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A quantitative structure–property correlation study of thin films consisting of
CoFe nanoparticles embedded in SiO2 is presented, comparing film micro-
structure and chemistry with measured magnetic properties. SiO2 was fully
percolated for all films with >�50% SiO2 by volume, and decreasing CoFe-
nanoparticle size and separation with increasing SiO2 resulted in a transition
to superparamagnetic behavior. Partial oxidation of transition-metal elements
is observed by x-ray photoelectron spectroscopy, and evidence for interparticle
magnetic interactions can be resolved in soft x-ray resonant small-angle
scattering experiments, highlighting the need for additional detailed and
quantitative studies in this class of soft magnetic materials.
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INTRODUCTION

Recent reports by the US Department of Energy
indicate that 80% of all electricity is projected to
flow through some form of power electronics by the
year 2030.1,2 Progressing power electronics with
applications including improved converters for grid
integration of advanced fossil fuel and renewable
energy sources is therefore of increasing impor-
tance.3,4 In addition, advanced inductor materials
were recently identified as a high-priority area for
enabling the next generation of power electronics
devices capable of operating at higher frequencies

and power densities.2 A key consideration for
development of advanced inductor materials for
operation frequencies above �10 kHz is the increase
in the loss contribution associated with classical and
anomalous eddy currents, both of which scale inversely
with the effective resistivity.5 Ferrites have tradi-
tionally been employed for high-frequency inductor
applications in the kHz to MHz range due to their
large resistivities. However, ferrites are limited in
high-power inductor applications due to their low
saturation magnetization and poor thermal con-
ductivity. A range of advanced soft magnetic nano-
composites composed of metallic nanoparticles with
intergranular phases exhibiting high resistivity
have therefore been developed.6–17

An example of extending the frequency response
is provided by nanolaminated thin films,18–20 where
fast switching is achieved by limiting the thickness(Received April 30, 2013; accepted July 29, 2013;
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of the magnetic nanocomposite to stabilize Néel walls
and alternating layers of a resistive oxide. Another
example of this class of materials employs an insu-
lating nonmagnetic oxide such as SiO2 or Al2O3 to act
as a percolating intergranular phase. These are
synthesized by thin-film deposition techniques and
are referred to as soft magnetic nanogranular
films.9,10,21 With a nonmagnetic intergranular phase,
the magnetic properties of this class of materials are
expected to be highly sensitive to the details of the
film chemistry and the underlying microstructure,
including the spatial composition distribution, par-
ticle size, interparticle spacing, and oxidation state of
the elements. The strong structure sensitivity com-
plicates attempts to scale up from thin-film geome-
tries to the thick-film or bulk components required for
relatively high-power applications while retaining
technologically acceptable properties. Here we dis-
cuss an investigation of film microstructure, chem-
istry, and measured properties in model systems
consisting of CoFe–SiO2 thin films fabricated by
sputter-deposition techniques, which may elucidate
information relevant to bulk and thin-film systems.
We focus on DC magnetic properties here, but future
investigations taking similar approaches may also
provide insights into the high-frequency responses of
this class of materials.

EXPERIMENTAL PROCEDURES

CoFe–SiO2 composite thin films were deposited
using a high-temperature, multilayer deposition pro-
cess to ensure uniformity of the underlying film
microstructure and tunability of the relative volume
fraction of CoFe and SiO2 for fixed overall film thick-
ness. A schematic of the deposition process is illus-
trated in Fig. 1, showing that film layers of �4.4 nm
total thickness and consisting of sublayers of Co85Fe15

and SiO2 were repeated 12 times for a total film
thickness of �52.8 nm. All layers were deposited by
radio frequency (RF) sputtering after achieving a base
pressureof<5 9 10�7 torr ina flowing Aratmosphere
of 5 mtorr on a Corning Eagle XG glass substrate at
temperature of�400�C. Using this approach, the total
volume fraction of SiO2 in the film could be tuned by

varying the relative thicknesses of the SiO2 and
Co85Fe15 layers. The Co85Fe15 composition was se-
lected due to the relatively low magnetostriction that
is typically observed for high-Co-containing CoFe-
based alloys, which can play an important role in
measured magnetization responses.5

Synthesized films were characterized by trans-
mission electron microscopy (TEM), x-ray photo-
electron spectroscopy (XPS), x-ray diffraction (XRD)
analysis, and alternating gradient magnetometry
(AGM). Plan-view TEM was performed on films that
were deposited directly on Si3N4 membrane grids for
ease of sample preparation using a JEOL 2000EX
microscope operating at 200 kV. Cross-sectional
TEM samples were prepared from films deposited on
glass substrates using standard focused ion beam lift-
out techniques and subsequently mounted on Cu
grids for imaging using a Tecnai F20 microscope at
200 kV. Particle size estimates, referred to as DTEM

below, were obtained from plan-view TEM images by
image processing. Due to overlap between the parti-
cles throughout the film thickness, manual tracings
of particles were performed for several TEM images
obtained from different locations of the film. The
tracings were subsequently thresholded and ana-
lyzed using standard image processing tools avail-
able in ImageJ; in particular, the ‘‘Analyze Particles’’
macro was employed to estimate the mean and
standard deviation of estimated particle diameter.

XRD was performed using an Elvis Xpert dif-
fractometer in standard Bragg–Brentano geometry
such that only crystallographic planes parallel to
the film surface gave rise to measurable diffraction
intensity. XPS measurements were performed with
a PHI 5600ci spectrometer using a Mg Ka x-ray
source and an analyzer pass energy of 58.7 eV.
Binding energies were referenced to the Si 2s peak
at 153.8 eV. Compositions were calculated from
peak areas using sensitivity factors provided by the
instrument manufacturer. Simple curve fitting of
the Co 2p3/2 and Fe 2p3/2 spectra to obtain the rel-
ative fractions of oxidized Co and Fe was accom-
plished using CasaXPS software; the minimum
number of peaks required to obtain a satisfactory
overall fit were used. Elemental depth profiles were

Fig. 1. Schematic of the multilayer deposition process used to synthesize Co85Fe15–SiO2 nanogranular composite thin films. Note that the actual
deposited film layers are not expected to be discrete and continuous due to the high deposition temperature and relatively thin layer thicknesses.
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measured by alternation of XPS analysis with
sputtering of the surface by an Ar+ ion beam. A
differentially pumped ion gun was operated at
1.5 9 10�2 Pa and 25 mA to deliver a sputtering
rate of �8.5 nm/min.

Small-angle scattering experiments were also per-
formed on selected thin-film samples to quantify the
characteristic length scales of the microstructure
under investigation. Scattering experiments were
performed on beamline 12ID-B at Argonne National
Laboratory for thin-film samples on glass substrates
to probe scattering due solely to charge/chemical
heterogeneities of the sample under investigation. In
all cases, a corresponding measurement was per-
formed for a blank glass substrate and subtracted
from measurements performed on the film samples.
Soft x-ray resonant scattering was performed on
beamlines 11.0.1 and 6.3.2 at Lawrence Berkeley
National Laboratory’s Advanced Light Source to al-
low for additional contributions to measured scatter-
ing intensity associated with heterogeneities in the
magnetization distribution within the sample. By
tuning near the Co L3 absorption edge at 778 eV, the
resonant magnetic term in the scattering factor is
dramatically enhanced, allowing angle-resolved
measurements of magnetic correlation lengths in
addition to chemical correlation lengths. Samples
consisted of single multilayer films deposited on a
silicon nitride membrane mounted with surface nor-
mal along the incoming, linearly polarized x-ray
beam. Scattering was measured by scanning an
apertureddetector througha low angle range with the
scattering vector in the film plane.22,23

RESULTS AND DISCUSSION

CoFe–SiO2 films were deposited with nominal SiO2

volume fraction ranging between 0% and 90%. Plan-
view TEM images obtained for selected samples are

presented in Fig. 2, illustrating a clear refinement in
the particle size of CoFe grains and the formation of
an intergranular SiO2 layer with increasing SiO2

content. For the films with SiO2 volume fractions of
50% and greater, the intergranular SiO2 phase
appears to be percolated based upon acquired TEM
images, which is consistent with expectations from
prior reports where the percolation limit typically
occurs at volume fractions between 40% and 60%.24

Further evidence for film percolation was obtained by
four-point probe measurements of sheet resistance
using a setup commonly employed for metallic thin
films, for which no measurable value could be
resolved for samples with SiO2 content ‡50%, sug-
gesting a percolated, electrically insulating micro-
structure. Selected-area diffraction (SAD) patterns
for these films are also presented, confirming a two-
phase mixture of body-centered cubic (BCC) and face-
centered cubic (FCC) CoFe grains for the 25% SiO2

sample, as would be expected given that the Co:Fe
ratio places the alloy in the two-phase BCC + FCC
region of the CoFe phase diagram at the deposition
temperature.17,25 With increasing SiO2 content, all of
the observed rings also broaden, which is consistent
with decreasing particle size. A decrease in the rela-
tive intensity of the rings indexed to BCC as com-
pared with FCC was also observed with increasing
SiO2 content, suggesting that the relative amount of
FCC may be increasing. In the case of the 80% and
90% SiO2 films, only a single, broad ring could be
clearly resolved, at a d-spacing corresponding
approximately to the lowest index ring of FCC or
BCC. Figure 3 presents cross-sectional TEM images
for three films with >50% SiO2 content, illustrating
that the films consist of spherical CoFe nanoparticles
separated by an intergranular SiO2 phase.

x-Ray photoelectron spectroscopy experiments
performed on deposited films can provide informa-
tion about the spatial variation of composition

Fig. 2. Plan-view transmission electron microscopy images and corresponding SAD patterns of Co85Fe15–SiO2 thin films with varying SiO2

content by volume. Refinement of the CoFe grain size, formation of an intergranular SiO2 phase, and broadening of the SAD pattern rings are
observed with increasing SiO2 content. BCC phase rings become relatively weak as compared with FCC with increasing SiO2 content, and only
the lowest-order rings are clearly resolved for the highest SiO2 content films.
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through the depth of the film as well as the oxida-
tion state of all elements in the composite micro-
structure. An example of a measured compositional
depth profile obtained from the 50% SiO2 sample
is presented in Fig. 4a. For this sample there is
potential evidence for enrichment in Co and Fe near
the substrate, suggesting a higher density of CoFe
nanoparticles during initial film growth. A gradual
decrease in oxygen and an increase in Co over a
depth of �7 nm were also observed near the film
surface, corresponding to enhanced oxidation at the
surface. To estimate the film composition as a
function of SiO2 content, the top �10 nm of each
film was sputtered away to remove surface con-
tamination and high-resolution spectra of Co, Fe, Si,
and O were measured. The results for films with
SiO2 contents ranging between 50% and 90% are
presented in Fig. 4b, illustrating a monotonic
decrease in Co and Fe with increasing SiO2 content
and an overall increase in both Si and O, as would
be expected.

Comparing the measured XPS Fe 2p and Co 2p
spectra in Fig. 5 for the deposited films containing
60% and 90% SiO2, Fe is observed to be more
heavily oxidized than Co and the degree of oxidation
is larger for the highest SiO2 content films. Prefer-
ential oxidation of Fe could explain the decrease in
relative intensity of BCC as compared with FCC
diffraction rings in measured SAD patterns with
increasing SiO2 content of the film (Fig. 2). A slight
discontinuity in the measured O and Si composition
of the films with SiO2 volume fractions >60% is
observed in Fig. 4b, which correlates with a notice-
able increase in the degree to which Fe and Co are
oxidized based upon measured Fe 2p and Co 2p
spectra; For example, the curve-fitting results of the
measured Fe 2p and Co 2p peaks in Fig. 5c, d
illustrate that Fe is almost fully oxidized and that
Co is heavily oxidized for the 90% SiO2 sample. A
table of results of standard peak-fitting procedures
of the type illustrated in Fig. 5a–d is also presented.
The lack of clearly resolved higher-order diffraction

Fig. 3. Cross-sectional TEM images of CoFe–SiO2 films with 50%, 70%, and 90% SiO2 content, illustrating that the microstructure consists of
spherical particles embedded in an intergranular phase of SiO2 over this film composition range. The film is coated with a layer of protective Pt
during the focused ion beam (FIB) lift-out process.

Fig. 4. (a) Sputter depth composition profile obtained using XPS for a 50% SiO2 film, illustrating enrichment of Co and Fe near the glass
substrate and a possible oxidation layer at the top surface of �7 nm in thickness. (b) Estimated film composition as a function of SiO2 content
based on XPS spectra measured at �10 nm into the film depth. A discontinuity can be observed for the samples with 70% and greater SiO2,
consistent with an increase in the relative degree of transition-metal element oxidation in these films.
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rings for the highest SiO2 content films could also be
linked with a relatively large degree of Fe and Co
oxidation. Subsequently, films deposited under
similar processing conditions have shown variation
in the degree of Fe and Co oxidation, suggest-
ing that further work is required to understand
the process parameters that can affect the degree
of oxidation of the transition-metal elements.
Although care was taken to ensure that samples
were not exposed to ambient atmosphere at tem-
peratures >100�C, we cannot completely rule out
some degree of postdeposition film oxidation that
may occur upon cooling following the high-temper-
ature deposition. Follow-up experiments are currently
underway for samples in which a SiO2 capping layer
is employed prior to exposing the films to ambient
atmosphere to further minimize the potential for
postdeposition oxidation.

DC magnetic properties of the synthesized films
were measured, and representative hysteresis loops
for the 50%, 60%, and 80% SiO2 samples as mea-
sured at room temperature are presented in Fig. 6
along with plots of the saturation magnetization
and coercivity as a function of SiO2 content. Above
50% SiO2 content, the microstructure can be
described as CoFe particles embedded in a contin-
uous SiO2 matrix. A characteristic shearing of the
hysteresis loop occurs with increasing SiO2, result-
ing in decreased susceptibility, coercivity, and
remanence. Accordingly, the squareness (defined as
the ratio of the remanent to saturation magnetiza-
tion) decreases from a value of �0.7 for the 50%

SiO2 film to a value of �0.01 for the 80% SiO2 film.
The observed trends are consistent with a transition
towards superparamagnetic behavior with increas-
ing SiO2 content and decreasing CoFe particle size.
For the 90% SiO2 film, the low absolute signal pre-
vented us from estimating a coercivity value with
confidence. The expected trend of decreasing Ms

with increasing SiO2 volume fraction is observed,
although the measured values of Ms appear some-
what lower than the value expected based upon the
nominal SiO2 volume fraction using the moment of
pure Co for the magnetic phase. The experimentally
observed partial oxidation of the transition-metal
elements in the films could be one explanation.

It is well known that small-angle x-ray scattering
(SAXS) experiments can be employed for quantita-
tive studies of microstructural features in the case
of characteristic length scales ranging from �1 nm
to 100 nm.26 The scattered intensity for a single
scattering site is described by Eq. 1.27,28

I Qð Þ ¼ NV2
S Dqj j2P Qð ÞSðQÞ þ Ibackground: (1)

In Eq. 1, Q is the scattering vector, P is the form
factor, N is the number of particles per unit volume,
VS is the volume of the particle, and Dq is the con-
trast scattering length or the extra electron density
of the particle over the dispersion matrix. S(Q)
corresponds to the structure factor, which describes
interference between closely spaced scattering sites
and can provide information about interparticle

Fig. 5. Fe and Co 2p spectra measured after sputtering away the top 10 nm of the 60% and 90% SiO2 films. As illustrated by the peak-fitting
results for the Fe and Co 2p3/2 peaks, intensity is observed at binding energies corresponding to higher oxidation states of Fe and Co (indicated
by ‘‘oxidized,’’ dashed green) in addition to expected intensity at binding energies corresponding to ‘‘metallic’’ Fe and Co (solid blue). The
assumed background (solid black) and fitted envelope (solid red) are also presented. A larger relative degree of Fe oxidation as compared with
Co for all films as well as a greater degree of relative transition-metal oxidation for the highest SiO2 content films can be observed, as
summarized in the table based upon integration of fits of the type illustrated (Color figure online).
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spacing and packing. The distance between nearest
particles can be approximated as 2p/Qpeak, where
Qpeak is the position of the first intensity maxi-
mum.22 SAXS measurements performed at energies
corresponding to hard x-rays, which are expected to
be sensitive only to film microstructure, are pre-
sented in Fig. 7a, illustrating a clear peak in scat-
tering that decreases in intensity and shifts to
increasing Q with increasing SiO2 content of the
film. It has been shown that aggregates of closely
spaced particles or precipitates can result in a peak
in small-angle scattering intensity that is closely
related to interparticle spacing, which explains the
observed peak in scattering reported here.22 The
observed trends are consistent with a decreasing
size and volume fraction and an increased inter-
particle spacing of the CoFe-based nanoparticle
phase. No significant SAXS contrast could be
observed for the 90% SiO2 films above the back-
ground level, and hence these results are not
included. The weak scattering contrast for this
sample may be due to the low volume fraction of the
CoFe-based nanoparticles and almost complete oxi-
dation of the transition-metal elements. Figure 7b
illustrates the estimated interparticle spacing as a
function of SiO2 content calculated from the peak in
small-angle scattering data (DSAXS) along with esti
mated grain sizes of CoFe nanoparticles from plan-
view images (DTEM) such as those presented in Fig. 2a.

Using the values of DSAXS and DTEM presented in
Fig. 7b, the experimentally measured coercivities
(HC) of Fig. 6c were fit to the assumed power-law
dependence of Eq. 2 over the film composition range
of �50% to 80% SiO2.

HC ¼ H0
CDX : (2)

In Eq. 2, H0
C is a fitted constant prefactor, X is a

fitted exponent, and D is the experimental value of
particle size (DTEM) or interparticle spacing (DSAXS).
The form of Eq. 2 was chosen based upon well-
known empirical relationships between coercivity

and average grain size in exchange-coupled soft
magnetic materials. These systems tend to follow a
power-law dependence with X values of ��1 asso-
ciated with domain-wall pinning at grain bound-
aries for large-grained materials and ranging
between �3 and 6 for nanocrystalline or nanocom-
posite systems due to effective averaging of the
magnetocrystalline anisotropy over many grains.5,29

For assemblies of exchange-decoupled magnetic
particles, larger particles with sizes above the crit-
ical single-domain limit also have been shown to
exhibit power-law dependences with X � �1, while
smaller particles with sizes approaching the super-
paramagnetic limit instead have been shown to
exhibit a different particle size dependence of the
form HC ¼ Kð1þ ðDP=DÞ3=2Þ; where DP here is the
assumed upper particle diameter for superpara-
magnetic behavior and K is a function of the mag-
netocrystalline anisotropy and saturation magneti
zation of the particles.30 The authors also theoreti-
cally justified the latter expression in the case of
particles with uniaxial magnetic anisotropy. As a
result, the data presented here were also fit to a
second assumed power-law dependence with an
additional offset term:

HC ¼ H1
C þH0

CDX ; (3)

The terms in Eq. 3 retain the same meanings as
those presented in Eq. 2 with H1

C corresponding to
an additional fitted constant.

The results of the fitting procedure are presented
in Fig. 7c, d, in which solid lines correspond to fits to
Eq. 2 and dashed lines correspond to fits to Eq. 3.
Both DSAXS and DTEM were utilized for the fitting of
experimental coercivity data because of a lack of
detailed understanding of the magnetization pro-
cess of systems with weak or negligible exchange
coupling between particles. For isolated particles,
DTEM is expected to be the primary parameter dic-
tating the measured coercivity, but for particle
assemblies that exhibit significant dipolar interactions,

Fig. 6. (a) Representative hysteresis loops measured for samples with varying SiO2 content and normalized relative to the measured value of
Ms. (b) Measured trend in Ms as a function of SiO2 content in synthesized films along with the estimated value for the corresponding volume
fraction of FCC Co for comparison (solid line). (c) Measured coercivity of synthesized films as a function of SiO2 content.
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DSAXS may instead prove to be the dominant
parameter, as such interactions have been proposed
as a source of coercivity in assemblies of interacting
superparamagnetic particles.31,32 Estimated values
of X from the fitting process range from �3.5 to 5
when fitting uncertainty is considered in the case
where Eq. 2 is used (X � 4 ± 0.5 for DTEM,
X � 4.4 ± 0.6 for DSAXS). In the case of fits using
Eq. 3, greater sensitivity of the fitting results to the
assumed initial values of the parameters and rela-
tively large uncertainties were observed due to the
limited number of data points and the additional
fitting parameter. Smaller values of X appear to
provide the best fitting results in this case with
X � 3 ± 0.75 for DTEM and X � 1.7 ± 0.6 for DSAXS.
However, the fits also result in negative fitted val-
ues of H1

C, which cannot be justified based upon the
physical origin of this constant for the model of
noninteracting superparamagnetic particle assem-
blies motivating the use of the expression.30 The
reduced value of X and the negative estimated val-
ues of H1

C are particularly evident for the fit to
DSAXS, where H1

C � �75 ± 35 Oe was estimated.
It has been shown that SAXS experiments per-

formed using lower-energy (i.e., soft) x-rays can

simultaneously provide information about charac-
teristic length scales of heterogeneity in both the
charge/chemical structure and the corresponding
magnetic structure.22,33 The origin of the additional
contrast associated with the magnetic structure is
due to the resonant magnetic contributions to the
scattering factor that become comparable to the
charge contribution at the Co L3 edge in the soft
x-ray range.22,23 Soft x-ray SAXS results for sam-
ples prepared in a similar manner to those
described above are presented in Fig. 8, illustrating
scattering peaks associated with the charge/chemi-
cal heterogeneity for all films which are consistent
with measurements performed using hard x-rays
(Fig. 8b). For the films with 60% and 80% SiO2

content, additional contrast associated with the
magnetic scattering contribution is observed at
lower Q values, indicating that the underlying spin
structure exhibits a periodicity approximately a
factor of 2 to 3 times greater than that of the
interparticle spacing (Fig. 8b). Larger characteristic
length scales associated with heterogeneity in the
magnetic structure as compared with the interpar-
ticle spacing can often be attributed to magnetic
interactions between particles with dipolar interactions

Fig. 7. (a) Small-angle scattering data for selected CoFe–SiO2 films with nominal SiO2 volume fractions of 50% to 80% as labeled. (b) Estimated
interparticle spacing from small-angle scattering data (DSAXS) and estimated CoFe particle size from plan-view TEM images (DTEM). (c) and (d)
illustrate the estimated trends in coercivity as a function of DSAXS and DTEM fit to a power-law expression over the same film composition range as
(a). Solid and dashed lines correspond to fits using Eqs 2 and 3, respectively.
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whose moments vary widely in orientation relative
to each other.22,33,34 Strict nearest-neighbor anti-
ferromagnetic (AF) moment orientations would
yield a magnetic peak at half of the Q value of
the chemical peak, while a broader dispersion of
moment orientations would manifest as a broader
magnetic intensity distribution in the scattered
intensity.25 In the case of the 25% SiO2 film, a sin-
gle, broad scattering peak is resolved, which is
consistent with the onset of a percolated CoFe phase
resulting in intergranular exchange coupling, and
ferromagnetically aligned spins.22 In this case,
magnetic and chemical heterogeneity both contrib-
ute at the same length scale, as ferromagnetically
aligned CoFe has magnetic heterogeneity defined
simply by the chemical heterogeneity.

Prior investigations of samples consisting of
CoFe-based nanoparticle assemblies embedded in a
nonmagnetic matrix have provided evidence for
magnetic interactions between the particles
impacting the measured DC hysteresis response as
well as correlations between spin orientations in
adjacent nanoparticles. Prior works on Co-nano-
particle assemblies,22 Co–SiO2 composite films,34

and Fe-based metallic/amorphous nanocomposites
well above the Curie temperature of the amorphous
phase31 have concluded that dipolar interactions
are the primary mechanism responsible for inter-
granular magnetic interactions. For the Fe-based
nanocomposites it has been demonstrated that such
interactions can result in a source of measured
coercivity as compared with noninteracting super-
paramagnetic particles of the same size.31 In the
case of Co-nanoparticle assemblies and Co–SiO2

composite films, spatial correlations in the orienta-
tions of moments in adjacent particles due to dipolar
interactions have been reported based upon soft
x-ray or neutron small-angle scattering experi-
ments.33,34 Because long-range dipolar interactions
are expected to depend upon both the relative ori-
entations of the magnetic moments as well as the

interparticle spacings,33–37 the degree of interaction
is expected to depend strongly upon both the inter-
particle separation and the way in which particles
are packed to form the composite film. Other oper-
ative mechanisms for magnetic coupling in thin
films and multilayers include orange-peel38–40 and
pinhole coupling. Adherent oxides on FeCo make
pinhole coupling unlikely, but the large magneti-
zation of FeCo amplifies the importance of magne-
tostatic interactions responsible for orange-peel
coupling. Possibilities of intergranular exchange
interactions between particles in direct contact also
arise in the case where clusters of particles rather
than isolated particles are surrounded by the
intergranular insulating oxide phase, as reported
by previous authors.41 Such details are expected
to play an important role in DC as well as high-
frequency magnetization processes, and the tem-
perature dependence of the DC magnetization of
such materials can sometimes help to distinguish
between different coupling mechanisms.20 The
quantitative fits to the measured coercivity data
presented here in Fig. 7 should be interpreted with
caution due to the observed partial oxidation of
transition-metal elements in the synthesized films
and the limited number of data points. Additional
studies of the type described here coupled with
appropriate theoretical models can be expected to
yield important insights useful for understanding
and optimizing this relatively new class of soft
magnetic materials.

CONCLUSIONS

A systematic investigation of Co85Fe15–SiO2 thin
films of fixed thickness was performed as a function
of the nominal volume fraction of SiO2. Decreasing
CoFe-nanoparticle size and spacing with increasing
SiO2 volume fraction was observed over the range of
SiO2 contents investigated. Films containing ‡�50%
SiO2 by volume exhibited a percolated oxide phase

Fig. 8. (a) Soft x-ray small-angle scattering data for CoFe–SiO2 films with nominal SiO2 volume fractions of 25%, 60%, and 80% as labeled.
Downward-oriented arrows indicate peaks due to charge/chemical heterogeneity, while upward-oriented arrows indicate contrast features arising
from magnetic heterogeneity. (b) Estimated interparticle spacing from both hard and soft x-ray SAXS data as well as the estimated characteristic
length associated with the magnetic contribution to the scattering.
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and a composite microstructure of CoFe-based
nanoparticles surrounded by a SiO2 intergranular
phase. The degree of oxidation of the transition-
metal elements was investigated by XPS, showing
that Fe was preferentially oxidized relative to Co
during the deposition process and that the degree of
oxidation was largest in the films prepared with the
highest SiO2 volume fraction. Measured trends in
magnetic properties are discussed as a function of
SiO2 content, CoFe particle size, and interparticle
separation. Small-angle scattering experiments
performed with soft x-rays elucidated characteristic
length scales of the magnetic structure to be �2 to 3
times the interparticle spacing and suggest poten-
tial evidence for interparticle magnetic interactions.
Additional quantitative studies are needed to clarify
the magnetization processes (both DC and high
frequency) in this class of materials, as details such
as particle size, interparticle separation, and the
partial oxidation of transition-metal elements would
be expected to have a strong impact on the magni-
tude and type of interparticle magnetic coupling.
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