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We present a study of the optical and magneto-optical (MO) properties of Co nanoparticles
embedded in ZrO, in the spectral range from 1.4 to 4.3 eV. The nanostructured films were prepared
by pulsed laser deposition in a wide range of Co nanoparticle concentrations varying from 20% to
80%. For Co concentration lower than x~0.45 the size of the nanoparticles was found to remain
almost constant (D~ 2.5 nm), whereas it increases above it. Differences are found between the
optical and MO constant of the Co nanoparticles and those of continuous Co films. Those
differences are associated with size effects of the intraband contribution inside the nanoparticles.
© 2006 American Institute of Physics. [DOI: 10.1063/1.2356799]

I. INTRODUCTION

Granular films consisting of Co nanoparticles embedded
in a dielectric matrix are attracting a great scientific and tech-
nological interest due to their physical properties that differ
considerably from the bulk properties of the constituent ma-
terials and that can be used in a large number of applications.
These differences are due to the fact that in the nanoparticles
a relatively large fraction of the atoms are placed in the sur-
face, and also from their finite size that may produce quan-
tum size effects.'’™ Some of the interesting properties and
applications of these granular materials are the enhanced
Kerr rotation,” useful in magneto-optic (MO) recording
media® and sensors, or the giant magnetoresistance due to
spin-dependent tunneling,7’8 applicable for sensors and read
heads. In addition, their high coercivity,g’m permeability, and
electrical resistivity are valuable for shielding and bit writing
at high frequencies in magnetic recording media."!

In this paper we present a study of the optical and MO
response of Co nanoparticles embedded in ZrO,. Using an
effective medium approximation, we obtain the optical and
MO properties of the Co nanoparticles, which differ from
those of Co bulk material and depend on the size of the
nanoparticles. After a brief description of the fabrication and
experimental characterization techniques in Sec. II, we de-
scribe in Sec. III the morphological and structural evolution
of the Co nanoparticles as a function of the Co concentration.
In Sec. IV the magnetic response of the samples is presented
and in Sec. V the spectral response of the samples is calcu-
lated and described. Finally in Sec. VI we discuss how the
optical and MO response of the system are influenced by the
size of the nanoparticles.
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Il. EXPERIMENT

Co-ZrO, granular films were grown in a high vacuum
chamber equipped with a pulsed laser deposition (PLD) sys-
tem. The 200 nm thick films were deposited on Si substrates
by KrF PLD (wavelength of 248 nm, pulse duration 7
=34 ns) at room temperature (RT) and with Co volume con-
centrations ranging from 20% to 80%. Rotating composite
targets made of sectors of ZrO, and pure Co were used.
Different surface ratios of target components led to different
volume fractions of Co. The target-substrate distance was
fixed at 30 mm and the laser fluency was typically 3 J/cm?.
Three different granular samples were prepared with Co con-
centrations of 20%, 45%, and 80%, respectively. The average
composition and thickness were determined by microprobe
analyses. The structure of the samples was inspected by
x-ray diffraction (XRD) and high-resolution transmission
electron microscopy (HRTEM). Particle size distributions
were obtained from TEM. This parameter was also calcu-
lated by fitting the low-field magnetic susceptibility in zero-
field cooling (ZFC) and the high temperature isothermal
magnetization curves, M(H), to a distribution of Langevin
functions which model the superparamagnetic behavior of
the particle size distribution. In ZFC experiments the sample
was cooled down to the lowest measuring temperature (2 K)
and then a 50 Oe field was applied, being the magnetization
measured as temperature is increased. The magnetization
curves M(H) were measured up to 50 kOe.

The optical characterization was carried out by measur-
ing the ellipsometric parameters tan W and cos & with a spec-
troscopic rotating polarized ellipsometer in the 1.4—4.2 eV
spectral range, at both 50° and 70° incidence angles. The
magnetic and MO properties were studied using a polar Kerr
MO spectrometer described elsewhere'? in the spectral range
from 1.4 to 4.3 eV. In the polar configuration the magnetic
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FIG. 1. TEM images of a Co—ZrO, granular film with 20% Co. Right-hand-
side inset shows the magnification of one nanoparticle. Left-hand-side inset
shows the histogram of the size distribution obtained from the TEM
micrograph.

field is applied perpendicular to the plane of the sample, the
angle of incidence is 5°, and the applied magnetic field is
1.6 T.

lll. MORPHOLOGY AND STRUCTURE

The structure of the samples was investigated by means
of HRTEM, XRD, and microprobe. Figure 1 shows a bright
field TEM micrograph corresponding to the Co—ZrO, thin
film with 20% Co concentration. The dark regions indicate
the Co nanoparticles whereas the light regions correspond to
amorphous ZrO,. It can be clearly observed how Co is form-
ing a regular distribution of isolated nanoparticles embedded
in the ZrO, matrix. The right-hand-side inset to Fig. 1 shows
the magnification of a nanoparticle, where the lattice fringes
corresponding to Co atomic planes can be clearly seen. The
nanoparticles exhibit very well defined interfaces with the
matrix, and their size distribution can be fitted to a linear-
logarithmic function with a mean particle size of D
=2.5 nm (see left-hand-side inset to Fig. 1). The size of the
nanoparticles was found to remain almost constant below the
percolation limit.® In the case of the 45% sample TEM mi-
crographs show that the neighboring nanoparticles start to
touch each other, giving rise to randomly oriented chains,
which manifests the proximity of the percolation threshold.
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Finally, in the sample with the highest Co concentration
(80%), Co aggregates form a continuum medium containing
a dispersion of amorphous ZrO, clusters. The observed mean
sizes and their growth with increasing Co concentration are
less pronounced as compared with Co—MgO,13 Co—Si02,14
or Co—Al,O; (Ref. 15) granular systems prepared by sput-
tering. This behavior may be related to the choice of the
matrix oxide. The ZrO, seems to coat the Co nanoparticles
confining them in small globules, thus avoiding the growth
of large clusters.

Diffraction pattern from TEM suggests that for low Co
content, the structure of the nanoparticles is face-centered-
cubic (fcc), as observed in the literature.'®!” For concentra-
tions above 0.40, the majority of the crystalline structure is
still in fcc, but the XRD spectra indicate also the existence of
the hexagonal-close-packed (hcp) phase.

IV. MAGNETIC RESPONSE

The magnetic behavior of the samples was inspected by
measuring polar Kerr loops and ZFC and magnetization
curves. In the case of polar Kerr loops a magnetic field was
applied perpendicular to the sample and the Kerr rotation
angle of the light (proportional to the magnetization) was
registered. The loops corresponding to the 20%, 45%, and
80% samples are shown in Fig. 2. Closed loops are found,
corresponding to a system with in plane magnetization in all
the samples. The evolution of the loops and the gradual in-
crease of the saturation field reveal the transition from a sys-
tem with small magnetically isolated nanoparticles to a per-
colated system with large aggregates (as observed by
TEM)."8

More information about the magnetic response of the
system related to the morphology can be obtained by mea-
suring ZFC susceptibility and isothermal magnetization
curves below the percolation (20% sample). A narrow par-
ticle size distribution can be determined by fitting the ZFC
susceptibility and M(H) curves in the superparamagnetic re-
gion to a distribution of Langevin functions.® In these calcu-
lations the particles are considered to have a linear-
logarithmic size distribution. The obtained parameters of the
particle distribution are a mean particle size D=2.5 nm and a
width of 0=0.12 for x=0.20, which directly matched TEM
observations.

V. SPECTRAL RESPONSE

The optical constants corresponding to the three different
samples are depicted in Fig. 3. These results are compared to
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FIG. 3. Measured real n and imaginary k parts of the refractive indices
corresponding to the films containing 20%, 45%, and 80% of Co nanopar-
ticles. The indices of a polycrystalline Co film and of ZrO, are depicted for
comparison.

the optical constants of ZrO, and of a polycrystalline thick
continuous Co film grown in the same conditions. As can be
observed, the 80% sample exhibits a real part of the refrac-
tive index (n) curve similar to bulk Co, with a slight evolu-
tion towards the ZrO, value, and a reduction of the imagi-
nary part of the refractive index (k) due to the presence of
transparent ZrO,. In the case of the 45% and 20% samples
the evolution of n towards the ZrO, value can be noted as an
increase of the intensity and a change in the slope of the
curves, accompanied with a progressive reduction of k as the
Co concentration decreases.

To obtain the MO constants of the samples we have
measured the Kerr rotation and ellipticity spectra of the
samples (Fig. 4). As can be observed, the rotation increases
as the Co concentration rises, whereas a less gradual evolu-
tion is found in the ellipticity spectra. In Fig. 5 we present
the MO constant of the samples. These values were obtained
from the Kerr rotation spectra (Fig. 4) and optical constant of
the layers (Fig. 3) using a transfer matrix formalism.'**° The
MO constants of a thick polycrystalline Co film are also
shown in Fig. 5. As can be observed, as Co content de-
creases, there is a strong diminution of the value of the real
part of the MO constant, especially in the visible and the
near-infrared spectral region, with a change of the sign for
the 45% and 20% samples. On the contrary, the decrease of

0.2 0.2
—0— 80 % Co A
—a— 45% Co PP
—_ —9— 20% Co b4 R
o v o
N 00 ra S
4
5 % oo 2
2 3 v, 08
o Oy Vg 2 a
S 0005 VA, =
vd A, m
£ \V'A =
£ S |on 2
N |
jo]
OQJ
2 3 4 2 3 4

Energy (eV)

FIG. 4. Polar Kerr rotation and ellipticity for the 20%, 45%, and 80% Co
samples.
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FIG. 5. Real and imaginary parts of the off-diagonal components of the
dielectric tensor for the 20%, 45%, and 80% granular films accompanied
with those extracted from a polycrystalline Co film.

the intensity of the imaginary part is less pronounced, with
also a change of the sign for the 45% and 20% samples.
The variation of the optical properties of granular media
may be due to the change of the optical and MO constants of
the Co particles located inside the layers with respect to the
Co polycrystalline film. Since the sizes of the Co nanopar-
ticles inside the layers are much smaller than the wavelength
of the incident light we can use an effective medium
approximation21 that takes into account the Co concentration
dependence to obtain the optical and MO properties of the
Co located inside the layers. In the Maxwell-Garnet approxi-
mation the effective dielectric tensor €, of a composite ma-
terial consisting of particles randomly distributed in a matrix

depends on the dielectric tensors of the particles and matrix,
21-23

and concentration and shape of the particles as follows:
p m
et _ m , Jpl— &)
xx = xx+ >
a
4
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a
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XX
P P m eff eff :
where &f,, &}, &y, €, and &, are the optical and MO

constants of the nanoparticles, matrix, and effective medium,
respectively, f is the nanoparticle concentration, and L, is the
component of the depolarization tensor, which depends on
the shape of the nanoparticle.22 Note that the concentration
of nanoparticles must be lower than 50%; if it is higher it
must be considered as the matrix element. Therefore, from
the measured optical and MO constant of the layers (Figs. 3
and 5) and assuming that the nanoparticles have spherical
shape (as observed by TEM), we can obtain the diagonal
[Fig. 6(a)] and off-diagonal [Fig. 6(b)] components of the
dielectric tensor of the Co inside the three different layers.
As can be observed the diagonal components of the dielectric
tensor of Co corresponding to the different samples depend
on the Co concentration. In particular, we observe a decrease
of the intensity of the real part as we decrease the Co con-
centration whereas smaller changes are observed in the
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imaginary part. On the other hand, the off-diagonal compo-
nents of Co exhibits a different behavior: the 80% sample’s
Co has values similar to those of polycrystalline bulk Co,
whereas the values of Co in the 45% and 20% samples are
very similar between them and different from those of the
80% sample. In fact, in the 20% and 45% samples the Co
nanoparticles have very similar sizes, whereas in the 80%
sample the nanoparticles percolate. These results suggest a
different size dependence for the diagonal and off-diagonal
components of the Co dielectric tensor.

VI. DISCUSSION

The dielectric constant of metallic systems has two pre-
dominant contributions: intraband (owing to conduction
electrons in the material) and interband contributions (due to
interband transitions):

s(w) — Simerband(w) + Sintraband(w)_ (2)

The intraband contribution can be described using the
Drude model** as follows:>

(1 —iwr)wlz,f

intraband .
=1+ ,

o (@) lw[(l —iwn?+ (w.1)?]

. w27'
8;2traband(w) =1+ iw(l _gin) ,

2
intraband wC(w T)
o (w) = 5 3)

T o[(1-iwn?+ (w0.10%]

where w,= \4ane*/m is the plasma frequency, w,=eB/mc is
the cyclotron frequency, and 7 is the relaxation time of the
electrons, which depends on the electron-electron, electron-
phonon, and electron-defect scattering contributions.

The wavelength dependence of diagonal components of
Co cannot be described taking into account only the expres-
sion given in Eq. (3) due to intraband contributions. On the
other hand, we can use those expressions to represent the
wavelength dependence of the nondiagonal components of
Co, as is shown in Fig. 6. The thick continuous lines in Figs.
6(a) and 6(b) represent the calculated MO constants given by
Eq. (3) with the parameters obtained for polycrystalline Co
by Krinchik®™” (0,=9.74 eV, ©.=0.089eV, and 7
=0.632 eV~!). As can be observed, with these parameters, a
good agreement is obtained in the off-diagonal component of
the dielectric tensor for the continuous polycrystalline Co
sample [Fig. 6(b)]. On the other hand some differences are
found in the diagonal component [Fig. 6(a)], especially in the
imaginary part due to interband contributions not being con-
sidered.

In granular layers, such as the ones studied here, we
should expect that some of these Drude parameters might
change, in particular, the relaxation time of the electrons,
related to the electron mean free path28 which is considerably
reduced due to the breaking of the lattice periodicity and the
collisions of the electrons with the surface of the nanopar-
ticles. The dependence of the relaxation time on the size of
the nanoparticles can be expressed as>?8%

J. Appl. Phys. 100, 074320 (2006)
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FIG. 6. Real and imaginary parts of the diagonal (a) and off-diagonal (b)
components of the dielectric tensor of Co being part of the 20%, 45%, and
80% samples, together with those measured in a polycrystalline Co film.

A
_=_+]_3’ (4)

where R is the radius of the nanoparticle and A is a constant
that depends on the material and on the shape of the nano-
particles. A decrease of the relaxation time as the size of the
nanoparticles decreases is therefore expected. In the case of
the 80% sample, it was observed by TEM that the nanopar-
ticles are forming large aggregates of nanoparticles, with a
high concentration of Co in the layer. In fact, the dielectric
tensor is similar to the polycrystalline sample and it is only
necessary to decrease the relaxation time from 7
=0.632 to 0.5 eV~! keeping the rest of the Krinchik param-
eters for Co constant in order to reproduce the evolution, as
can be observed in Figs. 6(a) and 6(b) (dashed lines). Again
some differences are found in the real and, in particular, in
the imaginary parts of the diagonal dielectric tensor due to
interband transitions not being considered in this model. On
the other hand, the dielectric tensor of the 45% and 20%
samples is very similar, even taking into account that the
45% sample is close to the percolation threshold. This indi-
cates that the size of the nanoparticles is very similar in these
samples. To properly fit the dielectric tensor for these granu-
lar films it is necessary to decrease the relaxation time of Co
up to 7=0.35 eV~! [dotted line in Figs. 6(a) and 6(b)], ob-
taining again a good agreement in the off-diagonal compo-
nent, whereas some differences due to interband contribu-
tions are found in the diagonal components. As can be
observed we can reproduce the evolution of dielectric tensor
of Co in the nanoparticles assuming that the size of the nano-
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particles determines the relaxation time of the electrons.

This result suggests that, as far as the off-diagonal com-
ponent, the dielectric tensor for polycrystalline Co and nano-
particle layers can be described very accurately by using a
Drude model with no interband contributions and by only
varying the relaxation time of the electrons as a function of
the nanoparticle size. Moreover, in the case of crystalline Co
fcc and hep phases reported by Weller et al..”* small differ-
ences are found between the off-diagonal components of
both phases and those of polycrystalline Co, which may sug-
gest that, as far as this component is concerned, the main
contribution is related with the intraband transition. On the
other hand, there are differences in the diagonal components
of polycrystalline Co and the Drude fitting in Fig. 6(a) (con-
tinuous lines), especially in the imaginary part. These differ-
ences can be ascribed to interband contributions not consid-
ered here that have been found to be more important in the
imaginary par’[.31 In this case significant differences are
found between polycrystalline and crystalline Co samples. In
the latter a strong transition centered at 0.7 eV (Ref. 32) is
detected, which does not appear in the polycrystalline case.
These facts point out that, although the intraband contribu-
tion is the most important also in the diagonal component,
the interband contributions are more evident in this case,
mainly in systems with high crystalline quality.

VIl. CONCLUSIONS

The optical and MO properties of Co nanoparticles em-
bedded in a ZrO, matrix have been studied. The samples
were grown by laser ablation with different Co concentra-
tions. Narrow particle size distributions were obtained, re-
maining almost constant (D=2.5 nm) for concentrations be-
low the percolation threshold and broadening as the
percolation is approached. Above percolation, large aggre-
gates are found. The optical and MO response of the granular
layers fundamentally depend on the concentration and size of
the Co nanoparticles. The evolution of the optical and MO
response of the layers as a function of the concentration of
Co has been described using an effective medium approxi-
mation. We have observed changes in the dielectric tensor of
continuous Co and nanoparticle systems above and below
the percolation threshold, due to the different sizes of the
aggregates and nanoparticles within them. These changes are
explained by means of a free electron Drude model and are
related to a decrease of the relaxation time of the electrons in
the Co nanoparticles induced by a reduction of the electron
mean free path as the size of the nanoparticles is reduced.
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