oxygenated polycrystalline samples. DC
conductivity in the amorphous samples is well described in
the 200-300 K range by Mott-Davis variable-range hopping
model.
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