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a  b  s  t  r  a  c  t

Cobalt  doped  carbon  thin  films  have  been  deposited  by  a pulsed  anodic  electric  arc  technique.  The  films
were characterized  by  high  resolution  transmission  electron  microscopy,  electric  measurements  under
dc magnetic  fields,  and  ac magnetic  susceptibility  measurements  within  a temperature  range  15–300  K.
An insulating  to  a metallic  state  transition  at a  critical  temperature  around  60  K was  observed.
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. Introduction

In the past two decades, nanocrystalline magnetic materials
ade of metallic nanoclusters dispersed in an amorphous matrix

ave attracted considerable interest owing to their electrical [1–3]
nd magnetical [4–7] properties for applications such as sensors,
lectrode devices, optic components and for fundamental research
8,9].

Hayashi et al. [10] have reported the fabrication and charac-
erization of magnetic thin films of h.c.p. cobalt nanocrystals of
round 8 nm size encapsulated in graphite-like carbon cages. The
obalt grains had ferromagnetic nature thus has great potential for
ltra-high-density magnetic recording media.

It has been reported that insertion of metallic atoms in an amor-
hous carbon matrix increases the fraction of Csp3 coordinated
arbon to the detriment of Csp2 sites [11]. The incorporation in the
arbon network of various metallic atoms, like Ti, Zr, Ta, Cr, Mo,  W,
e, Co, Ni, is a good alternative to improve the tribological [12–16],
lectric [17–21] and magnetic [22–28] properties of carbon films
or various applications as solid lubricant films, microelectrodes or

agnetic films.

Various techniques have been used to fabricate metallic nan-

clusters dispersed in an amorphous matrix, such as filtered
athodic vacuum arc deposition [29–31],  pulsed laser deposition
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E-mail address: jean-luc.dellis@u-picardie.fr (J.-L. Dellis).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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[32], co-sputtering [21,33],  dual beam evaporation [14], chemi-
cal vapor deposition [34,35] and detonation [36,37]. Among these
different methods, cathodic arc deposition [38,39] is character-
ized by a high degree of ionization, large ion kinetic energy and
a high deposition rate. Cathodic arc processes produce unwanted
macroparticles in the �m range which can be removed from the
plasma by a magnetic filter. On the contrary, anodic arcs do not
suffer from macroparticle contamination, which was  the main
motivation of using this deposition technique in the present study.
However, this anodic technique leads to low cobalt deposition
rates.

In this paper, we report investigations on the electric and
magnetic properties of cobalt doped carbon thin films deposited
by DC pulsed anodic arc deposition for pure carbon and 0.3% cobalt
samples whose properties were representative of all the samples
we prepared.

2. Experimental details

2.1. Sample preparation

The cobalt doped carbon films were deposited by a home made pulsed anodic
electric arc system, using graphite rod electrodes of 6 mm diameter. The anode was
made of pure graphite rod packed with Co/C powder in a hole of 2 mm diameter in
the  center of the rod. The cathode was made of pure graphite rod. Both purities of
graphite and cobalt powder were 99.9%. The anodic arc is triggered when cathode

and anode touch each other. The arc current was 70 A and dc discharge voltage was
40  V with an arc duration of 1 s and pulse repetition rate of 5 Hz. A bias voltage of
dc  −400 V was applied to the subtrate holder. The base pressure of the deposition
chamber was 0.1 Pa. The content of cobalt in carbon films were determined by atomic
absorption using a PerkinElmer A. Analyst 300 apparatus. The weight ratio of cobalt

dx.doi.org/10.1016/j.jallcom.2011.06.068
http://www.sciencedirect.com/science/journal/09258388
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o  carbon is found to be 0.3%. This cobalt content is monitored by the percentage
obalt (here 26%) in the Co/C powder used to made the anode.

The substrates were crystalline silicon [1 0 0] and glass, cleaned by degreasing in
uccessive ultrasonic baths of trichloroethylene, acetone and methanol. The thick-
esses of the deposited films, determined using a Dektak 3 profilometer, were about
00  nm.

.2. Microscope observations and analyses

The films surface has been observed using a scanning electron microscope with
 field emission gun (FEG, SEM, Quanta 200F) equipped with a microanalysis probe.
he  nanostructures of the films were observed by high resolution transmission elec-
ron microscopy (HRTEM) equipped with a microanalysis probe, at an accelerating
oltage of 200 kV.

.3. Electrical measurements

The electrical conductivity measurements were conducted in the coplanar con-
guration using an impedance spectrometer (Solartron SI 1260) in the frequency
ange from 1 Hz to 1 MHz, and temperature range of 15–300 K supplied by a Displex
E  202 cryogenerator. The Nyquist diagram at each temperature was  interpreted
ithin a parallel RC model, from which the electrical conductivity as a function

f  temperature was deduced. These studies were supplemented by conductance
elaxation measurements, that is time variations of the conductance for fixed tem-
erature, frequency and magnetic field.

.4. Magnetic measurements

The magnetic susceptibility measurements were carried out in the same ther-
al  and excitation frequency conditions. The susceptometer consists of a primary

oil  (made of about 20 turns) excitated by the variable current supplied by a current
ource driven by an ac voltage generator. The small alternating magnetic field along
he axis of the primary coil excites the sample occupying one of the two  compart-

ents of a secondary compensated coil. The voltage induced across the secondary
oil is dominated by the sample’s magnetic response.

. Results and discussion

.1. HRTEM studies

We present in Fig. 1, HRTEM image of the 0.3% cobalt sam-
le, showing a region with curved fringes representing fullerene
ike graphitic (graphene) layers with the spacing of 0.34 nm.  Struc-
ures with interlayer separation of 0.37 nm,  could be attributed
o chaoite, and regions containing a mixture of amorphous and
rystallized phases show a complex microstructure due to the

ig. 2. The Arrhenius plots of the conductivity as a function of the inverse of temperature
0  K and (b) pure carbon.
Fig. 1. HRTEM image obtained for 0.3% cobalt doped carbon thin film. Regions with
curved fringes of fullerene like graphitic layers can be seen.

deposition method used. The presence of cobalt was  confirmed by
microanalysis probe data, and a few misoriented regions well crys-
tallized of an average size of approximately 5 nm corresponding to
a fringe spacing of 0.22 nm close to that of the interlayer separation
in hcp Co (1 0 0) were observed.

3.2. Metal–insulator transition

We present in Fig. 2 the variation of the electrical conductivity

as a function of temperature deduced from the Nyquist diagrams
obtained at each temperature. For the 0.3% cobalt sample, in the
range of temperature 60–300 K, the conductivity curve increases
with the increase of temperature. However, below 60 K the oppo-

 for (a) carbon/cobalt (0.3%); the insert shows the crossover temperature at around
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ite takes place. The crossover temperature at around 60 K indicates
he possibility of a metal–insulator transition. The origin of this
ransition is probably due to the increase of the number of nano-
rystalline graphitic clusters induced by the presence of cobalt
n the semiconductor amorphous matrix. This assumption is sup-
orted by the recent Raman study we undertook and whose the
esults will be published in a separate article. The activation energy
a and pre-factor �0 in the Arrhenius plot have been calculated,
he values obtained (Ea = 1.7 meV  and �0 = 1700 S m−1) are in agree-

ent with those reported by Takeno et al. [21]. In order to confirm
he electrical anomaly around 60 K, direct impedance measure-

ents were carried out in the temperature range 15–300 K on the
.3% cobalt sample.

The impedance measurements consisted in recording the
ynamical response of the film to a small amplitude alternating
oltage of about 5 mV.  This generates a response-current provid-
ng information on the films’ physical properties. Processing these
urrent data with a lock-in amplifier allows us to obtain the sam-
les admittance formed by the in-phase and quadrature response
or equivalently to a conductance and a capacitance). It should be
oted that the condition of a ‘small’ amplitude excitation voltage

s essential since, this voltage being a probe, the perturbation of
he electronic states involved in the response must be minimized.

e used a field-cooled procedure in which we maintain the excita-
ion across the junction on cooling the sample. The data were then
ecorded during the cooling and the heating steps. The heating and
he cooling rate were fixed at a value of about 3 K/min, low enough
o avoid any kinetic thermal inertia effects on the measurements.

The typical thermal evolution of the resistance 1/G(T, ω)
xtracted from the real part of the admittance of the films at differ-
nt dc magnetic fields is presented in Fig. 3. These curves exhibit a
ell defined low temperature plateau over the temperature range

5–45 K followed by a remarkable “anomaly” at about 60 K. This
nomaly manifests itself as a resistance maximum on the “heated”
urves. The resistance amplitude seems to be sensitive to external
agnetic fields though the anomalous temperature shift remains
eak. The resistance curves show the sample to be metal-like

elow the anomalous temperature while it is insulating above. This
uggests an interpretation of this temperature as a critical thresh-
ld for a metal–insulator transition. Support for this hypothesis are
rovided by conductance relaxation measurements. Typical exam-
les of these curves (obtained at 17 Hz) are presented in Fig. 4.
These were obtained for zero magnetic field at a frequency
xed at 17 Hz between 25 and 150 K. At low temperatures, the
onductance does not vary with time. Just below the anoma-
ous temperature (curves at 40 K), the conductance decreases (the

ig. 3. Thermal hysteresis of the resistance for the 0.3% cobalt sample under various
agnetic fields. The presence of a maximum resistance suggests a metal–insulator

ransition.
Fig. 4. Changes of the conductance relaxational dynamics within the temperature
range 25–150 K.

resistance increases). At 50 K and above, we  observe a reversed
relaxation with time: the conductance increases with a long relax-
ation time. The limit between these two relaxational regimes takes
place at 45 K, the temperature at which the onset occurs of the
low temperature plateau of the resistance (see Fig. 3) or of the
capacitance. We  are thus led to distinguish this thermal onset as
a new critical threshold for a metal–insulator transition and merits
further study.

3.3. Magnetic susceptibility measurements

The main conclusions drawn from the resistance measurements
in magnetic field carried out on the 0.3% Co sample concerns
the anomalous behaviour observed within the temperature range
45–150 K. Our assumption of a metal–insulator transition taking
place are confirmed by ac magnetic susceptibility measurements.

The thermal evolution of the real part of the susceptibility
�′(ω,T) (at a frequency ω) for the 0.3% Co sample is reported in
Fig. 5. Upon heating, the susceptibility exhibits a peak around 60 K
coinciding with the resistance maximum. Above 150 K, the curves
obtained upon heating and cooling coincide, similarly to the resis-
tance. At high temperatures, the susceptibility seems to be constant
and negative. Nevertheless, we  hesitate to attribute this negative

constant value to diamagnetism. The diamagnetic contribution,
which is always present, can arise from the capsule containing the
powdered sample. But even when this unwanted component is sub-
stracted, the remaining magnetic response of the sample mixes a

Fig. 5. Thermal hysteresis of the real part of the magnetic susceptibility for the 0.3%
cobalt doped carbon film.
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iamagnetic component and a paramagnetic one. A deeper analysis
f these results is thus necessary and requires specific precautions
o conclude on the nature of the observed magnetic state.

These results are compared with those of Kumari et al. [40,41]
n iodine doped amorphous carbon prepared by vapor phase
yrolysis. Iodine incorporation and pyrolysis temperature induced

 transition from an insulating to metallic state at about 21 K.
lthough fullerene and chaoite phases have shown ferromagnetic
ehaviour [42], the pure carbon films containing these phases did
ot exhibit a magnetic anomaly in our study. Consequently, the
bserved magnetic behaviour is due to the presence of cobalt in
ur films.

. Summary

Cobalt doped carbon thin films were produced by a vacuum
nodic arc discharge technique. Observation by HRTEM revealed
hat the films were composed of well crystallized cobalt layers and
omplex graphitic microstructure. Electrical measurements show

 maximum resistance around 60 K, suggesting a metal–insulator
ransition on the 0.3% cobalt sample. Magnetic susceptibility mea-
urements show anomalous behaviour around 60 K.
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