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Characterization of FeCo—SiO, Nanocomposite Films
Prepared by Sol—Gel Dip Coating
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FeCo—SiO, nanocomposite films on silica glass substrates were prepared by the sol—gel
method and characterized by X-ray diffraction, transmission electron microscopy, Rutherford
backscattering spectrometry, extended X-ray absorption fine structure spectroscopy, and
magnetic susceptibility measurements. FeCo alloy nanoparticles with average sizes around
10 nm were obtained which are well dispersed in the silica matrix and show superpara-
magnetic behavior. The experimental conditions of the sol—gel preparation influence the
thickness and homogeneity of the films. The magnetic properties are also affected by

preparation conditions.

1. Introduction

Metal—insulator nanocomposites have attractive opti-
cal, magnetic, and transport properties which make
them candidates for use in several micro- and nanode-
vices.! These composites are often constituted by noble
metal or transition metal particles, with sizes in the
1-15 nm range, dispersed in a dielectric matrix. From
the standpoint of the magnetic properties these nano-
particles are single domain? and often exhibit unusual
properties such as superparamagnetic behavior,3* en-
hanced magnetic moment,> enhanced coercivity,* spin
glass behavior®” and exchange coupling effects.8® The
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size effects, that is the modification of electronic,
structural, and magnetic properties due to the reduced
dimension of the particles and the increased magnetic
contribution of surface atoms, are responsible for these
properties.10

Most of the studies have been devoted to nanocom-
posites containing single metal nanoparticles; only
recently has the attention turned to bimetallic compos-
ites as well. In principle, the preparation of such
systems could allow tailoring of the magnetic properties
by varying almost continuously the composition, as it
is well-known that the alloys have peculiar magnetic
properties different from those of single-metal-based
materials. For example, in the past few years the
research has mainly focused on the preparation and
study of FePt and CoPt based composites because of
their very large magnetic anisotropy.1112
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Magnetic nanoparticles have been considered espe-
cially attractive for applications in data storage which
requires materials with large coercivity, remanence, and
time stability at room temperature. However, other
kinds of applications are now devised for nanocomposite
materials. For example, nanocomposites with soft mag-
netic properties can be incorporated in high-frequency
devices and in micro-transductors which require large
magnetic moment and susceptibility, low coercivity, and
large resistivity.3"15 Recently, several groups have
studied the magnetic and high-frequency properties of
FeCo nanocomposites films with different insulator
matrixes.16-18 For example, FeCo—Al,O3 films have
been included in a 300 MHz spiral-shaped inductor
prototype.'® Moreover the magneto-transport properties
of these composites have been investigated,8-20 showing
up to 10% magnetoresistance at room temperature.!8

From the standpoint of micro and nano applications,
preparation of composites in the form of thin films is
highly desirable. The sol—gel method is well suited for
the preparation of films because the fluid properties of
the sol prior to gelation allow spin-, dip-, or spray-
coating. Moreover, compared to conventional thin-film
forming processes such as CVD, evaporation or sput-
tering, sol—gel thin-film formation requires considerably
less equipment and is less expensive.?! In particular,
the easiest coating procedure is provided by dip-coating,
although this technique is suitable only if all the
substrate has to be coated. Sol—gel films preparation
routes have been developed for the production of protec-
tive and antireflection coatings?? and for optical sensor
application.?® In the field of nanocomposites, copper,
silver, and gold—silica films have been studied mainly
because of their large third-order optical nonlinear-
ity,2425 although the preparation of different metals
dispersed on pure or modified silica by the sol—gel
method has also been shown to be successful.?627
Several studies on CoNi alloy—silica nanocomposites
films prepared by sol—gel have been realized with the
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aim of studying the optical and magnetic properties;282°
however, the studies on these materials are still largely
unexplored.

Recently, the synthesis of FeCo—SiO, nanocomposites
in the form of xerogels®® and aerogels3! has been carried
out. In this paper the study is extended to the synthesis
of FeCo—SiO; thin films using a sol—gel dip-coating
procedure on silica glass substrates. The effect of the
coating process on the structure, morphology, and
magnetic properties of the alloy particles is discussed.
Because the characteristics of the film can depend on
reactions between the sol and the silanol groups at the
surface of the silica glass substrate3? the effect of
pretreatment of the substrate is also studied.

2. Experimental Section

The sol was prepared using tetraethoxysilane (TEOS, 98%
Aldrich) as silica precursor and Fe(l1) and Co(ll) acetates (Fe-
(CH3COO0), and Co(CH3C0O0),-4H,0) as metal precursors. The
total metal content in the final composite was 10 wt % (Fe +
Col(Fe + Co + SiOy)) and the iron-to-cobalt ratio was equal to
1. An ethanolic solution of TEOS was added dropwise to an
hydroethanolic solution of the iron and cobalt acetates, which
were dissolved by adding glacial acetic acid. After stirring for
1 h, a clear sol was obtained, having pH = 3.8 and Si/H,0/
EtOH molar ratio equal to 1:4:19. The sol, having an initial
volume of 97 mL, was poured into the Teflon vessel of the
dipping apparatus, so that the initial surface-to-volume ratio
was 0.12. Under these conditions the sol would gelate in about
20 days. The dipping was performed either on the unaged sol
or after aging for a few days. Because of the slow gelation, it
is likely that the sol does not undergo a strong increase in
viscosity and density during the first days of sol aging. The
dipping was performed by a motor-driven dipper with a speed
of 3.3 mm-s~! using 75 x 25 x 1 mm silica glass substrates
(Heraeus, Herasil 1). Prior to dipping, the substrate was
cleaned using hot solfochromic mixture, rinsed with distilled
water and ethanol, and then stored in a desiccator. Because
it is known that a strong base can modify the silica surface,
the effect of a pretreatment of the substrate with a 0.1 M
solution of potassium hydroxide on the adhesion of the film
was tested.

The multiple dipping technique was used. After each dip,
the films were dried at 50 °C in static air. After the last dip
they were thermally treated at 350 °C for 1 h in static air and
finally reduced at 800 °C for 2 h under flowing hydrogen (80
mL-min~t). The reduction treatment was performed in a
tubular quartz reactor with a rotating sample holder to ensure
homogeneous heating conditions.

At all stages the films were stored in a desiccator since it
has been reported that humidity may induce modifications
such as further hydrolysis affecting the film thickness.?® In
Table 1 the acronyms and the preparation details of the film
samples which were submitted to further investigation are
reported.

XRD spectra were collected on a Seifert x3000 diffracto-
meter equipped with a grazing incidence attachment (GID), a
graphite monochromator, and Cu Ka radiation.
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Table 1. Acronyms of the Samples and Sol—-Gel
Preparation Conditions

pretreatment
of the substrate number
sol aging with KOH of dips
F1 3 days no 1
F2 3 days no 2
F2-pre 3 days yes 2
F3 3 days no 3

TEM images were obtained on a Philips CM20 transmission
electron microscope equipped with a LaBg electron gun. For
each film, two TEM samples were prepared, one for cross
section and one for planar view analysis: three 2 x 2 mm
plates were prepared by cutting the sample at a fixed height
of 1.5 cm from the base of the silica glass substrate. To produce
the sample for cross section, two of the plates were glued
together using epoxy in such a way that the film sides faced
each other. The third plate was directly used for the prepara-
tion of the sample for planar view observations. A mechanical
polishing procedure was carried out on all the samples to
achieve a 20 um thickness: on the direction parallel to the
glass cut for the cross section sample, and on the direction
perpendicular to the glass cut for the planar view sample.
Final thinning to electron transparency was achieved by
precision ion milling with two Ar guns at 5 keV (Gatan PIPS).

EXAFS measurements were performed on station 8.1 at the
SRS (Daresbury Laboratory, UK). Data were collected at room
temperature in fluorescence mode at the Fe (7112 eV) and Co
(7709 eV) K-edges on the F3 sample treated at 350 °C in air
and after the final reduction treatment at 800 °C in hydrogen
flow. Data were also collected in transmission mode for some
reference samples. A double Si(111) monochromator was used;
higher order harmonic rejection was achieved by detuning the
monochromator so that the transmitted flux was reduced by
50%. Data were analyzed using standard procedures;® more
details can be found in refs 34—36.

Rutherford backscattering spectrometry (RBS) measure-
ments were performed at the National Laboratory INFN at
Legnaro, Italy, by using a “He* beam at an energy of 2.2 MeV.

Magnetic measurements were performed on a Cryogenic
S600 SQUID magnetometer. Data were corrected for the
diamagnetic contribution of the silica substrate which was
separately measured. Magnetic moments were normalized
considering the metal amount as evaluated from RBS data.
Zero field cooled (ZFC) and field cooled (FC) magnetizations
were measured on the plane of the slide with an applied field
of 5 mT.

3. Results and Discussion

3.1. Structure and Morphology. The XRD spectra
of all the films treated at 350 °C present only the
amorphous haloes due to SiO;, and no crystalline peaks
are detectable regardless of the aging of the sol. The
XRD spectra of the films submitted to the final reduc-
tion treatment at 800 °C present different patterns
depending on the sol aging; in particular, the films
obtained from the sol aged up to 2 days only show the
amorphous silica haloes, whereas the spectra of the
films obtained from a sol aged for 3 days also show a
broad crystalline peak centered at 20 = 44.6°, as shown
in Figure 1 where the angular region near this peak is
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Intensity (arbitrary units)

Figure 1. XRD spectra for the (a) F1, (b) F2-pre, (c) F2, and
(d) F3 samples after the final thermal treatment at 800 °C in
H; flow.

shown for F1, F2, F2-pre, and F3 samples. This peak
can be attributed to the main (110) reflection of either
bcc FeCo alloy or pure beec o-Fe.3” Because of the
broadening of the peak and the very similar lattice
parameters of a-Fe and FeCo, XRD cannot give a
conclusive answer on the formation of the alloy. The
other peaks due to the bcc phase are barely detectable
and therefore the angular range where they should
appear is not shown. The peak intensity of the main
peak is very low for the F1 sample and increases from
F1 to F3 suggesting that the film thickness grows as a
function of the number of dips, as expected. On the other
hand, despite the same number of dips, the intensity of
the peak for sample F2 is larger than for the F2-pre
one, suggesting a smaller thickness in the latter sample.

RBS spectra were analyzed using the RUMP pro-
gram.38 Because of the similar mass of Co and Fe atoms
it is not possible to distinguish the Co and Fe profiles
of the films. We obtained that the Fe + Co composition
in all the films is almost uniform in depth. The metal
content is slightly larger in the region of the film close
to the substrate in the F2 sample, whereas in the F3
film the region near the surface has a larger metal
content. From the calculation of the metal doses and
assuming that all the Fe and Co are present in the
metallic state, the maximum volumetric concentration
of particles in the matrix is around 2.6%.

The cross section TEM analysis was used to evaluate
the thickness, t, of the films and their homogeneity. The
results clearly indicate that film thickness strongly
depends on the experimental preparation conditions.
For the F2-pre sample a uniform thickness t = 90 (£10)
nm was measured (see Figure 2a). Uniform t = 120
(£10) nm was measured for the F2 sample (Figure 2b),
but for the F3 sample (Figure 2c) a significant variation
in thickness was observed — in particular, t = 125 (+10)
nm on the right side, while t = 80 (£) 10 nm on the left
side. It should be pointed out that the two sides
correspond to portions of the films which are quite close
to each other and therefore the F3 sample shows clear
signs of thickness inhomogeneity. Furthermore, the F2
and F3 samples show the presence of a long nanoparticle
chain which corresponds to the cross section image of a
layer at the boundary with the silica glass substrate.
This effect was not observed in the F2-pre sample which
was obtained performing a pretreatment of the sub-

(37) PDF-2 File, JCPDS International Centre for Diffraction Data,
1601 Park Lane, Swarthmore, PA.
(38) Doolittle, L. R. Nucl. Instr. Methods B. 1985, 9, 334.
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Figure 2. Cross-section TEM images for the (a) F2-pre, (b) F2, and (c) F3 samples after the final thermal treatment at 800 °C
in H flow. In the insets the detail of the boundary between the substrate and the film is shown.

@

(b)

Figure 3. Planar view TEM images for the F2-pre sample: (a) bright field and (b) dark field. In the insert the diffraction pattern

is shown.

strate with a mild alkaline solution. It is therefore likely
that the formation of the layer of nanoparticles is strictly
related to the surface characteristics of the silica glass
substrate.

The planar view images of the F2, F2-pre, and F3
samples are all very similar; a typical example is shown
in Figure 3. The nanoparticles have spherical shapes
and they are well dispersed into the matrix. No layer
of particles is observed in the planar view images of any
sample. The nanoparticle size histograms for each
sample were obtained using both cross section and
planar view images. The particle size distributions were
fitted to a log-normal distribution and gave average
diameters of 8 + 1, 9 £ 1, and 10 = 1 nm with
log-normal deviations of 0.15, 0.18, and 0.14 for F2, F2-
pre, and F3, respectively.

All the electron diffraction images, collected with a
camera length L = 700 mm, show a pattern typical of a
bcc structure. The calculated lattice parameter matches

that of bce FeCo (2.86 A), but, as already observed by
XRD, the formation of the alloy cannot be certainly
stated because the difference with the value of pure bcc
Fe is within the experimental error.

The selectivity of the EXAFS spectroscopy was used
to get a deeper insight on the structure of the nanopar-
ticles by collecting data on the F3 sample treated at 350
°C in air and after the final treatment in H; flow at 800
°C.

The spectra at the Fe and Co K-edge of the film
treated at 350 °C are compared in Figure 4A and B with
those of CoFe;04. Even if the spectra of the film are
noisy, the position of the oscillations in the spectra of
the film are consistent with the presence of very small
particles (2—3 nm) of CoFe,QO; in the film. It should be
pointed out that this phase was identified more ac-
curately in a xerogel sample obtained starting from the
same sol used for the film, as a consequence of the better
quality of the EXAFS data accompanied by the likely
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Figure 4. k3 (k) Spectra at the (A) Fe K-edge and (B) Co K-edge for the (a) F3 sample treated at 350 °C and (b) CoFe;O..
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Figure 5. k3(k) Spectra at the (A) Fe K-edge and (B) Co K-edge and Fourier transforms at the (C) Fe K-edge and (D) Co K-edge
for the (a) F3 sample treated at 800 °C and (b) the reference metal foils.

presence of larger nanoparticles.3® The indication of the
presence of a highly dispersed phase on the film treated
at 350 °C is in agreement with the XRD spectra where
crystalline peaks were not detectable.

In Figure 5A and B the EXAFS spectra at the Fe and
Co edge of the same film after the final reduction
treatment at 800 °C are compared to those of bcc iron
and fcc Co foils, respectively. The spectra of the film are
noisier than those of the reference foils; however,
oscillations are evident up to high k indicating that the
nanoparticles in the film are larger than a few nanom-
eters,3® in agreement with the average crystallite size
determined by TEM. The spectrum of the film at the
Fe edge presents the same oscillations of the bcc Fe.
On the other hand, the spectrum at the Co edge shows
some significant differences with respect to fcc Co and
is actually very similar to bcc Fe, indicating that a bcc
FeCo alloy is formed. This can be seen even better by
looking at the corresponding Fourier transforms (FT),
which are reported in Figure 5C and D for the Fe and
Co edge, respectively. The FTs of the film at both edges
look very similar to each other and to bcc Fe, whereas
that of fcc Co is definitely different. The selectivity of
the EXAFS technique gives a clear and definite confir-
mation of the formation of bcc FeCo alloy nanoparticles
which was not available from diffraction observations.
A further confirmation was given by an EELS study on
the same sample which showed the contemporary
presence of the two metals in each nanoparticle.*°

(39) Greegor, R. B.; Lytle, F. W. J. Catalysis 1980, 63, 476.
(40) Falqui, A.; Serin, V.; Calmels, L.; Snoeck, E.; Corrias, A.;
Ennas, G. J. Electron Microsc. 2003, 210, 80—88.

It should be pointed out that a detailed quantitative
analysis of the same EXAFS data, reported elsewhere,3®
allows us to exclude that the Fe and Co atoms are
present in forms other than nanocrystalline FeCo alloy
apart from traces of impurities.

It is quite interesting to note that a significant
fraction of iron in oxidized form and some unalloyed
cobalt were detected on a xerogel sample obtained from
the same s0l.303¢ The difference between the film and
the xerogel sample was also confirmed by EELS spec-
troscopy*® which evidenced the presence of an outer
layer of oxide in the FeCo nanoparticles of the xerogel
sample which is not present in the film. Even if textural
data on the film samples are not available, it is likely
that the films are denser than the xerogels so that the
matrix protects the nanoparticles against oxidation. In
accordance with this view EELS results pointed out that
the nanoparticles in the films are closely surrounded
by the matrix, but in the xerogel samples there is some
free space between the nanoparticles and the matrix
which can favor oxidation.*°

3.2. Magnetic Properties. Considering the most
striking difference evidenced by the structural and
morphological characterization of the F1, F2, F2-pre,
and F3 samples is the presence of a layer of particles
at the boundary between the substrate and the film in
the samples obtained using substrates not submitted
to a pretreatment, the magnetic properties of the F2 and
F2-pre films were investigated.

The field dependence of the magnetization recorded
at 3 K for samples F2 and F2-pre is shown in Figure 6.
In both cases a saturation is reached above ca. 20 kOe.
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Figure 6. Field dependence of the magnetization recorded

at 3 K for the samples F2 and F2-pre. In the inset the

hysteresis loops in the +3 kOe range are reported
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Figure 7. ZFC and FC susceptibilities of the F2 and F2-pre
samples. All the curves were measured with an applied field
of 5 mT.

The saturation magnetization per metal atom is 2.1 +
0.2 ug for both samples, as expected for a bulk FeCo
alloy. This confirms the effective formation of the
nanocrystalline FeCo alloy and is a further indication
that no crystalline phase other than the alloy is present,
in agreement with the results obtained from EXAFS and
EELS measurements.36:40

The hysteresis loops measured at room temperature
show no coercivity, indicating that the samples are
superparamagnetic. This is confirmed by the shape of
the ZFC and FC static susceptibility curves reported in
Figure 7. Below ca. 250 K the characteristic irrevers-
ibility due to the blocking—unblocking process of the
particle magnetic moments is observed for all the
samples. The maxima of the ZFC curves are broad as a
consequence of the nanoparticles volume distribution.
The temperatures corresponding to the maxima, Tmax,
are linked through a complex way to the mean blocking
temperature of the samples that is related to the mean
volume of the nanoparticles. The trend of the Tnyax of
the ZFC curves (Tmax equal to 140 K and 150 K for F2
and F2-pre films, respectively) is in agreement with
mean diameters of the nanoparticles obtained by TEM
analysis. Below the blocking temperature the hysteresis
loops are open with similar coercive fields, which at 3
K are 260 Oe for F2 and 300 Oe for F2-pre sample (inset
of Figure 6). The reduced remanent magnetization (M,/
Ms) values are 0.35 for F2 and 0.41 for F2-pre sample,
respectively. The lower values of the coercive field and
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reduced remanent magnetizations obtained for the F2
sample with respect to those of the F2-pre sample could
be ascribed to the stronger interparticle interactions,
which are expected to decrease both the remanence and
the coercivity.*! In fact, as revealed by the TEM
analysis, in the samples obtained using a substrate
which is not pretreated with potassium hydroxide a
uniform layer of FeCo nanoparticles in close contact is
present at the boundary between the film and the
substrate, where significant dipolar interactions may
take place.

However, it should be pointed out that interparticle
interactions are relevant in all FeCo—SiO, samples due
to the large magnetic moment and the reduced anisot-
ropy of the FeCo alloy. In agreement with this the ZFC
susceptibilities are not strongly reduced above Tmax, as
expected from the Curie law, and the superparamag-
netic susceptibility remains high at room temperature.
This behavior makes the FeCo—SiO, system interesting
for high-frequency applications.

It is interesting to compare the magnetic properties
of the FeCo—SiO; films with those of FeCo—SiO, xerogel
samples obtained from the same sol.%° In particular, the
xerogel samples present a lower saturation magnetiza-
tion due to the presence of an oxide layer on the surface
of the nanoparticles and the FeCo nanoparticles are still
blocked at room temperature while at the same tem-
perature all the FeCo nanoparticles in the film samples
are in the superparamagnetic state. Because the mean
diameter of the FeCo nanoparticles is quite similar in
the xerogel and film samples, it is likely that the
differences are due to the presence/absence of an oxide
layer contamination which is known to play an impor-
tant role in the average magnetic behavior.%42

From the mean diameter obtained by TEM investiga-
tion and assuming that on the time scale of our
experiment the mean magnetic anisotropy constant is
given by [(KO= 25kgTmax/lVO, where [WVis the mean
particle volume, a rough determination of KO was
attempted. For all the films a (K[Ovalue of the order of
10° J/m? was estimated. This value is larger than the
one of FeCo bulk alloy, as expected for the nanoparticles
where the surface and shape contribute to increase the
total anisotropy.3

4. Conclusion

The sol—gel method was used with success to prepare
FeCo—SiO, nanocomposite films on silica glass sub-
strates. Spherical FeCo alloy nanoparticles with average
dimensions around 10 nm are obtained in all the
samples. Particles are well dispersed in the silica matrix
and show superparamagnetic behavior.

EXAFS and magnetic data point out that no trace of
unalloyed metal is present, indicating that the prepara-
tion is successful. Moreover, the FeCo alloy nanopar-
ticles are practically pure and no significant oxidation
is observed. This is probably due to the low porosity of
the sol—gel SiO, matrix which protects the nanopar-
ticles from oxidation.

(41) El-Hilo, M.; Chantrell, R. W.; O'Grady, K. J. Appl. Phys. 1998,
84, 5114.

(42) Gangopadhyay, S.; Hadjipanayis, G. C.; Shah, S. I.; Sorensen,
C. M.; Klabunde, K. J.; Papaefthymiou, V.; Kostikas, A. J. Appl. Phys.
1991, 70, 5888.
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The experimental conditions influence the thickness
and homogeneity of the films. In particular, the multiple
dipping technique can be used to obtain films of about
100-nm thickness; however, the films tend to become
inhomogeneous after the third dip. When the glass
substrate is just cleaned prior to dipping, a layer of
nanoparticles is formed at the interface between the
substrate and the film. This layer is not formed if the
substrate is first submitted to a treatment with a mild
alkaline solution. It is well-know that alkaline solutions
can break Si—O-Si bridging bonds forming Si—OH
groups at the surface of the glass modifying the wetta-
bility of the substrate since the surface is hydrophilic.
Moreover, the treatment can alter the roughness of the
substrate surface and it is likely that these aspects play
an important role in avoiding the formation of the layer
of nanoparticles. Further studies are in progress to
explain this behavior in more detail.
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The difference in thickness between the F2 and F2-
pre samples is also likely to depend on the different
surface behavior of the substrate.

The samples are in the superparamagnetic state at
room temperature and the magnetic properties of the
samples are affected by the pretreatment of the sub-
strate as a consequence of different interparticle inter-
actions which influence both the remanence and the
coercivity.
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