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a b s t r a c t

The present study was focused to investigate the effect of Co concentration on structural and, mag-
netic properties of Co–SiO2 nanocomposite thin films. Co–SiO2 nanocomposite films with different cobalt
atomic concentration up to 49 at% were synthesized using direct current (DC) and radiofrequency (RF)
magnetron co-sputtering. TEM and XRD analyses reveal the formation of both FCC (1 1 1) and HCP (1 0 1)
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phases in all the samples. The particle size and surface roughness of these films is found to increase with
increase in cobalt concentration. Magnetic measurements reveal that the embedded cobalt nanoparticles
behave as superparamagnets when their size is ≤16 nm. The coercivity at 3 K decreases while value of
blocking temperature increases with increase in the size of embedded Co nanoparticles.

© 2010 Elsevier B.V. All rights reserved.
locking temperature

. Introduction

Nanocomposite thin films made of transition metal particles
mbedded in insulating matrix such as Co–SiO2, Ni–SiO2, and
e–SiO2 exhibit superior magnetic and optical properties, which
ay be exploited for optoelectronic device applications [1]. The

roperties of magnetic nanoparticles are different from those of
he bulk magnets because, in nanoparticles, an increasing frac-
ion of the magnetic atoms lies at the surface, thus reducing the
verage number of neighbors and favoring the interaction with
he surrounding atoms of the matrix. Below a critical diameter
f 10–100 nm (values for typical materials) the magnetic parti-
le supports only one domain. Single domain magnetic particles
re attractive for technological applications, such as high coer-
ive films for data storage and giant magnetoresistance for read
eads. The interest in nanocomposites consisting of nanometric
agnetic particles embedded in an insulating matrix such has sil-

ca has grown considerably in recent years due to new magnetic

roperties presented by these kind of materials. For metal vol-
me fraction well below the percolation limit, the insulating host
atrix prevents the interaction among nanoparticles, thus giving

n ideal frame to investigate their intrinsic magnetic properties.

∗ Corresponding author. Tel.: +91 1332 285743; fax: +91 1332 286303.
E-mail address: ramesfic@iitr.ernet.in (R. Chandra).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.11.151
The magnetic properties of such systems are closely related to
the particle size and concentration [2–5]. For example, Sen et al.
have recently studied the effect of concentration of Co nanopar-
ticles in SiO2 matrix [6]. Lu et al. have studied the effect of SiO2
matrix on the growth of Co nanoparticles [7]. However, from the
basic research point of view it would be much more interesting
to synthesize such systems in which all the parameters affecting
the average magnetic properties, such as particle size and size dis-
tribution, crystalline phase, spatial arrangement of nanoparticles,
could be varied independently and their effects could be studied. Co
nanoparticles below a critical size, show superparamagnetism due
to their lower magnetic energy in the form of single domains [3].
Within single domain particle magnetic moments flip all together
as a supermoment between easy magnetization axes when ther-
mal energy is larger than the anisotropy energy barrier. Thus the
magnetic behavior of an ensemble of this kind of single-domain
particles is paramagnetic-like [8–10]. It is well known that para-
magnetic nanoparticles are not suitable as memory storage since
thermal fluctuations result in losing stored data. Several efforts
have been made to stabilize the residual magnetization of nanopar-
ticles under zero applied field, for instance by embedding them in
an antiferromagnetic matrix [9]. A shell of CoO or SiO2 around Co

particles could play such a role [11–13]. The studies on magnetic
properties of sputter deposited Co–SiO2 thin films are limited in
the literature [14,15]. However study of Co–SiO2 system synthe-
sized by other techniques like sol–gel and ion implantation has
been done by several authors [6–8,16–22]. Therefore, the present

dx.doi.org/10.1016/j.jallcom.2010.11.151
http://www.sciencedirect.com/science/journal/09258388
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structure is revealed. Note that the contact of nanoparticles and the
matrix material naturally can change the ranges of the particle sizes
in which the FCC and HCP phases are stable [30–34]. For example,
the HCP phase is stable, along with the FCC phase, in cobalt particles
ig. 1. XRD pattern showing the most intense peaks of FCC and HCP cobalt phases
t low angles in samples having different cobalt concentrations.

ork is focused on to fabricate Co–SiO2 nanocomposite films by
sing DC/RF magnetron co-sputtering and investigate the effect of
obalt concentration on their magnetic behavior. The nanocompos-
te thin films were characterized by XRD, TEM, AFM, FE-SEM/EDS,
nd SQUID to substantiate the influence of size effect of Co nanopar-
icles on their magnetic properties.

. Experimental

Cobalt–silica nanocomposite films were prepared by co-sputtering of silica and
obalt on Si(1 0 0) substrate by DC/RF magnetron sputtering. Depositions were
erformed at substrate temperature of 600 ◦C in Ar atmosphere at a pressure of
0 mTorr. The RF-power to the 2 in. diameter silica target was fixed at 250 W dur-

ng depositions, while the relative amount of cobalt was changed by varying the DC
ower (from 10 to 50 W) applied to the 2 in. diameter cobalt target (purity 99.95%).
efore deposition, the Si substrates were etched in HF then ultrasonically cleaned

n propanol-2. All depositions were carried out in three steps: a first single depo-
ition of silica was made for 5 min (to avoid the diffusion of Co in Si Substrate)
ollowed by the co-deposition of silica and cobalt (60 min duration for all samples).
s a final step in the preparation, a single silica deposition was performed for 5 min

to avoid oxidation of cobalt). Nanocomposite films with different concentrations of
o were prepared following the same procedure. The thicknesses of final nanocom-
osite films were measured by cross sectional FE-SEM (FEI, QUANTA 200F) image.
he cobalt concentrations present in the samples were measured by using the EDAX
ttachment in the FESEM.

X-ray diffraction (XRD) (Bruker AXS, D8 advance model) was used to study
rystallinity, phase formation and particle size of the sputter deposited samples. X-
ay diffraction patterns were recorded by using Ni-filtered Cu K� radiation (30 mA,
0 kV) in air at room temperature with step size of 0.02◦ in a 2� scattering angle
ith time taken per step as 0.5 s. Transmission electron microscopy (TEM) investi-

ation was carried out using a TEM (FEI, TECNAI G2) microscope operated at 200 kV.
elected area electron diffraction (SAED) revealed the nature of crystalline phases
resent in the samples. The surface morphology and roughness of the thin films were
xamined by AFM (NT-MDT, Ntegra), operated in semicontact (tapping) mode.

The magnetic properties of the films were studied using a SQUID (Quantum
esign, MPMS XL) magnetometer. Field-cooled (FC) and zero-field-cooled (ZFC)
easurements were performed on the films in the temperature range of 3–300 K,

nder a magnetic field of 500 Oe. Hysteresis loops were recorded at room temper-
ture and 3 K, with a magnetic field up to 10 kOe.

. Results and discussion

XRD diffraction (shown in Fig. 1) shows that two types of cobalt
anoparticles precipitate in all the studied films showing FCC (1 1 1)
nd HCP (0 0 2) structures. The films contain FCC particles with a

ean size of 10, 16 and 29 nm for cobalt concentration of 7, 28 and

9 at%, respectively. Particle size increases with increase in cobalt
oncentration which may be due to the agglomeration of cobalt
articles takes place at higher concentration. Particle sizes were
Fig. 2. Cross sectional image of 7 at% Co sample.

calculated by using Scherrer formula [23], given as

t = 0.9�

B cos �

where B is the full-width at half maximum (FWHM) of a Bragg peak
in radian, � is the wavelength of X-ray (1.54 Å for the Cu target), and
� is the Bragg angle.

In our opinion the fact that deserves attention is the simultane-
ous presence of the FCC and HCP Co phases in the particles studied.
In bulk polycrystalline alloys, the HCP Co phase is stable; the poly-
morphic transition to the FCC phase occurs above 420 ◦C. Numerous
experimental studies, which were aimed at the production and
analysis of nanocrystalline Co and Co nanoparticles, demonstrated
that FCC Co is stable in these structural modifications at room tem-
perature [24–29]. A study of free Co nanoparticles [25] showed that
at room temperature in Co particles ≤20 nm in size there is only
an FCC phase; in particles of 20–40 nm, a mixture of the FCC and
HCP phases is observed; and in Co particles ≥40 nm in size, the HCP
Fig. 3. SAED image of sample having 28 at% Co.
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electron diffraction patterns were taken in the Transmission Elec-
tron Microscope. SAED pattern of the sample Co 28 at% (shown in
Fig. 3) reveals the formation of FCC (1 1 1) and HCP (1 0 1) and (0 0 2)
phases of cobalt nanoparticles in silica matrix. The results obtained

Table 1
Value of coercivities at 3 K and 300 K and blocking temperature for different cobalt
concentration in films.

Power given to Co conc. Coercivity Coercivity Blocking
ig. 4. AFM images for (a) 7 at%, (b) 28 at% and (c) 49 at% showing the increase in d
e) 28 at% and (f) 49 at% shows the roughness increase with increase in cobalt conce

bout 5 nm in size in an ultrafine teflon matrix [34]. The compos-
tes used in our study had Co particles of 10–29 nm in size and also
ontained the FCC and HCP phases simultaneously.

Cobalt concentrations present in the samples were measured
y EDAX attachment in FESEM. The variation of cobalt concentra-
ion with the power given to cobalt target is given in Table 1. The
hicknesses of nanocomposite films were measured by taking their
ross sectional image in FESEM (Fig. 2). The measured thicknesses
ere found to be 1.2, 1.9, and 2.3 �m, for the samples containing
, 28, and 49 at% cobalt, respectively. The thickness of the films
s found to increase with increase in cobalt concentration, for the
bvious reason that the total DC power was increased for increasing
he Co concentration. In order to observe the spatial distribution of
he two FCC and HCP phases in cobalt nanoparticles selected area
of the material with increase in cobalt concentration and 3D images for (d) 7 at%,
on.
Co target (W) (at%) (Oe) at 3 K (Oe) at
300 K

temp (K)

10 7 1505 0 27
25 28 1104 0 70
50 49 376 251 Above 300
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Fig. 5. M–H curves of samples having different cobalt concentration at 300 K.

n SAED pattern support the measurements taken by XRD which
lso shows the formation of both FCC and HCP phases in the sam-
les. The surface topography of the samples was studied by Atomic
orce Microscopy. The AFM images (shown in Fig. 4) reveal that
he density of the films increases with increase in Co concentration.

hile the root mean square (rms) value of roughness is found to be
.56, 4.45 and 7.22 nm for 7, 28 and 49 at% Co samples, respectively.

The magnetic behavior of the nanocomposite films was investi-
ated by measuring the hysteresis loops at 300 K and 3 K by SQUID
agnetometer as shown in Figs. 5 and 6, respectively. For all the

amples, the measured magnetic moments were normalized to vol-
me of the respective films. It is observed that the film containing
9% Co remains is ferromagnetic up to room temperature (RT) while

ess concentrated systems show no more residual magnetization
t RT which may be signature of superparamagnetism. In Fig. 7(a)
ariation of coericivity at room temperature for different samples
aving different cobalt concentration has been plotted. Looking at
he hysteresis loops at 3 K (Fig. 6) for these samples we find that the
oercivity (given in Table 1) found to decrease with increase in the
obalt concentration which could be due to the fact that increase in
obalt concentration leads to increase in particle size that results
n the transformation of particles from single domain (for Co 7 at%)
o multi-domain (in case of Co 28 at% and Co 49 at%).
The magnetization of a multi-domain particle can be changed
in presence of external field) by moving the position of a domain
all, which causes some domains to increase in size and others to
ecrease. A multi-domain particle may contain many easily mov-
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Fig. 6. M–H curves of samples having different cobalt concentration at 3 K.
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Fig. 7. Variation of Hc at 3 K (a) and 300 K (b) with different cobalt concentration.

able domain walls. Consequently, it is much easier to change the
magnetization of a multi-domain particle than of a single domain
particle. As a result multi-domain particles are less stable carriers
of remanent magnetization than single domain particles. Therefore
multi-domain particles have less coercivity than single domain par-
ticles. The coercivity behavior of multidomain particles is found to
be according to the following relation:

Hc = a + b

D

where Hc is coercivity, ‘a’ and ‘b’ are constants and ‘D’ is the diam-
eter of the particle [35]. It is clear from this relation that coercivity
for multidomain particles decreases with increase in particle size.
Coercivities at 3 K for different cobalt concentration has been plot-
ted in Fig. 7(b) which shows the decrease in coercivity values with
increase in cobalt concentration.

In the studied samples both HCP and FCC phase of cobalt parti-
cles are present. HCP-Co is magnetically harder than the FCC phase
due to its magnetic anisotropy and high coercivity as compared
to the symmetrical and low coercivity FCC phase. Because of the
difference in crystal structure, variations in physical and magnetic
properties between the two polymorphs arise. HCP-Co is slightly
denser than FCC-Co, even though both phases are close-packed
structures. Thus; the highly anisotropic HCP-Co is more desirable
for magnetic recording and other permanent magnet applications
[36,37]. On the other hand, the FCC phase is more suitable for soft

magnetic applications [38]. In our samples both the phases are
present. Presence of highly anisotropic HCP phase may be one of
the reasons of high coercivity obtained in our samples.

Composite films formed of isolated nanograins exhibit magnetic
features dominated by their thermal demagnetization (superpara-
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agnetic behavior) above the temperature at which the thermal
nergy becomes larger than the magnetic energy barrier. This
hreshold temperature TB, called blocking temperature, above
hich a particle with volume V and magnetic anisotropy energy
er unit volume Keff (generally of crystalline origin) exhibits the
uperparamagnetic behavior, is expressed by the following equa-
ion

B = Keff V

˛kB
(1)

here kB is the Boltzmann constant, and ˛ is a constant usually
aken as 25 in the case of SQUID measurements [14]. The superpara-

agnetic behavior of the nanocomposite films was investigated by
sing the zero-field cooled (ZFC) and field cooled (FC) procedure to
bserve a maximum of magnetization close to TB and a Curie law
bove TB. Magnetization measurements versus ‘T’ under a field of
00 Oe are shown in Fig. 8.

At high temperature (Fig. 8) both the FC and ZFC curves coin-
ide and their behavior approximately follows a Curie–Weiss law
which is evident from the plot of ‘M’ verses ‘1/T’ shown in the
nsets of Fig. 8(a) and (b)). At low temperatures, the ZFC and FC
urves separate and the ZFC magnetization curve exhibits a broad
aximum, characteristic of superparamagnetism. It occurs due to

he progressive de-blocking of particles of increasing size when
he temperature is increased. The maximum temperature in the
FC curve (Tmax) is related to the blocking of particles with mean
ize, while the temperature at which the ZFC and FC curves begin to
eparate (Tsep) corresponds to the blocking of the largest particles.
he average blocking temperature of the sample is defined by the

locking temperature of particles with mean size. Thus the block-

ng temperatures for cobalt concentrations of 28 at% and 7 at% are
0 K and 27 K, respectively. The particles size calculated from corre-
ponding TB values (using Eq. (1)) are found to be 7 nm and 5 nm for
8 at% cobalt and 7 at% cobalt, respectively. The observed difference
erature (K)

t concentration (a) 7 at%, (b) 28 at% and (c) 49 at%.

from the particle sizes calculated by XRD peaks may be because of
the fact that we got too high value of TB which may be because
of (i) particles dipoles interaction or (ii) their anisotropy energy
is increased by stress [39–41]. The value of magnetic anisotropy
used in calculation of particle sizes from TB is 6.3 × 105 J M−3

[42]. In 7 at% Co nanocomposite thin films, the separation of the
ZFC–FC is increasing at low temperatures, which reveals that the
nanoparticles are mainly blocked, in agreement with the hystere-
sis measurements. With increase in temperature, the ZFC curves
exhibit a maximum; it is an indication of the progressive trans-
formation of nanoparticles to superparamagnetic behavior. All the
nanoparticles show superparamagnetic behavior above the tem-
perature at which the ZFC–FC branches combine. It is evident that
the nanocomposite films with Co concentration of 28 at%, and 7 at%
samples are superparamagnetic at 300 K, and also from the zero
value of coercive field at room temperature as shown in Fig. 6. For
the nanocomposite films with 7 at% Co, relatively small broadening
of the ZFC curve is observed and the fact that Tsep and Tmax are quite
close to each other suggests a narrow size distribution of the Co par-
ticles. While the observed ZFC–FC curves for the Co 28 at% sample
shows larger separation between Tsep and Tmax and the effects of
both particle size and magnetic anisotropy distributions [14].

4. Conclusions

The Co–SiO2 nanocomposite films were deposited by using
DC/RF magnetron co-sputtering. The XRD results showed the for-
mation of FCC + HCP structure in the films deposited with 7, 28

and 49 at% Co concentration. The AFM results show increase in
roughness with increase in cobalt concentration. It is observed
that the magnetic properties of Co–SiO2 nanocomposite films are
influenced by size, composition, and surface properties of the Co
nanoparticles. ZFC–FC curves show the signature of superparamag-
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etism ≤16 nm size of Co nanoparticles. SAED pattern of the films
hows the formation of both HCP and FCC structures, which are
n agreement with the XRD results. It is evident from the ZFC–FC
urves that blocking temperature increases with increase in par-
icle size. Value of coercivity is found to decrease with increase in
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