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Abstract Nanocomposites of FeCo and TiO, with wide
range of metal volume fractions (MVFs) were prepared by
co-sputtering. High resolution transmission electron
microscopy analysis reveals that the microstructure of the
nanocomposites depends on the MVF which determines the
particle size and separation. FeCo nanoparticles are amor-
phous at lower MVF whereas crystallites are present at
higher MVF. Likewise, the magnetic characteristics of
these films depend on the MVF. At low MVF, composite
films exhibit superparamagnetism whereas at high MVF,
coalescence of crystalline nanoparticles results in the
opening up of hysteresis loop. These composite films show
a considerable room temperature tunnel magnetoresistance
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and being proportional to the square of the normalized
magnetization (MIM)>.

Introduction

Metal-dielectric nanocomposites are of extensive research
interest due to their remarkable physical and chemical
properties. Among them, composites with magnetic
nanoparticles are of particular attraction, since the dis-
covery of tunnel magnetoresistance (TMR) in granular
films [1, 2]. These composites have applications in spin-
tronics [3] and GHz rf circuits [4]. In relation to the metal
volume fraction (MVF), they exhibit three electrical
regimes; dielectric, transition and metallic, with each
regime having distinct properties. Composites typically
containing 30-40% MVF show superparamagnetism and a
room temperature (RT) tunnel magnetoresistance which
arises from tunneling of spin-polarized electrons [5, 6].
The magnetic behavior of these composites is of complex
nature governed by the topological structure of the fer-
romagnetic component. Size of nanoparticles [7] and
inter-particle separation which depends on the metal
volume fraction and on the matrix are key aspects. Some
authors have reported the finding of amorphous parti-
cles, along with crystalline phase, in oxides such as Al,O3
[8], SiO,, and in multilayer configuration of Co/TiO,
[9].

Here, we report the changes in the microstructure of
metallic nanoparticles embedded in TiO, matrix from
amorphous to crystalline in relation to MVF. TiO, was
chosen as matrix because so far it was only investigated in
multilayer configuration but not in a granular system.
Tunnel magnetoresistance and magnetization behavior of
these composites with respect to the MVF will also be
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discussed. Further, the particle size and its distribution, key
parameters for the reported phenomena are derived from
the Langevin function.

Experimental details

Composite films of TiO,/FeCo were sputter deposited at
RT in an argon atmosphere on a copper TEM grid, and a
specially designed Si/SiO, substrate for TMR measure-
ment. A compositional spread was achieved within one
deposition by co-sputtering from two sources. The sour-
ces were mounted at 30° with respect to normal, and the
sample holder was centrally mounted and held stationary.
By using this effect, in one sputtering process as many as
five samples with distinct MVF were fabricated. The base
pressure was lower than 5 X 1077 mbar, FeCo was
sputtered by a DC magnetron source and TiO, by a RF
magnetron source. The substrates for TMR were prepared
by photolithography with Au/Cr electrodes of 30/5 nm
thickness and an interspacing of 25 pm (inset Fig. 7).
The tunnel resistance was measured across the inter-
spacing. Two quartz crystal microbalances were used to
monitor the individual in situ deposition rates, vital to
control the required filling factor and film thickness. The
thickness of films for transmission electron microscopy
and TMR measurement were about 40 nm and 250 nm,
respectively.

Morphology and structural variation dependence on the
MVF were studied by HRTEM with a Tecnai F30 G* ST
(FEG, 300 kV, Cs = 1.2 mm) and a Philips CM 30 ST
microscope (LaBg cathode, 300 kV, Cg = 1.15 mm). All
images were recorded with Gatan Multiscan CCD cameras
and evaluated with the programs Digital Micrograph 3.6.1
(Gatan) or Crisp (Calidris). Selected area electron diffrac-
tion (SAED) was carried out using a diaphragm which
limited the diffraction to a circular area of 250 nm in
diameter. Chemical analysis by an energy dispersive X-ray
spectrometer (EDX) was performed in the nanoprobe mode
and by spectral imaging (scanning mode) with a Si/Li
detector (Noran, Vantage System). The films stored under
ambient conditions for 2 months were named as aged films.
Heating experiments were performed in situ within the
Tecnai F30 G? by using a double-tilt Tantalum heating
stage holder (Gatan).

Magnetization curves of the samples were measured by
a vibrating sample magnetometer (VSM) at RT. TMR
measurements were performed by a two probe method at
RT. The film thickness, which is the step height between
masked and unmasked area on the substrate, was measured
by a surface profilometer. The metal volume faction was
determined [10, 11] by EDX.

Results and discussion
Structural properties

TEM analyses reveal full information about chemistry and
structure of the composite material. The structural ordering
of FeCo particles incorporated inside the amorphous TiO,
matrix depends on the MVF. Nanoscale FeCo crystallites
were observed at higher MVF. Figure la and b show the
HRTEM micrograph recorded on a freshly prepared com-
posite film with MVF ~ 38% and the particle size distri-
bution from the corresponding sample respectively. The
lattice fringes matched to the structure of FeCo as dem-
onstrated by the accompanying Fourier transforms which
were calculated inside the marked areas, e.g., d(011) =
0.204(10) nm, d(002) = 0.141(10) nm (reference values
[12, 13]: 0.203 nm, 0.143 nm). For MVF < 35%, the FeCo
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Fig. 1 a HRTEM micrograph of the nanocomposite (38% MVF)
with the Fourier transforms from the marked nanoparticles showing
the lattice fringes d(011) = 0.204(10) nm, d(002) = 0.141(10) nm
and b the particle size distribution from the corresponding sample
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particles are amorphous, cf., the diffracted intensity on a
broad concentric circle at d ~0.20(1) nm in Fig. 2a, left.
The HRTEM micrographs (e.g., Fig. 2a, right) display no
structural ordering even at the nanoscale; thus, the material
does not contain any crystalline component of significant
dimension. EDX nanoprobe-analyses indicate an equi-
atomic ratio of Fe:Co in all transmittable areas under
investigation. Further EDX analyses focus on the oxygen
content of the samples. In spite of the well-known prob-
lems of the light elements’ quantification by EDX, test
measurements on distinct oxide materials point to a suffi-
cient reliability of our setup for a semi-quantitative inter-
pretation, even in such critical field. In the case of freshly
prepared composite films, the quantification of the data
gives a ratio O:Ti between 1.8 and 2.5. Scanning trans-
mission electron microscopy (STEM) has been employed
to obtain EDX-elemental maps of the nanocomposites. At
room temperature, the Fe and Co maps as well as the Ti
and O maps correlate quiet well. This analysis shows that
areas rich in Ti are rich in O (poor in Fe and Co). In
addition areas rich in Fe are rich in Co (poor in Ti and O,

— 10 nm

Fig. 2 SAED patterns (each left) and bright-field images (each right)
of (a) freshly prepared, (b) aged nanocomposite films (MVF
~25-30%). ¢ STEM image (left) and EDX elemental maps

@ Springer

Fig. 2¢). Hence, the chemical nature of these freshly pre-
pared films corresponds to a composite material made of
FeCo and TiO,.

In contrast, EDX analyses on films (MVF ~25-30%)
which were stored in air for 2 months indicate an increase
of the oxygen content, thus implying the presence of highly
oxidized and thus fully ceramic material (labeled “aged
films”). In case of the aged films with low MVF, all
components are again fully amorphous as supported by
bright-field images exhibiting no diffraction contrast and
HRTEM (Fig. 2b, right). Just very broad diffuse intensity
concentrating on a concentric circle is seen in the SAED
pattern (Fig. 2b, left). The diameter of the circle was
determined to be d ~0.27(1) nm. The aged films appear
chemically and optically homogeneous, and like for the
freshly prepared films, the equiatomic ratio of Fe and Co is
well adjusted even at the nanoscale. EDX nanoprobe-
analyses (average of five point measurements, distinct
areas) display the homogeneity of the material by the low
variance of the metal content, Ti:Fe:Co = 43.1(7)
at.%:28.3(5) at.%:28.7(1.4) at.%. Thus, aging of the films
does not produce a detectable segregation of distinct pha-
ses. Based on the ceramic nature of the films, the atomic
ratio of O:Ti was significantly larger than the expected
value of 2.0 for a freshly prepared composite, namely in the
range of 3.3-3.8. Hence, Fe and Co must be incorporated in
an oxidized form inside the materials to meet the criterion
of charge balance. Assuming Fe and Co in tri- and bivalent
states, the charge balance is approximately met by the
average composition close to CogsgFeg s¢Tigg03. Such
finding confirmed the formation of a homogeneous ceramic
film from an amorphous composite by aging. The degra-
dation of the material has no significant influence on the
functional properties. Thus, we concluded that the aging is
restricted to a thin surface layer which protects the internal
areas of thicker films against further oxidation.

The presence of amorphous FeCo at low MVF raised the
question about the chemical nature of the crystalline
products initially produced by heating. Since the films do
not change their microstructure during electron beam
impact, in situ heating represents the method of choice for
the investigation. At a temperature of 450°C, a separation
of the bright field contrast by the formation of nanosized
crystallites with strong diffraction contrast was observed
(Fig. 3a). These species are embedded inside the amor-
phous matrix and are frequently facetted, e.g., enlarged
section in Fig. 3a. EDX analyses performed on the strongly
diffracting crystallites indicate a considerable decrease of
the Fe:Co ratio to typical values in the range of 0.05-0.1,
while in the surrounding matrix only traces of Co can be
detected. This finding can be rationalized by assuming Co
as the initially formed crystalline phase. The SAED pat-
terns of Fig. 3b and ¢ were recorded on single and multiple
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(a)

100 nm-

Fig. 3 a Microstructure of the initially amorphous film TiO,/FeCo
after in situ heating. Insetr: enlarged section of a Co nanocrystal.
b SAED patterns recorded on a single nanocrystal, [110], and ¢ on
multiple crystals of fcc-cobalt. The d values of d(111) = 0.205(5) nm
and d(200) = 0.178(5) nm (b) and d(111) =0.205(5) nm;
d(200) = 0.178(5) nm, d(220) = 0.126(5) nm, d(311) = 0.107(5)
nm (c) convincingly agree with the reference values. d STEM image
(left) and EDX elemental maps recorded after in situ heating

crystallites, respectively. All d values agree well with the
reference values [14] for the cubic high temperature
modification of Co. As exemplified by the HRTEM anal-
ysis, the initially formed Co crystals contain crystal
defects. It is not clear whether such features are interrelated
with strain or local changes of the chemical composition,
e.g., a partial oxidation of Co. In addition, Fig. 3d depicts
the STEM-EDX elemental maps which confirm the seg-
regation of Co after the in situ heating. The TMR in heated
samples (MVF ~25-30%) vanishes, due to a huge
increase in the mean particle distance and phase separation
of iron and cobalt, obvious from the TEM analysis.

The finding of amorphous FeCo nanoparticles is very
interesting from the fundamental point of view because

FeCo is not expected to be a glass forming alloy even at
high quenching rates. The amorphous structure seems to be
a result of the very small particle size and the resulting
interfacial stress which can better be accommodated by an
amorphous structure.

Moreover, the magnetic behavior showing the charac-
teristics of magnetic single-domain particles and super-
paramagnetism along with the TMR results, demonstrate
spin-dependent tunneling between well separated magnetic
particles give further evidence of the presence of distinct
FeCo particles (see below). We note that amorphous par-
ticles were also observed in other oxide matrices such as
Al,O5 [9].

Magnetic properties

Figure 4 shows in-plane magnetization curves measured at
RT for TiO,/FeCo granular films. The granular films with
MVF fraction <50% exhibit superparamagnetism, with
vanishing magnetization at H = 0. According to previous
works, this is a typical behavior for such granular films [15,
16]. The superparamagnetic behavior requires well-sepa-
rated magnetic particles. In contrast, the composite films
with 53% MVF are ferromagnetic with coercive field of
60 Oe. The VSM measurements indicate that with an
increase in the MVF, the composite films transit from su-
perparamagnetic to ferromagnetic. This is reflected in a
much higher permeability. The increase in saturation mag-
netization measured at Hmax = 7.5 KOe with increasing
MVF could be partially due to incomplete saturation of the
superparamagnetic films at RT and to the formation of a thin
oxide shell which has less influence on larger particles. As
mentioned earlier, FeCo forms coalesced crystallites in the
TiO, matrix at higher filling factors resulting in the opening
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Fig. 4 In plane magnetization curves of TiO,/FeCo measured at RT
for various MVFs as indicated. The inset shows the magnified view of
hysteresis loop for 53% MVF
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up of the hysteresis loop. Here, the magnetization process is
governed by domain wall motions whereas magnetization
reversal can only occur via rotational processes in the
composites containing well-separated single domain parti-
cles [17]. The critical particle size at which the change from
superparamagnetic to ferromagnetic behavior occurs is an
interesting information. Particle size can be qualitatively
derived by fitting the experimental magnetization curve with
classical Langevin function [18]. It describes the magneti-
zation in superparamagnetic state by

M H T
— = L(a) = coth M (keI
Mo kBT ﬂH

4 (d\’
p=MV = Ms?<§)

where M, is the saturation magnetization of the sample at a
given temperature 7, M saturation magnetization of the
bulk phase, H is the applied field and the particle diameter
is given by d. It is a known fact that the particle size d has a
certain distribution and it was shown earlier that it tends to
follow a log normal distribution function [19] defined by

Pd) (lnd—lndm)2>7

21n ¢

1
= ex
V2nlno p(

where dm and o are statistical median and standard devia-
tion, which describe the probability distribution function
P(d). Here the measured curves are fitted to the Langevin
function by least square approach. Figure 5 shows the cal-
culated magnetization as a function of the applied field and
the particle size distribution function which gives best fit.
The average particle size and the width of the distribution
increases, as the metal volume fraction increases. This is
also the characteristic of the deposition technique.
According to domain theory and experiments [20] on ultra
fine particles, the maximum coercivity was reached when
the radii were 21 nm and 20 nm for Fe and Co, respectively.
The transition to the superparamagnetic regime occurs
below these dimensions (» < 10 nm). Estimations of criti-
cal size for spherical particles with no shape anisotropy
made by Kittel as mentioned in the reference [21] were also
in the same range. In our case, the average particle diameter
for 48% MVF is 5.3 nm and the distribution function has
large tail toward the end. Further increase in the MVF is
bound to increase the d and width. This point marks the
commencement of opening up of hysteresis loop, and hence
it can be said that the change in the magnetization behavior
occurs above diameter 5.3 nm. It should be noted that as the
filling factor increases the clusters come closer and there
exist a possibility of coalescence.

The particle size distribution obtained from TEM for
38% volume fraction is 2 nm, which is inline with the
observation made here. Therefore, one can say that the
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Fig. 5 Calculated magnetization curves (solid line) from Langevin
function and the corresponding particle size distribution which gives
the best fit, for different MVF

average particle size for filling factor <38% might be less
than 2 nm and some of the metal present could be still in
atomic form.

Transport properties

The type of electrical transport mechanism in the com-
posites is closely related to the morphology of the com-
posites. TMR should occur in a region where the electrical
conductivity shows tunnel type transport mechanism. This
can be verified by measuring the temperature dependence
of electrical resistance. Such a measurement is shown in
Fig. 6. The temperature coefficient of resistance is negative
for 43 and 48% MVF, suggesting non metallic conductiv-
ity. It shifts to positive values for 53% above 150 K,
indicating the onset of metallic behavior due to percolation.
For 53% MVEF, the resistance reaches to a minimum value
at 150 K before climbing up again, this could be due to
multiple transport mechanisms or the semiconducting
behavior of the matrix. For metal-insulator composites,
Helamn and Abeles [2] observed, that the temperature
dependence of resistance should follow an exponential law
involving temperature 7 and activation energy C respon-
sible for the process.

e exoCTERT)

As shown in Fig. 6¢, a logarithm of R plot is approximately
linear to 777 for 43 and 48%. These measurements
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Fig. 6 Relationship between temperature and electrical resistance for
MVEF: a 53%, b 43%, and ¢ plotted in log R — T~/ scale. The solid
lines in ¢ are approximate fit to log(R) ~ exp(C/TY”2

correlate well with the fact that the maximum of the
magnetoresistance corresponds to the sample showing non
metallic transport behavior.

The dependency of the electrical resistance on the
external magnetic field for FeCo-TiO, composites with
different MVF, measured at RT, is depicted in Fig. 7. The
relative change in the resistance, called the magnetoresis-
tance, is given by

MR =

where R(H) and R(,) are resistance measured in an applied
magnetic field and zero magnetic field, respectively. All the
films show a decrease in the resistance upon the application
of an external magnetic field. A maximum change of 4%
was measured for a composite with 48% MVF, within the
range of applied field. The TMR was found to be present
for amorphous as well as crystalline FeCo particles and
higher for the later. As seen in Fig. 7, the TMR amplitude
increases with increase in the MVF up to 48% and then
decreases. The results for FeCo-TiO, reported here possess
the same course of TMR as a function of FeCo volume
fraction, as reported for aforementioned other granular
films [9].

In the beginning, FeCo Particles are few and far apart,
i.e., the thickness of oxide tunnel is larger than the spin
diffusion length giving rise to smaller TMR amplitude. The
TMR curves do not show hysteresis and are unsaturated. As
the MVF advances, the metallic particles tend to grow in
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Fig. 7 Dependence of electrical resistance on the applied magnetic
field at RT for FesqCoso—TiO, composite with different MVF as
indicated

size, resulting in the decrease of inter-particle separation
and we observed crystalline FeCo particles above 35%
MVF. The still increasing TMR indicates that the grains are
separate and an optimum configuration for spin dependent
tunneling occurs at 48% MVF. In this context, it is difficult
to determine in which proportion the change in inter-par-
ticle separation and the formation of crystalline particles
contributes to the increase in TMR. Further increase in the
MVF leads to coalescence between neighboring particles.
Coalescences cause formation of clusters of particles with
multidomain structure due to magnetic inter particle inter-
action which is reflected in butterfly-shaped TMR hysteresis
(Fig. 8c, inset).

Inoue et al. [5] explained the change in electrical resis-
tance for granular films by spin dependent tunneling of
electrons between metal nanograins embedded in an insu-
lating matrix. The magnetic moments of the granules in as-
deposited composite films are randomly oriented at RT
[22]. In the external magnetic field, the relative orientation
of the magnetization between adjacent grains rotates into a
parallel configuration causing increase in tunneling proba-
bility. For uniform size superparamagnetic particles with
uncorrelated moments, the TMR ratio will be proportional
to the square of the relative magnetization of the system,
(cos 0) = m*(m = MI/M,) where M is the saturation mag-
netization [5]. Our experimental data for MVF 43 and 48%
in Fig. 8 follow quite well the relation AR/Ry o — (M/MS)2
implying spin dependent tunneling in FeCo-TiO, com-
posite films. For fitting this relation with TMR curves,
magnetization M at H = 7.5 KOe is taken as the saturation
magnetization. The inset of Fig. 8a and b shows the qua-
dratic behavior of magnetoresistance vs the global magne-
tization. However, as expected, the film with composition
near to 53% MVF does not obey this quadratic law. At this
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Fig. 8 TMR as a function of applied magnetic field and square of
normalized magnetization, (M/MS)2 from VSM measurements at RT
for a 43%, inset TMR versus magnetization, b 48%, inset TMR vs
magnetization, and ¢ 53% metal volume fractions. Figure 8c inset,
appearance of hysteresis in TMR measurement in accordance with
VSM measurement for 53% MVF

filling factor, the FeCo exhibits particle coalescence
resulting in multi domain formation. The TMR amplitude
rapidly drops and originates from the uncoupled small su-
perparamagnetic particles still present, where as the mag-
netization is dominated by coalesced clusters.

@ Springer

Finally, we note that the TMR of granular structures is
substantially lower than TMR values reported for the TMR
devices fabricated by advanced lithography techniques
involving epitaxial oxide layers [23, 24]. Nevertheless, due
to simple fabrication process, the granular TMR approach
is tempting for low-cost magnetic field sensors, where
highest sensitivity is not required.

In conclusion, magnetic nanocomposites were prepared
by sputtering of a FeCo alloy and TiO2. The microstructure
of the nanocomposites was found to depend on the MVF.
Films containing MVF up to 35% are marked by absence
of any crystalline component whereas FeCo starts forming
crystallites at MVF greater than 35%. Particle size distri-
bution functions were obtained by fitting the experimental
magnetization curves with Langevin function. Particle size
and the volume fraction are closely related. The critical
sizes where, the amorphous to crystalline and superpara-
magnetic to ferromagnetic transitions take place, are 1 nm
and above 6 nm, respectively. TMR was observed in both
the cases and a maximum of 4% for the 48% MVF film at
room temperature.
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