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Abstract
We report the growth of a single layer of metallic cobalt nanoparticles in
a TiO2−δ matrix. The films are grown by pulsed laser deposition (PLD).
Transmission electron microscopy (TEM) is used to determine the morphology
of the system and the crystalline structure (HCP and/or FCC) of the cobalt
nanoparticles. A sharp interface between the nanoparticles and the matrix is
observed. Electron energy loss spectroscopy (EELS) is used to investigate
the metallic character of the cobalt. Oxidation of cobalt at the interface with
the matrix is not observed. With regards to the importance of the matrix
for transport properties and because of the great variability of the oxygen
content of TiO2−δ, efforts were also made on the analysis of TiO2−δ matrix.
EELS measurements indicate an oxygen deficiency with respect to the nominal
TiO2 composition which increases with growth temperature. This leads to a
rather low resistivity of the matrix which also decreases with increasing growth
temperature.

1. Introduction

In recent decades, nanosized multilayers or granular systems including magnetic metal such
as cobalt, iron or nickel have been intensively studied. This led to the discovery of giant
magnetoresistance (GMR) in iron chromium multilayers in 1988 [1] and a few years later
in systems made of cobalt nanoparticles embedded in a metallic matrix such as copper or
silver [2, 3]. Since then a lot of work has been done to enhance the GMR in granular cobalt
systems and to understand its origins, both theoretically and experimentally [4–6].

In the same time, granular cobalt systems based on an insulating matrix such as
Al2O3, SiO2, CoO, ZrO2 and inert gas were found to exhibit tunnelling magnetoresistance
(TMR) [7–11]. In fact, in magnetic granular systems TMR was already observed long ago in
Ni–SiO2 and Co–SiO2 [12, 13], but the discovery of GMR has stimulated the study of TMR in
these systems. In magnetic granular metals the magnetoresistance is due to the spin-dependent
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tunnelling of the conduction electron: the tunnelling probability of an electron with spin parallel
to the particle magnetization is higher than that of one with antiparallel spin. Thus the resistance
decreases when the particles’ magnetic moments align in response to a magnetic field.

The models of TMR developed by Helman and Abeles [14] and by Inoue and
Maekawa [15] were able to reproduce the main observed temperature dependence of TMR.
The first one shows a T −1 temperature dependence of the TMR whereas, for the second, the
TMR is nearly temperature independent over a wide temperature range. Both models fail to
explain the large TMR increase sometimes observed at very low temperature [16]. Mitani and
co-workers extended the Inoue and Maekawa model to take into account tunnelling between
granules of different sizes [16]. They claimed that the large TMR increase at low temperature
needed higher-order tunnelling processes, i.e. tunnelling processes involving more than two
nanoparticles. This feature is supposed to be inherent to granular systems with a broad
particle size distribution although it has also been observed in rather monodisperse granular
systems [9, 11].

Recently, the interest in granular systems has been extended to the study of current-induced
magnetization reversal (CIMR) where the magnetization of a nanomagnet is reversed not by an
external magnetic field but by spin transfer torque from high-density spin-polarized currents.
In these studies, both high GMR and TMR were found [5, 17].

The fabrication processes of magnetic granular systems are varied, but co-sputtering or
co-evaporation are mostly used [7, 8, 12, 13]. The nanoparticle assemblies obtained by
these methods typically show a broad particle size distribution with a correlation between the
magnetic metal fraction and the mean particle size. For example, it is difficult to produce an
assembly of small particles with low homogeneous interparticle distance. Moreover, magnetic
impurities embedded in the insulating matrix are very likely to be present, influencing the spin-
dependent tunnelling [19]. Another point which is rarely discussed is the chemical reactivity
at the metal/matrix interface. In fact, a high-quality metal/matrix interface is important for
maintaining the spin polarization across the structure. But within an oxide matrix, surface
oxidation of the magnetic material is highly possible [20, 21]. Such an oxidized shell around
the nanoparticles could also influence the spin-dependent tunnelling. An optimum control of
sample properties such as nanoparticles size, interparticle distance and metal/matrix interface
is then required to understand better and possibly enhance the TMR and CIMR effects. Only a
few techniques have been proposed to obtain such well-defined granular systems, for example
cluster beam deposition and pulsed laser deposition [9–11].

In this paper, we study the structural properties of a planar assembly of cobalt nanoparticles
embedded in a TiO2−δ matrix. Cobalt is a ferromagnetic metal with high Curie temperature and
spin polarization (PCo = 0.45). Titanium dioxide is a wide band-gap (3.1 eV) semiconductor,
extensively studied for spintronics and optoelectronics applications since 2001 [22]. The
structure of the nanoparticles and the cobalt valence state are examined together with some of
the matrix properties such as stoichiometry and conductivity. The differences between samples
grown at room temperature, 350 ◦C and 650 ◦C are also investigated. The magnetic properties
and TMR of this system have already been studied and the results have been reported elsewhere.
In the low-bias regime, a maximum TMR of about 6% is observed at low temperature [18]. The
TMR rapidly decreases with increasing temperature. In the high-bias regime, a very high TMR
of about 300% was observed at low temperature [17].

2. Experimental details

A pulsed excimer KrF laser (λ = 248 nm, τ = 20 ns) was used at a fluence of about 3 J cm−2

and a repetition rate of 2 Hz. The distance between the substrate and the target was 5 cm. The
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Figure 1. TEM images of cobalt embedded in a TiO2−δ matrix: (a) 6 nm thick continuous film of
cobalt grown at RT, (b) Co clusters layer grown at RT, with an amount of Co equivalent to a 1 nm
continuous layer, (c) Co clusters layer grown at 350 ◦C, with an amount of Co equivalent to a 1 nm
continuous layer.

substrate temperature was set either at room temperature (RT), at 350 ◦C, or at 650 ◦C. The
growth was performed under vacuum (10−6 mbar) with metallic Co and nominal TiO2 targets.

Transmission electron microscopy (TEM) was used to determine the film structure and
the crystalline structure of Co clusters. TEM observations were made with a JEM 2100F
microscope operating at 200 kV and equipped with a Gatan GIF spectrometer. The valence
state of Co and composition of the TiO2−δ matrix were investigated by electron energy loss
spectroscopy (EELS). The conductivity of the TiO2−δ matrix was measured by the four-point
method using evaporated-gold contacts. Optical absorption spectra were recorded with a UV–
vis–NIR CARY 500 spectrometer.

3. Results and discussion

3.1. Co film structures

A thick TiO2−δ buffer layer, typically 40 nm, was first grown on the native thin oxide layer of
a Si(100) wafer. Co films were grown on the TiO2−δ buffer layer, followed by an over-layer
of TiO2−δ. Both TiO2−δ layers are amorphous. Two types of embedded Co films are involved
here: a continuous Co film and a single layer of Co clusters (figure 1). Figure 1(a) shows a
continuous film of 6 nm thickness grown at RT. TEM observations indicate that the film is
polycrystalline with crystal grains of 6 nm in height and of about 10 nm in width. Both the α

phase (HCP structure) and β phase (FCC structure) of Co are present, with a predominance of
FCC structure (figure 2). Similar films were obtained at 350 ◦C.

When an amount of Co equivalent to a 1 nm continuous layer is deposited at RT, the
growth of Co is stopped at the nucleation stage. Then, small and closely packed clusters are

3



J. Phys.: Condens. Matter 19 (2007) 116205 B Vodungbo et al

Figure 2. High-resolution TEM (HRTEM) images of a
6 nm thick polycrystalline film of cobalt grown at room
temperature.

formed (figure 1(b)). The clusters are quite homogeneous, with a diameter of about 3 nm
and a separation distance of about 2 nm. Such single layers of monodisperse clusters exhibit
interesting properties in magnetism and tunnel electronic transport [17, 18]. Thus, the nature
of the clusters should be clarified. Lattice imaging was unsuccessful inside the clusters in the
present case. In fact, contrasts inside such small clusters are too weak compared to those inside
matrix. Moreover, amorphous TiO2−δ matrix crystallizes under the electron beam leading to
even more contrasts. The results of the spectroscopic analysis (EELS) undertaken in order to
determine the Co valence state in the small clusters are given below.

Similar growth occurs at 350 ◦C. However, the clusters begin to have an oblate shape, with
a height of about 3 nm and a width of about 4 nm. The clusters are less monodisperse than
those grown at RT. The separation distance between clusters ranges from 2 to 3 nm.

When the same amount of Co is deposited at high temperature (650 ◦C), large clusters
of Co are formed. Large clusters are of oblate shape with a broad size distribution from 5 to
10 nm. The inter-cluster distance is generally greater than 10 nm. Lattice imaging indicates
that the clusters are mostly of FCC structure. Such polydisperse and widely separated clusters
are a priori not interesting for tunnel magneto-electronic transport.

3.2. Co valence state in small clusters

Co clusters of about 10 nm in diameter, i.e. grown at 650 ◦C, are of metallic structure, as
observed in HRTEM lattice images. If an oxide coating exists, it cannot exceed a few atomic
layers. Questions remain for the case of small clusters with about 3 nm diameter or lower. One
important point is to clarify the chemical nature of Co in small clusters. Due to the increasing
importance of the surface versus the volume in small clusters, an oxide coating could induce a
large proportion of non-metallic Co. The nature of clusters and the interface between clusters
and matrix are key parameters controlling the tunnel electronic transport between clusters and
the magnetic properties of clusters. EELS measurements were made in order to probe the Co
valence state. The energy resolution (1 eV) does not permit one to detail the chemical shift
between Co0, Co2+ and Co3+ at the L edge. However, it is well known that the shapes of the
L3 and L2 white lines and their intensity ratio are sensitive criteria of the Co valence state [23].

Reference EELS spectra of Co2+ and Co3+/Co2+ at the L edge were first established from
CoO and Co3O4 crystals in a powder sample. A Co3O4 crystal of about 80 nm diameter was
identified with HRTEM lattices images. The EELS reference spectrum of Co3+/Co2+ (figure 3)
was taken for this crystal in diffraction mode, under similar conditions to those which were
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Figure 3. EELS spectra at the Co L edge of cobalt nanoparticles grown at RT embedded in a TiO2−δ

matrix compared to metallic cobalt, CoO and Co3O4 references.

used for small Co clusters. The effective Co valence is +2.67 in this case. The spectrum of
Co2+ was obtained from a crystal of about 70 nm diameter, previously identified as CoO by
HRTEM. The spectrum of Co0 was established with a continuous polycrystalline Co film of
6 nm thickness grown by PLD at RT. A spectrum obtained in Co clusters with 3 nm diameter
and grown at RT is displayed in figure 3 with the reference ones. Similar spectra were obtained
with small Co clusters grown at 350 ◦C. The secondary electron background in the spectra was
removed and the spectra were normalized for comparison. At this point, it is important to note
that the electron beam we use for EELS measurements is rather large (�10 nm), in order to
avoid sample damage. Thus the EELS measurements of Co clusters are not spatially resolved
but are recorded from a large number of Co clusters.

In the Co L2,3 spectra, one may notice two main features concerning the intensity ratio
of L3/L2 white lines and the spectrum shape. The intensity ratio of L3/L2 white lines in Co
clusters and the Co0 reference is much higher than that in Co3O4 (Co2.67+) and smaller than that
in CoO (Co2+). The shape of L3 and L2 white lines is more asymmetric in the case of metallic
Co than in the case of cobalt oxides. Beyond the L3 and L2 white lines, the background steps
in the spectra of Co clusters and Co0 reference are also higher than those for cobalt oxides. It
is obvious for the present case that the spectrum of small clusters is close to the metallic Co
one. More precisely, and within the limits of the present EELS technique used, no differences
can be observed between the small clusters and metallic Co. The nanoparticles are therefore
mainly composed of metallic cobalt.

At this point it is important to recall that the particles are very small. Indeed, for a spherical
nanoparticle of 3 nm diameter, surface atoms represent more than 30% of all atoms. If there
was a strong charge transfer between oxygen ions of the matrix and the surface cobalt atoms of
the nanoparticles, a large amount of cobalt atoms would be oxidized. In this case the EELS
spectrum of small clusters would deviate from that of metallic cobalt. This is clearly not
observed. The presence of an oxidized shell, equivalent to the oxidation of all the surface
Co atoms, can be excluded in our nanoparticles. The interface between the nanoparticles and
the matrix is then an abrupt metal/insulator interface.

5



J. Phys.: Condens. Matter 19 (2007) 116205 B Vodungbo et al

Figure 4. EELS spectra at Ti L and O K
edges of TiO2−δ films grown at RT and
350 ◦C compared to a rutile reference.

3.3. TiO2−δ matrix characteristics

It is well known that titanium oxides have a large variability in oxygen stoichiometry, with
compositions varying from TiO to TiO2 [24]. The physical properties are strongly dependent
on the oxygen stoichiometry. The chemistry of the TiO2−δ matrix grown at RT and 350 ◦C
has been investigated by EELS measurements. A EELS reference was first made in a TiO2

rutile crystal under similar conditions to those which were used for the TiO2−δ matrix. Figure 4
displays the spectra of the TiO2−δ matrix grown at RT and 350 ◦C, together with the rutile
reference. For these spectra, the secondary electron background was subtracted. The shapes
of the Ti L2,3 white lines and the O K edge are quite similar in the amorphous TiO2−δ matrix
and rutile. However, one can notice that the crystalline field of octahedral symmetry in rutile
leads to a splitting of the Ti L2,3 white lines (and of the O K edge). This disappeared in the
amorphous TiO2−δ matrix, as expected. One should point out that the shapes in EELS spectra
are very sensitive to the local atomic environment, especially for O K edge. In particular,
EELS spectra of TiO2 anatase and TiO crystals are different from the rutile one [25]. With
respect to the local chemistry, the amorphous TiO2−δ matrix grown can be qualified as rutile-
like. The ratio of the O K edge net area to the Ti L one can be used to provide an estimate
of the matrix composition, taking rutile as the standard. As reported in the literature [25], the
cross sections of Ti L and O K edges in EELS are structure dependent, and the composition
determination cannot be very precise. However, for the present case the similarity in EELS of
the TiO2−δ matrix grown and the rutile crystal allows us to take rutile as the standard and to use
the method to establish a composition deviation from rutile. Taking a window of 30 eV over
the Ti L and O K edges, the composition is found to be TiO1.95±0.05 for the matrix grown at RT
and TiO1.85±0.05 for the matrix grown at 350 ◦C. The results remain stable when the window
varies from 20 to 40 eV.

The electronic and electric properties of TiO2−δ matrix are important features in the
magneto-transport in this granular system. In particular, the energy gap of the matrix is an
important parameter for determining the barrier height in the tunnel transport process between
metallic clusters. Films of TiO2−δ matrix were grown at RT and 350 ◦C on silica for optical
absorption (120 nm) and electric measurements (60 nm). Although the TiO2−δ matrices grown
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Figure 5. (a) Optical absorption curves of TiO2−δ films grown at RT and 350 ◦C. (b) Resistivity
versus temperature curves of TiO2−δ films grown at RT and 350 ◦C.

(This figure is in colour only in the electronic version)

at RT and 350 ◦C have compositions close to rutile, their physical properties appear to be quite
different, and sensitively depend on the temperature. From optical absorption (figure 5(a)), an
apparent optical energy gap of about 2.9 eV for the matrix grown at RT was found using the
relation between absorbance and energy for indirect transitions [26]. It is a bit lower than the
TiO2 energy gap in either the rutile (3.0 eV [27]) or anatase (3.2 eV [28]) form. For the matrix
grown at 350 ◦C, the optical energy gap is 2.7 eV, but after a 2 h post-annealing at 350 ◦C under
an O2 pressure of 1 bar, the gap increases up to 3.0 eV, reaching that of rutile.

Electrical measurements revealed a semiconducting behaviour of the TiO2−δ matrix
(figure 5(b)) with a resistivity of 0.5 � cm at RT. Increasing the growth temperature strongly
reduces the resistivity of the TiO2−δ matrix down to 10−2 � cm. This is consistent with the
stoichiometry deduced from EELS data since the resistivity of TiO2 decreased with increasing
concentration of oxygen vacancies [29].

4. Conclusion

Cobalt layers embedded in a TiO2−δ matrix have been successfully grown at RT and at 350 ◦C.
The structural properties of these layers have been investigated by TEM. For an equivalent
amount of cobalt of 6 nm, a continuous layer consisting of polycrystalline metallic cobalt is
produced. For an equivalent amount of cobalt of 1 nm deposited at RT, a planar assembly of
nanoparticles is produced. In the latter case the mean diameter of the nanoparticles is 3 nm and
the interparticle distance is around 2 nm. EELS measurements allowed us to determine that the
nanoparticles are mainly composed of metallic cobalt. No oxidized shell could be observed.

The influence of temperature on the morphology of the nanoparticles is small until 350 ◦C.
No differences were detected by EELS between nanoparticles grown at RT and 350 ◦C. The
matrix is much more sensitive to the growth temperature. EELS data show that the oxygen
content of the TiO2−δ matrix decreases with increasing growth temperatures from 2 − δ =
1.95 ± 0.05 to 2 − δ = 1.85 ± 0.05. The optical gap and the resistivity also decrease with
increasing growth temperatures.

The planar assembly of cobalt nanoparticles produced for a low amount of cobalt
deposited is very interesting for studying magnetoresitive effects in a granular system. The
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nanoparticle size and the interparticle distance are rather uniform compared to the system
usually studied. The absence of an oxidized cobalt shell leads to an abrupt metallic
cobalt/insulating TiO2−δ interface. The properties of the matrix can be varied independently
from those of the nanoparticles. The influence of geometric effects, such as percolation paths,
on the magnetoresistance of granular systems can be studied.
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