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Preface to ”Sensors and Biosensors Related to

Magnetic Nanoparticles”

Present-day sensor devices and sensor networks are representative of the multidisciplinary

approach of science, technology, and biomedicine. The list of related research areas (nanosensors,

biosensors, physical and chemical, intelligent, remote, optical, electronic sensors, sensor networks,

communications, non-destructive testing, etc.) is rapidly growing, and public attention grows and

transforms, becoming a more and more important area of attention. Therefore, sensor materials

become more and more important, elaborate, and sophisticated, from multilayered structures to

magnetic polymer composites, from magnetic nanoparticles and nanorods toward multifunctional

structured soft matter. However, the most common image of modern sensor material can be described

as a composite.

There are different types of magnetic effects capable of creating highly sensitive detectors for

electronic applications, communications, automatic control, biology, medicine, etc. One of the main

goals of their efficient development is to create a new generation of sensor material. In this Special

Issue, we considered both materials and devices with magnetic nanoparticles and materials and

devices for magnetic nanoparticle detection and evaluation of their concentration, distribution, and

contribution to the other physical properties of composites.

This book describes interesting examples of magnetic materials with magnetic nanoparticles

or compact devices using composites with nanoparticles, including new engineering solutions and

theoretical contributions on the magnetic biosensing of soft matter composites. I would like to thank

the authors from different countries who formed international team of experts, and the reviewers

and Editorial members of MDPI for their special effort to ensure the high standard of this book and

to make it interesting for wide audience.

Galina V. Kurlyandskaya

Editor
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Abstract: Multifunctional magnetic nanowires (MNWs) have been studied intensively over the last
decades, in diverse applications. Numerous MNW-based systems have been introduced, initially
for fundamental studies and later for sensing applications such as biolabeling and nanobarcoding.
Remote sensing of MNWs for authentication and/or anti-counterfeiting is not only limited to engi-
neering their properties, but also requires reliable sensing and decoding platforms. We review the
latest progress in designing MNWs that have been, and are being, introduced as nanobarcodes, along
with the pros and cons of the proposed sensing and decoding methods. Based on our review, we
determine fundamental challenges and suggest future directions for research that will unleash the
full potential of MNWs for nanobarcoding applications.

Keywords: magnetic nanowires; nanobarcodes; encoding; sensing and decoding

1. Introduction

Initially, barcodes were invented for the authentication of products in anti-counterfeiting,
which is of the foremost importance due to the continuous growth of non-transparent trad-
ing [1–4]. Nanostructured materials are the backbone in barcoding applications, because
their similar appearance hides them from the naked eye, while their physical and chemical
properties are significantly different and are suitable for authentication [5,6]. As a result, the
unmet demands for miniaturized barcodes led to the emergence of nanobarcodes, such as
magnetic nanoparticles [7–9], magneto-optic nanoparticles [10,11], and photonic nanoparti-
cles [12–14], in diverse applications, including nanomedicine and cell biology [15–18], as
well as computing and cryptography [19–21]. Changing the composition and size of nano-
materials is probably the most convenient approach to generate numerous nanobarcodes
with distinct codes [22]. However, generating nanobarcodes with unique codes does not
necessarily guarantee that reliable sensing and decoding is also possible, especially when
there is more than one nanobarcode at the scanner. This restriction obligates defining the
essential merits for nanobarcodes and designing nanobarcodes that meet these merits [5,6].

In the big picture, there are the following three essential merits for the ideal nanobar-
code: (1) expandable encoding, (2) secure sensing, and (3) reliable decoding, as shown in
Figure 1. Simply, the codes are physical properties with high flexibility that can be easily tai-
lored and measured. For many applications, the sensing must be done by non-destructive
measurement techniques with high repeatability [23] that can be readily translated to the
portable devices, suitable for daily applications. Therefore, the first two essential merits
are strongly correlated, and they can be tackled by choosing nanomaterials/nanostructures
with special properties, which can be readily engineered and measured. The first two merits
may discard several proposed nanomaterials/nanostructures for nanobarcoding, but there
is still a vast number of nanomaterials/nanostructures that meet these two merits and
are deemed promising. To specialize this review, here, we only focus on one-dimensional
magnetic nanoparticles, also known as magnetic nanowires (MNWs), with ferromagnetic
properties, to deeply discuss their recent progress, particularly in nanobarcoding applica-
tions and how they potentially can transform the future of this field.

Sensors 2021, 21, 4573. https://doi.org/10.3390/s21134573 https://www.mdpi.com/journal/sensors1
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Figure 1. A flowchart rendering the essential merits for nanobarcodes.

2. Why Magnetic Nanowires for Nanobarcodes?

Recently, MNWs became the center of the research in nanobarcoding because of the re-
vealed potential for making the next generation of nanobarcodes and/or biolabels [23–26],
driven by the fact that the MNWs can be remotely and selectively detected [27–29]. More-
over, the MNWs are dominantly fabricated using electrodeposition techniques that are
cheap, fast, and scalable for mass production [30–33]. More importantly, their magnetic
response can be readily extracted from the background signals, leading to a high signal-to-
noise ratio–suitable for miniaturizing the barcodes size [7]; this is because the majority of
materials are diamagnetic or paramagnetic, which do not produce magnetic signals, such
as irreversible switching, which is exclusively a property of ferromagnetic materials [34,35].
Thus, as opposed to optical- or radio-frequency barcodes, magnetic signals are not contam-
inated by the background noise [36–39]. Aside from these advanced benefits of MNWs for
nanobarcoding, they also meet the aforementioned merits of expandable encoding, fast
sensing, and reliable decoding, which we discuss in detail in the following sections. First,
due to the strong correlation between the encoding merit and the sensing merit, we discuss
these merits together. We next discuss the current state-of-the-art for the reliable decoding
of multiple MNW-based nanobarcodes at the readout, because its progression currently
substantially lags behind the other merits’ progression.

2.1. Encoding and Sensing of Magnetic Nanowire (MNW)-Based Nanobarcodes

Each magnetic nanowire (MNW)-based nanobarcode is made of a collection of MNWs,
where the magnetic properties of each MNW and the intra-magnetic interactions can be
used for encoding [40,41]. The most favorable magnetic signatures for nanobarcoding are
those that can be rapidly measured, with high repeatability, to fit the daily applications as
expected for nanobarcodes. This requirement limits the number of magnetic measurements
to a few applicable measurements, which can be categorized into the following two groups:
(1) DC measurements, and (2) AC measurements. The DC measurements usually need
simpler equipment, and they have been widely used for the magnetic characterization
of MNWs. As a result, there has been much progress in the development of instruments
for fast and repeatable DC measurements. The DC measurements include hysteresis loop
measurements, the first-order reversal curve (FORC) method [42–44], remanence curve
method [45,46], and, most recently, the projection method and the backward remanence
method [34,47]. The AC measurements are magnetic particle spectroscopy and ferromag-
netic resonance spectroscopy, as the most well-established and common methods that
might be transferrable to daily applications [23,48,49].
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2.1.1. DC Measurements

The hysteresis loop measurement is the most popular and fastest method for magnetic
property extraction, and it provides the saturation magnetization and the coercivity of any
sample. Figure 2a schematically illustrates the hysteresis loop method. The saturation mag-
netization is a function of the MNW composition, as shown in Figure 3a–e. Making MNWs
as alloys of one magnetic (such as cobalt or iron) and one non-magnetic component allows
the tailoring of the saturation magnetization from zero to the saturation magnetization of
the magnetic component [50]. The common magnetic and non-magnetic components that
can be easily co-electrodeposited are (1) iron with gold [31,51] or copper [52], (2) nickel
with gold [53] or copper [54,55], or (3) cobalt with gold or copper [56].

Figure 2. Schematically depicting the hysteresis loop method (a) and the FORC method (b,c), where (b) is the FORC data
collection and (c) is a FORC heat-map. In subfigures (a,b), the green arrows show the data acquisition direction. In subfigure
(c), the red distribution is the projection of the FORC heat-map on the applied field (H), the blue distribution is the projection
of the FORC heat-map on the interaction field axis (interaction field distribution), the black distribution is the projection of
the FORC heat-map on the reversal field (Hr), and the green distribution is the projection of the FORC heat-map on the
coercivity axis (coercivity distribution). Figure adapted from [34,35].

Tailoring the saturation magnetization is best to be conducted using magnetic com-
ponents with high saturation magnetization, such as iron, if the other components are
non-magnetic [57–59]. In this case, the saturation magnetization can be tailored over a
wider range, from nearly zero up to the saturation magnetization of the magnetic com-
ponent. Therefore, among all of the compositions, alloys containing iron might be more
favorable as they have high saturation magnetization, leading to a wider achievable range
of saturation magnetizations. Note that the alloyed MNWs were also made of both mag-
netic components, such as iron–nickel [60,61], iron–cobalt [62,63], nickel–cobalt [64,65], or
iron–cobalt–nickel [66]. When both components are magnetic, the saturation magnetization
range will be limited to the minimum and maximum saturation magnetization of the com-
ponents, except iron–cobalt MNWs with a 2:1 atomic ratio that leads to higher saturation
magnetization [63,67,68], as shown in Figure 3f. Generally speaking, having both magnetic
components does not provide much flexibility to tailor the saturation magnetization as the
encoding parameters. This is also valid when the MNWs are made of three components,
such as iron, nickel, and cobalt, as trinary [69–71]. However, these cases are very useful
to tailor other magnetic properties, such as coercivity, where, as an example, Permalloy
(iron–nickel with a 1:4 atomic ratio) is one of the most popular compositions [61,67,72,73].
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Figure 3. Demonstrating different approaches for tailoring the magnetization saturation and the coercivity of MNWs for
encoding. (a,b) Single component MNWs; (c) multi-component or alloyed MNWs; (d) MNWs with modulated composition;
(e) SEM image of modulated composition MNWs, adapted from [74]; and (f) represents a Slater–Pauling curve illustrating
the dependency of the magnetic moment on the composition, adapted from [58].

Coercivity is another important magnetic property that determines how resilient the
spins are against changing their direction. Simply, coercivity is the required magnetic
field to rotate the magnetization 90 degrees, or for very anisotropic samples, it is the field
required to produce equal “up” and “down” spins. The simplest way to tailor the coercivity
is probably to vary the MNW sizes [75–77], as shown in Figure 4a,b. For MNWs with a
very large diameter, the spins switch via the nucleation and propagation of a magnetic
domain wall, which usually requires lower energies, or equivalently, smaller coercivities.
As the MNWs diameter increases, the nucleation and propagation of the magnetic domain
walls become easier, which causes the coercivity to decrease [78]. This is because MNWs
with large diameters hold multiple magnetic domains, leading to the presence of exchange
coupling between the magnetic domains [50]. The exchange coupling contributes to the
coercivity that is proportional to the inverse square of the MNWs diameter. Thus, for
diameters larger than the critical diameter (the diameter in which the MNWs are a single
domain), the coercivity decreases as the diameter increases [79]. Note, once the MNWs
diameter becomes smaller than the critical diameter, all spins rotate simultaneously. In
this case, which is also known as coherent rotation, the coercivity significantly increases to
large values. It should be mentioned that the MNWs length can also impact the reversal
mechanism of the spins (i.e. transverse well mode instead of the coherent mode if the
length is very long) [80,81]. However, the effects of the length on coercivity are usually
taken out, because the definition of MNW obligates a much longer length compared to the
diameter. Note, when the length is much longer than the diameter, the shape anisotropy is
constant. Thus, the coercivity becomes independent of the length.

Inducing any chemical or physical changes/mismatches that facilitate or hinder the
switching direction of the spins would result in tailoring the coercivity [72,82]. An ex-
ample for the chemical approach is to synthesize MNWs with different compositions or
crystal structures [83–86]. For instance, it was shown that by varying the pH of the elec-
trolyte during electrodeposition, one can manipulate the crystal structure of cobalt MNWs
from hexagonal close-packed (hcp), to a mixture of hcp and face-center-cubic (fcc), to a
purely fcc crystal structure [85,87]. Over the last few years, the physical approaches for
tailoring the coercivity have been intensively studied. The basic for physical approaches
is to pin magnetic domain walls by inducing a discontinuity; a few examples are de-
picted in Figure 4. The examples for physical approaches are diameter modulation (an
MNW with multiple diameters along its length) [88,89], multi-segmented [90,91], induc-
ing notches [92,93], and interconnecting MNWs [29,94]. Figure 4 shows some proposed
attempts for engineering the MNWs coercivity, by taking benefit of the following: (a–b
and e–f) varying diameters, (c and g–h) modulating the diameter, and (d and i) multi-
segmenting the MNWs. In all these approaches, the magnetic domain walls are being
pinned at the transition sites, which generally leads to an increase in coercivity. Thus, it
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would be interesting to combine the aforementioned approaches for tailoring the coercivity
over a much wider range than the current state-of-the-art.

Figure 4. Illustrating the different techniques for tailoring the coercivity of the MNWs, where (a,b) changing the diameter
(or aspect ratio) of single diameter MNWs; (c) modulated diameter MNWs; (d) multi-segmented MNWs; (e–h) SEM images
of varying and modulating the MNWs diameter, adapted from [95]; and (i) a SEM image of multi-segmented MNWs,
adapted from [96].

The first-order reversal curve (FORC) method is another DC measurement that has
been broadly used for the qualitative, and partially quantitative, description of magnetic
signatures [97–99], as shown in Figure 2b,c. In the context of the FORC method, the
hysteresis loop of a magnetic nanobarcode can be considered as a picture, where each
pixel is the contribution of a hysteron, such as an individual MNW, which builds the
whole hysteresis loop area. Experimentally, the FORC method scans the whole area of
the hysteresis loop in a two-dimensional fashion, using the following two magnetic fields:
(1) reversal field, and (2) applied field [100]. Once the magnetic responses are measured, in
terms of the reversal and applied fields, the second derivative of the magnetic responses
are taken [101], and the results are plotted as heat-maps versus the reversal field and the
applied field.

When plotting each pixel (i.e., a single MNW switching), in terms of the reversal and
applied field, the reversal field is the field in which magnetization switches from +1 to
−1, while the applied field is the field in which the magnetization switches reversely. In
other words, half of their difference (equivalently, the width) is the coercivity, and half
of their summation (equivalently, the horizontal shift) is the interaction field [42,100,102].
According to these definitions of the coercivity and interaction fields, the FORC heat-maps
can be plotted in the coercivity interaction field plane, which is a 45-degree rotation of
the reversal-applied fields plane. Conceptually, the FORC heat-maps indeed determine
the probability of finding an MNW with a specific coercivity and interaction field pair.
Consequently, since there are many MNWs with different coercivities and under different
interaction fields, the coercivity and interaction fields are represented as distributions that
have been used as magnetic signatures [103–105].

As mentioned earlier, the FORC heat-maps have been broadly used as qualitative
descriptions of MNWs magnetic signatures. For quantitative description, the heat-maps
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are projected onto the coercivity and interaction fields in order to calculate the coercivity
and interaction field distributions, and to be used as quantitative signatures [106,107].
This detailed analysis of the FORC method has been known as a very powerful probe
for analyzing the magnetic signatures of many complex MNW-based nanobarcodes. As
a result, the FORC method became a very promising method for the reliable sensing of
nanobarcodes. The major advantage of the FORC method is that it provides the magnetic
signatures (coercivity and interaction field) as distributions rather than single values.
It is very useful because the measured signatures can be decoded [9]. This detailed
sensing of magnetic nanobarcodes, provided by the FORC method, is accompanied with
unpleasant downsides that dramatically hinder the usability of the FORC method for
practical applications [41,108]. A few examples of these drawbacks are (1) its slow signature
extraction, which makes it extremely inefficient for daily usages, and (2) complex data
analysis, which causes artifacts. In this direction, several researches have been conducted,
to speed up both the data collection [34,35,109] and data processing [110,111] of the FORC
method, which is still a long way to go.

Among all of the approaches to speed up the FORC measurements, the projection
method was proposed, to significantly accelerate the sensing of magnetic nanobarcodes
signatures, particularly for biolabeling and nanobarcoding [8,27,34]. A schematic for the
projection method is given in Figure 5a. The projection method employs the fundamentals
of the FORC method, to extract the irreversible switching field distribution at the reversal
field in lieu of coercivity and interaction field distributions. The irreversible switching
field distribution as a magnetic signature was found to provide several advantages that
are compatible with the expectations for novel nanobarcodes. First, using the projection
method, the irreversible switching field distribution can be measured by scanning only
the vicinity of the upper branch hysteresis loop—leading to a significant time reduction in
comparison to scanning the whole area of the hysteresis loop, as is needed for the FORC
method. It was shown that up to five data points along each reversal curve are sufficient
to reliably measure the irreversible switching field distribution, which leads to a factor of
50–100X faster measurements compared to the FORC method [34]. Second, the projection
method requires only one derivative to calculate the irreversible switching field distribution,
while the FORC method requires two sequential derivatives followed by an integral. Due to
the measurement noise, the FORC signatures are accompanied by artifacts, which are still
elusive [35]. Last, but not least, the projection method indeed measures both the reversible
and irreversible switching field distributions, and decomposes them. Since the irreversible
switching field is residual magnetization, it is exclusively generated by the MNWs in the
barcode, while the reversible switching field could be the superposition of the MNWs
reversible response and the surrounding materials. Thus, the projection method provides a
better signal-to-noise ratio that is suitable for further miniaturizing the nanobarcode sizes
by excluding the background signals. Note, the irreversible switching field distribution
is a function of the MNWs coercivity and the interaction fields between them. Therefore,
in addition to the aforementioned parameters for tailoring the coercivity, the irreversible
switching field distribution can be further tailored by tuning the interaction fields (e.g., by
varying the interwire distance) within the MNWs, leading to a more expandable encoding
capability [35,112,113].
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Figure 5. Schematically demonstrating the data collection protocols for (a) the projection method, (b) backward remanence
method, (c) isothermal remanence method, and (d) DC demagnetization method. The projection method (a) provides the
irreversible switching (equivalent to the residual magnetization) at the reversal field, Hr. While, the remanence methods
(b–d) provide the residual magnetization at the zero applied field, H, such as points 3 and 3’. The key feature that separates
the backward remanence (b) from the isothermal remanence (c) and the DC demagnetization remanence (d) is the saturating
the whole system before applying the Hr and removing it.

It should be emphasized that the projection method measures the irreversible switch-
ing field distribution at the reversal field. The advantages of the irreversible switching field
distribution for nanobarcoding have attracted attention towards measuring the irreversible
switching field distribution at zero field, which is also known as the backward remanence
measurement [5,6], as shown in Figure 5b. Even though the backward remanence method
measures the remanence (magnetization at zero field), it is different from other remanence
methods, such as isothermal remanence [114,115] (Figure 5c) or DC demagnetization re-
manence [116,117] (Figure 5d). Indeed, the backward remanence measurement measures
the remanence in a more restricted method that was shown to be more reproducible [34],
which is necessary for reliable sensing of magnetic nanobarcodes. The only difference
between the backward remanence measurement and the other remanence method is that it
saturates the magnetic nanobarcode at each step before applying and removing the field [6];
Figure 5b–d schematically shows the data collections for each of these remanence methods
for comparison. This suppresses the stochastic effects of MNWs magnetization in an array,
leading to more reliable sensing [5,6].

2.1.2. AC Measurements

AC measurements apply an alternating magnetic field and measure the response of
magnetic nanobarcodes at different frequencies or a biased magnetic field. The two widely
used AC measurements are magnetic particles spectroscopy [118–120], in Figure 6a–d,
and magnetic resonance spectroscopy [121–123], in Figure 6e,f. Magnetic particles spec-
troscopy applies an alternating magnetic field, using a magnetic coil at a single frequency
(sometimes two frequencies [124,125]), shown in Figure 6c, and measures the magnetic
responses in real time, in Figure 6b, and the frequency domain, as shown in Figure 6d.
For superparamagnetic nanoparticles, where the coercivity is zero, as in Figure 6a, the
magnetization will be a function of odd multiplication of the applied frequency, which aims
to sense the magnetic response of the magnetic nanoparticles and distinguish it from the ap-
plied signal [126]. Sensing the MNWs using magnetic particles spectroscopy is practically
very challenging; this is because the non-zero coercivity of the MNWs causes a nonlinear
dynamic response that cannot reliably be sensed and distinguished from the applied field.
Furthermore, the MNWs have a non-zero coercivity, from a hundred Oe to several hundred
Oe, which mandates a very large AC field for AC oscillations. Applying a large AC field at
a high frequency causes heat generation, due to eddy currents. To avoid the eddy currents
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and to be able to use the magnetic particles spectroscopy for nanobarcoding, the MNWs
must have small coercivity. However, this limits the range of encoding, leading to a limited
magnetic nanobarcode that is not favorable for nanobarcoding applications.

Figure 6. Schematically demonstrating (a–d) magnetic particle spectroscopy data, adapted from [127], and (e,f) ferromag-
netic resonance spectroscopy data, adapted from [123]. In magnetic particle spectroscopy, superparamagnetic nanoparticles
are exposed to an alternating magnetic field (b), which forces them to oscillate (c). By linearizing their response in frequency
domain, multiple peaks appear at odd higher frequencies (d) that are being used for sensing them. In magnetic resonance
spectroscopy, the MNWs are exposed to an RF signal while a biased magnetic field is applied. By sweeping the RF signal
frequency or the biased magnetic field magnitude, the RF absorption of the MNWs varies due to their spins’ precession,
where the absorption signal is being used for sensing the MNWs.

Another AC measurement for sensing magnetic nanobarcodes is magnetic resonance
spectroscopy [123,128], also known as ferromagnetic resonance measurement, shown
in Figure 6e,f. Magnetic resonance spectroscopy is developed based on the traditional
radiofrequency (RF) identification method, which uses the AC magnetic field of a radio-
frequency signal, in the either presence or absence of a DC magnetic field, to sense the
magnetic nanobarcodes. By varying the DC magnetic field, the resonance frequency of the
MNWs change, and that can be used as an extra degree of freedom for secure sensing [129].
Magnetic resonance spectroscopy could be faster compared to the DC measurements
for sensing. However, it tends to have a poor signal-to-noise ratio and short distance
sensing, due to absorption/attenuation of the RF signals. Indeed, since magnetic resonance
spectroscopy uses an RF signal for the stimulation, it inherently has the limitations of
traditional RF identification.

2.2. Decoding of Magnetic Nanobarcodes

As discussed in the previous section, there is a trade-off between fast sensing and
reliable sensing. A solution for avoiding this trade-off is to reliably sense multiple mag-
netic nanobarcodes, to speed up the decoding by reducing the number of required read-
outs/measurements. In contrast to the huge progress in the encoding and sensing of
magnetic nanobarcodes, the reliable decoding of them has not received much attention,
even though it is crucial for the commercial transition [5,6]. Furthermore, establishing
a roadmap for the reliable decoding of multiple nanobarcodes is not only beneficial for
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the magnetic nanobarcodes, but other nanobarcodes can also take benefits from this, to
ramp up the authentication speed. Here, we again discuss the recent works to focus on the
MNW-based nanobarcodes.

For reliable decoding of multiple unknown MNW-based nanobarcodes, it is necessary
for the magnetic nanobarcodes to have distinct features, with minimum overlapping. This
requirement discards the hysteresis loop measurement as it only provides single values,
for example, saturation magnetization or coercivity. Aside from the fact that the saturation
magnetization and coercivity are well known and have strong magnetic signatures for
encoding, they are insufficient for reliable decoding, especially when there is more than one
nanobarcode at the readout [5–7]. For example, assume the scanner reads the saturation
magnetization 100 emu/cc. Since it is a single value, it does not indicate if there was only
one nanobarcode with 100 emu/cc or two nanobarcodes with 50 emu/cc for each, and so
on. This drawback restricts the application of the hysteresis loop measurement, regardless
of it being a fast, easy, and cheap sensing method. As a result, the sensing methods, such as
the projection method, that provide distributions stand out. Practically, the most favorable
distributions are those that can be tailored using multiple parameters, such as saturation
magnetization, coercivity, and interaction fields, to provide higher flexibilities for encoding.

The key for the reliable decoding of multiple nanobarcodes is that the readout signal
of a combination must be a linear superposition of the individual components. This is
usually achievable because the interwire distance between the MNWs (usually in order of
500 nm) in a nanobarcode is several orders of magnitude smaller than the distance between
the nanobarcodes (it is at least the thickness of the nanobarcode, which could be in order of
1 mm). This allows the readout signal to be a linear superposition of the signatures of the
composed nanobarcodes/subdivisions. Indeed, the challenge is to determine the number
of nanobarcodes; Figure 7a shows a simple flowchart for this purpose. This is because
increasing the number of nanobarcodes improves the fitting quality, leading to unbounded
values for the number of nanobarcodes. To overcome this challenge, it was proposed to
use the degree of the fitting quality (i.e., the root mean square, RMS) improvement as an
indicator of the likelihood for having the expected number of nanobarcodes [130–132],
as shown in Figure 7b,c. In other words, it is true that the fitting quality improves as
the number of nanobarcodes increases (under-fitting); however, this improvement will
not be significant as the fit number surpasses the actual number of codes (over-fitting).
To overcome this, one of the proposed techniques is to consider a cutoff value for the
improvement in the RMS [5,6]. Therefore, by selecting a cutoff for the RMS, to differentiate
between the under-fitting and over-fitting, one can predict the number of the nanobarcodes
at the readout; Figure 7 schematically illustrates such algorithms for a readout signal of
two nanobarcodes.

Figure 7 schematically illustrates the procedure for decoding using a cutoff value.
One first assumes that there is only one nanobarcode (N = 1) at the readout, and the
measured remanence spectrum is fit to one Gaussian function to find the fitting parameters
by optimizing RMS1, where superscript one indicates N = 1. Next, N is increased to 2 and
the new optimum RMS error, RMS2, is calculated. Then, RMS2 is compared with RMS1 to
determine how much the RMS error decreased, by increasing N from 1 to 2. If the reduction
meets the cutoff, then there are at least two nanobarcodes at the readout (N ≥ 2), as shown
in Figure 7b. Then, it is necessary to increase N to 3 and repeat the same procedure, to
determine whether or not there are more nanobarcodes present. Note, at this step, RMS3

and RMS2 must be considered, and their ratio must be compared with the cutoff value, as
in Figure 6c. If the reduction in RMS3 compared to RMS2 was not sufficient, the decoding
process can be terminated, because it would appear that only two nanobarcodes were
present at the readout (N = 2). This process must be continued until the ratio of RMSN-to-
RMSN-1 is no longer smaller than the cutoff value. The main drawback of this technique
for reliable decoding is finding the correct value for the cutoff. For example, as the number
of nanobarcodes at the readout increases, the magnetic signatures start overlapping, which
makes the decoding difficult. It should be emphasized that this drawback is not limited
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only to magnetic nanobarcodes, as the reliable decoding of any nanobarcodes suffers
from this problem. To resolve this problem, we proposed two alternatives. The first
alternative is to use a floating cutoff value, which is a function of the predicted number
of nanobarcodes. The second alternative, which could be a more effective approach, is
to eliminate the need for a cutoff, which could be accomplished by using the artificial
intelligent (AI) or the machine learning (ML) approaches. To accelerate the transition
of MNW-based nanobarcodes to real-life applications, the reliable decoding of multiple
nanobarcodes demands a huge amount of attention, with many research opportunities in
computer science and signal processing domains, which are expected to flourish soon.

Figure 7. Depicting a decoding method based on using the fitting quality (RMS) as an indicator for determining the
number of nanobarcodes at the readout, (a) a flowchart for decoding and (b,c) data analysis for finding the number of the
nanobarcodes were produced. The algorithm assumes that one (N = 1) nanobarcode exists, thus, it fits the data with one
Gaussian function and calculates the RMS1. Then, it increases N to two, and it calculates RMS2. If the RMS2/RMS1 (b) is
larger than the cutoff value, there was only one nanobarcode at the readout. Otherwise, there are at least two nanobarcodes
and the procedure must be repeated for N=3, which means RMS3/RMS2 must be evaluated (c).

3. Summary and Outlook

Though considerable progress and advances have been recently made toward the
encoding/sensing/decoding of MNW-based nanobarcodes, there are still challenges for
their use in nanobarcoding applications that need to be addressed to achieve practical
translation. The extremely important merits of promising nanobarcodes are as follows:
(1) expandable encoding capability, (2) fast sensing with minimal background noises, and
(3) reliable decoding of multiple nanobarcodes simultaneously present at the scanner. The
encoding capability and sensing merits are inherently correlated, as the former is the
targeted magnetic property/signature and the latter is the magnetic measurement method
for sensing/measuring the targeted property. The main considerations that must be taken
into account when choosing the proper property/signature and sensing/measurement are
the stability over time, expandability, and the speed and reproducibility of the signature, in
addition to the cost, ease of use, and portability of the sensing instruments. These criteria
make many magnetic signatures unusable, and leave a few options available, which can
be categorized based on the type of sensing methods, which are DC and AC methods.
Basically, the DC sensing methods are more reliable and simpler, but slower than the AC
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sensing methods. More importantly, the DC methods intuitively provide sensing of the
hidden MNW-based nanobarcodes, with higher signal-to-noise ratios compared to the
AC methods.

The need for faster sensing, based on DC methods, that provides distributions, instead
of single values, to achieve reliable decoding, eliminates the hysteresis loop and first-order
reversal curve (FORC) methods, which are brief and slow, respectively. Among all, the
projection method and backward remanence deem more promising, as they are as fast as
the hysteresis loop method, companied by detailed analyses similar to the FORC method.
To further enhance the rapid authentication, it is essential to be able to reliably decode the
readout signals from multiple nanobarcodes simultaneously present at the scanner. This
requirement demands other fields, such as signal processing from electrical engineering
and machine learning or artificial intelligence from computer science, into magnetism, to
facilitate the realization of MNW-nanobarcodes translation to daily applications. Indeed,
despite the huge progress in the encoding and sensing of MNW-based nanobarcodes, the
reliable decoding of multiple MNW-based nanobarcodes is still in its rudimentary stage
and requires much exploration.
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Abstract: Advances in nanofabrication techniques are undoubtedly needed to obtain nanostructured
magnetic materials with physical and chemical properties matching the pressing and relentless
technological demands of sensors. Solid-state dewetting is known to be a low-cost and “top-down”
nanofabrication technique able to induce a controlled morphological transformation of a continuous
thin film into an ordered nanoparticle array. Here, magnetic Fe70Pd30 thin film with 30 nm thickness
is deposited by the co-sputtering technique on a monocrystalline (MgO) or amorphous (Si3N4)
substrate and, subsequently, annealed to promote the dewetting process. The different substrate
properties are able to tune the activation thermal energy of the dewetting process, which can be tuned
by depositing on substrates with different microstructures. In this way, it is possible to tailor the
final morphology of FePd nanoparticles as observed by advanced microscopy techniques (SEM and
AFM). The average size and height of the nanoparticles are in the ranges 150–300 nm and 150–200 nm,
respectively. Moreover, the induced spatial confinement of magnetic materials in almost-spherical
nanoparticles strongly affects the magnetic properties as observed by in-plane and out-of-plane
hysteresis loops. Magnetization reversal in dewetted FePd nanoparticles is mainly characterized by a
rotational mechanism leading to a slower approach to saturation and smaller value of the magnetic
susceptibility than the as-deposited thin film.

Keywords: FePd thin film; solid-state dewetting; substrate crystallinity; magnetic nanoparticles

1. Introduction

Nanotechnology and sensors are research areas with a high degree of multi- and inter-
disciplinarity and, therefore, they are often and continuously combined [1–3]. Therefore,
the development of advanced sensors based on nanostructured materials is increasingly
expanding, improving the detection sensitivity of several chemical, physical and biological
quantities in several external conditions [4–10]. In this framework, nanostructures-based
bio-sensors are already used to sense various signals from a wide range of biological
environments with many technological advantages in terms of reducing cost, easing in
technologies, and improving measurement efficiencies [8,11–13]

Recent advances and tuning of innovative nanofabrication techniques have allowed
to finely control the size and shape of the nanostructured materials, tailoring their physical
and chemical properties to the practical demands [14–16]. Moreover, the more suitable
nanofabrication technique should take into account also the economic issues, whose aim is
the cost reduction of the sensor with its diffusion in the global market [14].

In this context, solid-state dewetting is a physical, “top-down” and low-cost nanofabri-
cation technique [17,18] able to induce a morphological transformation of a thin film into an
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ordered nanoparticles array, usable as a key component in catalysts, photonic and magnetic
applications as well as in several sensors [19–22]. The thermally activated morphological
transformation is driven by a reduction in the surface energy of the thin film and, strictly
depends on the interface energy between the thin film and the underlying substrate [18].
Therefore, the final shape and size of the nanoparticles (NPs) lying on the substrate are
strongly influenced by well-known factors, including the thickness and composition of
the thin film, temperature, time, and atmosphere of annealing treatment, as well as the
physical and chemical properties of the substrate surface [23,24].

The solid-state dewetting process applies to a wide class of materials and
alloys [19,22,24–27]. Interestingly, this process occurring in noble metals (Au and
Ag) supports the development of the plasmonic sensors based on surface-enhanced Raman
scattering (SERS) effect by the fabrication of suitable nanostructured substrates with
high performance and low cost [21,28,29]. On the other hand, the solid-state dewetting
applied to single- and multi-layer magnetic thin film strengthens the understanding of the
correlation between the technologically relevant magnetic properties, such as anisotropy,
susceptibility, coercivity, remanence and the morphological features of the obtained
NPs [24,25,30].

Using the solid-state dewetting process to obtain bimetallic NPs, one element of
which is magnetic, is an interesting scientific goal. The magnetic bimetallic NPs are
promising materials in the technological and research communities because they show
both the superimposition of the properties of the single elements and new interesting
combined effects [31–34]. Among others, the bimetallic FePd NPs, thanks to their well-
known multifunctional properties [35,36], have been already used as glucose sensors [37],
biomedical agents [38,39], high-efficiency (bio-)catalysts [40], SERS-active substrate [41,42],
and in magnetorheological fluid [36].

The aim of this work is to propose the solid-state dewetting process as an efficient
nanofabrication technique able to obtain an array of bimetallic Fe70Pd30 nanoparticles
starting from a continuous thin film deposited by the sputtering technique on a substrate.
This research study is mainly devoted to understanding how the microstructure of the
underlying substrate affects this morphological transformation and can be used as a tool
to meet technological needs. In particular, monocrystalline MgO and amorphous Si3N4
substrates are used to control the kinetics of the dewetting process and to tailor the final
morphology of magnetic FePd nanoparticles. The structural and morphological prop-
erties of the as-deposited FePd thin film and subsequently the size, shape, density and
distribution of the obtained FePd NPs attached to the underlying substrate are inves-
tigated by X-ray diffractometer, scanning electron microscopy (SEM) and atomic force
microscopy (AFM). Moreover, the evolution of the in-plane and out-of-plane magnetic
properties, directly related to the spatial confinement induced by the dewetting process,
are carefully investigated.

2. Materials and Methods

The co-sputtering deposition technique on monocrystalline MgO or amorphous Si3N4
substrate was used to grow FePd alloy in a thin-film form with 30 nm thickness. The two
substrates were simultaneously loaded into the sputtering chamber. The power density of
the two targets was fixed based on their relative deposition rates, at 250 W for Fe element
and 15 W for the Pd element, in order to obtain the desired Fe70Pd30 stoichiometry. The
base pressure of the sputtering was set at 7 × 10−7 mbar and the Ar gas pressure at
1.2 × 10−2. The deposition time, to obtain the desired 30 nm thickness, was calculated from
the deposition rate of FePd (1.36 Å/s) which was previously experimentally evaluated
by an atomic force microscopy (AFM) measurement. The two as-deposited samples are
named as follows: FePd/MgO and FePd/SiN.

The as-deposited thin films were submitted to annealing in a furnace (carbolite)
(heating rate 51 °C/min) under vacuum atmosphere (2 × 10−6 mbar) to promote the
solid-state-dewetting process. The selected annealing temperatures (TA) are in the range
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750–860 °C, and the annealing time (tA) is set to 55 min. Despite the high temperatures
reached during the annealing process, the high vacuum atmosphere in the furnace chamber
severely hinders the oxidation of the FePd surface.

The crystal structure of the as-deposited FePd thin film was investigated by means of
the grazing incidence X-ray diffraction (GIXRD) technique with Cu-K α radiation (PANalyt-
ical X’Pert Pro MPD). The XRD spectra were collected at room temperature. The Scherrer
formula was used to estimate the average grains size [43]. The morphological character-
ization of the continuous as-deposited thin films and dewetted samples was performed
by scanning electron microscopy (SEM—FEI Inspect-F). The corresponding images were
analyzed by an open source software ImageJ [44]. The energy dispersive X-ray spectrome-
ter (EDS) equipped in the SEM was used to check the stoichiometry of the as-deposited
FePd alloy.

The surface roughness of the as-deposited samples and the height maps of the
dewetted ones were measured by AFM (Bruker Multimode V Nanoscope 8) operating in
intermittent-contact mode at atmospheric pressure and room temperature. In-plane and
out-of-plane room temperature magnetic hysteresis loops were measured by means of a
high-sensitivity alternating gradient field magnetometer (AGFM, Princeton Measurements
Corporation) operating in the field range −18 ≤ H ≤ 18 kOe. The magnetic signal of the
sample holder and substrate was effectively subtracted.

3. Results

3.1. As-Deposited Fe70Pd30 Thin Film
3.1.1. Structural and Morphological Characterization

The Fe:Pd ratio in the alloy, experimentally evaluated by the EDS technique, is
Fe70Pd30 for the thin film deposited both on the monocrystalline MgO and amorphous
Si3N4 substrates.

The surface morphology of the as-deposited FePd/MgO and FePd/SiN samples
is depicted by top-view SEM and AFM images (see Figure 1). In particular, the SEM
micrographs (Figure 1a,b) show a uniform and flat surface without visible defects and
macro-structures in both samples. AFM images (Figure 1c,d) confirm the high surface
flatness, revealing a roughness with a round shape with a root mean square (Rq) values of
1.4 nm and 1.1 nm for FePd/MgO and FePd/SiN samples, respectively. These measured
Rq values are too low to induce a contrast/brightness variation in the SEM images, which
appear to be mainly monochrome. The absence of visible defects or cracks indicates a low
accumulation of strain at the substrate/film interface during the FePd deposition for both
substrates [45,46].

The crystal structure of the as-deposited FePd/MgO and FePd/SiN samples is de-
termined by the analysis of the spectra obtained by GIXRD and shown in Figure 2a. A
body-centered cubic (BCC) structure is found in both cases. This evidence indicates the
formation of a supersaturated solid solution of α-(Fe,Pd) as predicted by the FePd phase
diagram and previously reported in the literature [47,48]. Considering the relative intensity
of the diffraction peaks, no preferential orientation is observed. The used deposition pa-
rameters (see Section 2), such as a relatively high deposition rate and the room temperature
of the substrates, lead to a polycrystalline structure of the growing thin film independently
from the microstructure of the substrate. An enlargement of the spectra in the range 40–47°
is shown in Figure 2b to compare the (110) peaks for the FePd film deposited on crystalline
MgO (black line) and amorphous Si3N4 (red line) substrates. The peak is broader for the
film deposited on the MgO substrate with respect to the corresponding one deposited on
the Si3N4. In particular, the full width at half maximum (FWHM) value of the (110) peak is
(2.56 ± 0.05)° and (1.63 ± 0.05)° for FePd/MgO and FePd/SiN sample, respectively. In a
rough approximation, using the Scherrer formula [43], the average dimension (<D>) of the
crystallites of the as-deposited FePd thin film can be estimated at about <D> = 33 and 52 nm
for FePd/MgO and FePd/SiN sample, respectively. It is worth noting that the <D> values
by Scherrer’s formula are generally underestimated [43] but, nevertheless, it can be said

19



Sensors 2021, 21, 7420

with confidence that the average size of the crystallites deposited on the amorphous Si3N4
substrate is greater if compared to the one of the FePd film deposited on the crystalline
MgO substrate. This behavior provides evidence of the different structural features of the
substrates which affect the crystalline grains dimension in the as-deposited FePd films.
Therefore, the slight mismatch in the lattice parameter between the single crystalline MgO
substrate (0.421 nm) [49] and the FePd thin film (0.376 nm) [50] provides substrate-induced
stress/strain to the as-deposited film, resulting in the formation of grains with a smaller
size. Conversely, the Si3N4 substrate with its amorphous texture does not provide any
substrate-induced stress/strain to the film that grows effectively relaxed, leading to grains
with a larger volume.

Figure 1. SEM (panels a,b) and AFM (panels c,d) images of as-deposited FePd thin films on MgO or
Si3N4 substrate.
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Figure 2. (a) XRD spectra of the as-deposited FePd samples on MgO (black curve, full symbols)
and Si3N4 (red curve, open symbols) substrate, all the unlabeled peaks belong to the substrates;
(b) enlargement around the (110) peak.

3.1.2. Magnetic Properties

Room-temperature in-plane hysteresis loops of the as-deposited FePd/MgO and
FePd/SiN samples are shown in Figure 3. In both samples, the magnetization reversal oc-
curs mainly for a single irreversible jump of the magnetization, indicating that the domain
walls movement is the main mechanism governing the magnetization process. The mag-
netic susceptibility at the coercive field (χHc) is ≈2.7 × 10−3 Oe−1 and ≈4.2 × 10−2 Oe−1

for FePd/MgO and FePd/SiN, respectively.

Figure 3. Room-temperature in-plane hysteresis loops of the as-deposited FePd samples on MgO
(black curve) and Si3N4 (red curve) substrate.

The coercive field (Hc) and the normalized remanence (Mr/M10kOe) of the as-deposited
FePd thin film are influenced by the different structural properties of the underlying
substrate. Both parameters reach higher values in the FePd/MgO sample with respect
to the ones in the FePd/SiN sample: Hc = 80 and 10 Oe; Mr/M10kOe = 0.84 and 0.47 for
FePd/MgO and FePd/SiN, respectively. The difference in the Hc values can be correlated
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to the average grain size of the as-deposited thin film [49]: the smaller grains in the
FePd/MgO sample induce a large number of grain boundaries, crystal imperfections,
and defects that hinder the motion of the domain walls and, consequently, increase the
coercivity. On the other hand, the larger grains in the FePd/SiN make the magnetization
reversal easier, leading to a lower coercive field value. The hindrance of the domain walls
movement in the FePd/MgO sample, concurring to the increase in its Hc value, also arises
from the residual micro-stress [51] in the as-deposited FePd thin film induced by the slight
mismatch of the lattice parameter and the one of the underlying substrate. Conversely, the
amorphous texture of the Si3N4 substrate reduces the residual micro-stress, making the
domain walls motion easier.

3.2. Dewetted Fe70Pd30 Thin Film
3.2.1. Structural and Morphological Characterization

The thermally-assisted breakup of the highly flat continuous Fe70Pd30 layer by the
solid-state-dewetting process is shown in Figure 4a,b and Figure 4c–e for the FePd/MgO
and FePd/SiN samples, respectively. The high temperature values drive the morphological
transformation by minimizing the free energy at the interface between the substrate and
the thin film [18].

Clearly, the structural, compositional, and superficial features of the underlying sub-
strate determine the kinetics of the solid-state-dewetting, the temperatures at which it
starts and the different morphological properties of the final magnetic nanoparticles. The
crystalline MgO substrate favors, already at TA = 750 °C, the formation of well-separated
magnetic nanoparticles (Figure 4a), although their irregular shape indicates that their inter-
connections have just separated. By increasing the annealing temperature up to TA= 820 °C,
a more spherical-like shape of the NPs (Figure 4b) is developed by means of a process in
which the free energy is further reduced and the system approaches equilibrium [52]. The
exposure of the underlying MgO substrate is about 82% for both samples.

Conversely, annealing at the same temperature (TA = 750 and 820 °C), the thermal
energy provided to the as-deposited Fe70Pd30 layer on amorphous Si3N4 is not high enough
to form separated magnetic nanoparticles. Indeed, the morphology of the FePd750◦C/SiN
sample shows nucleated small empty space in the FePd film with irregular shape (i.e., holes
that expose the underlying substrate) (Figure 4c) likely located at the grain boundaries
of the as-deposited polycrystalline thin film [53,54]. Such formation of empty spaces in
the continuous layer is the main feature that indicates the starting point of the solid-state
dewetting process; in this case, the annealing parameters induce the exposure of the
underlying Si3N4 substrate of about 12.8%. The increase in the annealing temperature
up to TA = 820 °C drives the spontaneous growth of the size of the holes (Figure 4d);
consequently, in the FePd820◦C/SiN sample, the exposed area of the underlying substrate is
increased up to 16.2%. Only a further increase in the thermal energy (TA = 860 °C) provided
to the as-deposited Fe70Pd30 thin film leads to the complete growth of the empty spaces
with their consequent interconnection and the formation of well-separated FePd particles
(Figure 4e). The exposure of the underlying Si3N4 substrate is, in this case, of about 83.4%.
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Figure 4. Morphology of Fe70Pd30 thin film deposited on MgO (panels a,b) and Si3N4 (panels c–e)
substrate and annealed at selected temperature (see labels) for tA = 55 min.

In order to compare the morphology obtained in FePd820◦C/MgO and FePd860◦C/SiN
samples, a statistical analysis of the SEM images is performed. The distributions of the
NPs diameter (<D>) and the center-to-center distance (<dcc>) among the first neighbor-
hood of nanoparticles are shown in Figure 5. The diameter distributions (Figure 5a) are
fitted with a Gaussian curve with a mean value of <D> = 164 and 296 nm and a standard
deviation of σD = 128 and 187 nm for the FePd820◦C/MgO and FePd860◦C/SiN samples,
respectively. Similarly, the distributions of the center-to-center distance (Figure 5b) are
fitted with a Gaussian curve with a mean value of <dcc> = 213 and 478 nm and a standard
deviation of σcc = 129 and 276 nm for the FePd820◦C/MgO and FePd860◦C/SiN samples, re-
spectively. Consequently, the surface density (ρ) of NPs results in being much higher in the
FePd820◦C/MgO (ρ ≈ 60 NPs/μm2) than in the FePd860◦C/SiN samples (ρ ≈ 15 NPs/μm2).
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Figure 5. (a) Nanoparticles diameter distribution and (b) distribution of the center-to-center distance
among first neighborhood of nanoparticles for the FePd820◦C/MgO and FePd860◦C/SiN samples. The
Gaussian fits are plotted as full lines.

Therefore, the crystalline MgO substrate is observed to induce smaller (<D> reduced
by a factor of ≈62%), closer (<dcc> reduced by a factor of ≈55%), and more evenly dis-
tributed FePd magnetic NPs than the amorphous Si3N4 substrate.

The height map of Fe70Pd30 nanoparticles lying on the MgO or Si3N4 substrate is
obtained by the AFM technique; representative AFM images for the FePd820◦C/MgO and
FePd860◦C/SiN samples are shown in Figure 6a,b. Statistical analysis of several AFM
images allows to obtain the height distributions of the nanoparticles, which are shown
in Figure 6c. Both distributions are roughly approximated by a Gaussian curve with a
mean value of <h> = 156 and 206 nm and standard deviation of σh = 65 and 91 nm for the
FePd820◦C/MgO and FePd860◦C/SiN samples, respectively.

Figure 6. AFM images of dewetted samples: (a) FePd820◦C/MgO and (b) FePd860◦C/SiN samples;
(c) nanoparticles height distribution with Gaussian fit (full line).

The estimation of the nanoparticles average aspect ratio (<h>/<D>) by combin-
ing the diameter and height information results in 0.95 ± 1.14 and 0.70 ± 0.75 for the
FePd820◦C/MgO and FePd860◦C/SiN samples, respectively, revealing an almost spherical
shape for the NPs obtained on the MgO substrate whereas a more oblate shape is revealed
for the ones on the Si3N4 substrate.

These morphological evidences demonstrate that the substrate crystallinity influences
the energy at the substrate/thin-film interface [23] as well as the thin-film structural
properties (see Section 3.1). Consequently, the thermally activated atomic diffusion during
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the solid-state dewetting process can be controlled, leading to <h>/<D> and ρ of the
dewetted FePd particles to meet the technological demands.

Moreover, the thermal energy provided to the thin films during the solid-state dewet-
ting could lead to surface segregation effects of the bimetallic alloy [55], i.e., the enrichment
of the surface in one of the components in comparison to the nominal concentration. In this
context, the segregation of Au in Fe- and Ni-rich dewetted alloy is the subject of several
studies [56–58]. In the case of FePd alloy, segregation of the Fe atoms on the surface was
found, due to their higher oxide-forming tendency, compared to Pd atoms [59]. There-
fore, a surface segregation effect in the dewetted samples studied in this work cannot be
excluded a priori; however, further characterizations with more effective and in-depth
techniques, such as X-ray photoemission spectroscopy (XPS) [60], atom probe [61] or
atomic-resolution HAADF transmission microscopy [62] should be performed to have a
more comprehensive picture.

3.2.2. Magnetic Properties

Room-temperature in-plane hysteresis loops of the annealed samples are shown in
Figure 7. All curves are normalized to the magnetic moment value measured at H = 10 kOe.
The M(H) curves (Figure 7a,b) show a progressive and significant reduction in the magnetic
susceptibility at the coercive field (χHc) as a function of TA (especially in the FePd/SiN sam-
ples; see Table 1) leading to a wider magnetic field interval in which the magnetic saturation
is reached. This magnetic behavior indicates the appearance of a rotational mechanism of
magnetization, which replaces the single irreversible reversal mechanism associated with
the domain wall motion in the as-deposited thin film (see Figure 3 and discussion above)
and, consequently, leads to a slower approach to saturation magnetization.

The measured magnetic properties are in strong correlation with the evolution of the
Fe70Pd30 film morphology induced by the solid-state-dewetting process and observed in
Figure 4. The remarkable increase of the Hc value in the dewetted FePd750◦C/SiN and
FePd820◦C/SiN samples (see Table 1), compared to the corresponding as-deposited thin
film, is ascribed to the nucleation of the holes that act as pinning sites for the domain walls
during the magnetization process of the whole sample. In particular, smaller holes (with
a size smaller than the domain wall thickness) can directly pin the walls, whereas larger
holes hinder the wall motion through the subsidiary domains around them, reducing the
overall magnetostatic energy [51]. Instead, the rounder shape of the FePd well-separated
nanoparticles, observed at the end of the solid-state-dewetting process in the FePd860◦C/SiN
sample, induces a decrease in the effective magnetic anisotropy with a consequent reduction
in the coercive field [25,63]. In this case, the magnetization process occurs independently
in each nanoparticle mainly by rotational mechanisms: the magnetization vector rotates
toward the applied field direction against the restoring force of the effective anisotropy,
which includes a combination of the shape and the crystal anisotropy. As a consequence, a
lower χHc value is observed. Similar rotation mechanisms with comparable χHc value are
observed in the spherical shape magnetic NPs of the FePd750◦C/MgO and FePd820◦C/MgO
samples (see Figure 4a,b). As expected, the improvement in the NPs roundness, induced
increasing TA from 750 °C to 820 °C for FePd thin film on the MgO substrate, leads to
a slight decrease in the χHc and HC values (see Table 1). By comparing the coercive
field values of the dewetted FePd820◦C/MgO and FePd860◦C/SiN samples, a multidomain
configuration of the nanoparticles in both cases can be hypothesized since the decrease in
the NPs average size <D> leads to an increase in the coercivity [51].
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Figure 7. Room-temperature hysteresis loops: in-plane configuration for (a) FePd/SiN and
(b) FePd/MgO samples as a function of the TA; in-plane and out-of-plane magnetic hysteresis
loops comparison for (c) FePd860◦C/SiN and (d) FePd820◦C/MgO.

Table 1. Annealing temperature (TA), magnetic susceptibility at the coercive field (χHc), coercive
field (Hc) for FePd/SiN and FePd/MgO samples.

FePd/SiN FePd/MgO

TA χHc Hc χHc Hc

750 °C 9.1 × 10−3 147 5.3 × 10−4 92
820 °C 4.2 × 10−3 177 4.1 × 10−4 88
860 °C 3.5 × 10−4 73 - -

Room-temperature out-of-plane magnetic hysteresis loops of the FePd860◦C/SiN and
FePd820◦C/MgO samples are measured and matched with the corresponding ones along the
in-plane direction; see Figure 7c,d. In the FePd860◦C/SiN sample, the in-plane curve shows
higher χHc and lower saturation field, indicating that this direction is an anisotropy easy-
axis of magnetization. Conversely, the in-plane and the out-of-plane hysteresis loops of the
FePd820◦C/MgO sample appear almost perfectly superimposed. Such a features indicates a
prevalent isotropic magnetic behavior with a random distribution in the space of the easy
magnetization axis (only a very slight preference for the in-plane direction is still measur-
able). The area enclosed between the first branch of the in-plane hysteresis loop and the first
branch of the out-of-plane one in the applied magnetic field interval 0–10 kOe is used to eval-
uate the effective anisotropy energy (Ee f f ) that the applied magnetic field spends to move
the magnetization away from the easy-axis toward saturation along the hard axis [24,63].
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As expected, the Ee f f value of the FePd8860◦C/SiN sample (≈1.1 × 106 erg/cm3) is largely
higher than that for FePd820◦C/SiN sample (2.6 × 105 erg/cm3). These anisotropic results
are in very good agreement with the morphological evidence reported and discussed in the
previous section. The evident magnetic anisotropic behavior with the easy axis along the
in-plane direction in FePd860◦C/SiN sample is excellently linked to the calculated oblate
shape (<h>/<D> = 0.70 ± 0.75) of their FePd nanoparticles, whose major axis is in the
plane of the film. Instead, the almost perfect spherical shape (<h>/<D> = 0.95 ± 0.14) of
the nanoparticles in the FePd820◦C/MgO sample impact the magnetic isotropic behavior.

4. Conclusions

The proposed low-cost and “top-down” solid-state dewetting process is successfully
used to nanostructure the as-deposited FePd thin film into an ordered nanoparticle array.
The overall results indicate that the structural, compositional, and superficial features of
the underlying substrate combined with the annealing parameters determine the kinetics
of the solid-state-dewetting and, consequently, the final morphology, spatial arrangements
and magnetic properties of the FePd nanoparticles.

The as-deposited Fe70Pd30 thin film with 30 nm thickness was successfully grown
by the co-sputtering technique on both monocrystalline MgO and amorphous Si3N4 sub-
strates. Morphological and structural characterizations reveal a flat, homogeneous, and
continuous FePd layer, indicating a low strain accumulation at the substrate/film interface
independently from the underlying substrate. On the other hand, the substrate affects the
average size of the crystalline grains of the FePd thin film, resulting in bigger ones for the
FePd/SiN, compared to the FePd/MgO. The magnetization reversal process is dominated
in both as-deposited samples by the magnetic domain walls motion; the smaller grains size
in the FePd/MgO sample results in a higher value of the coercive field.

The crystalline MgO substrate favors, by submitting the as-deposited FePd thin film
to the dewetting process (annealing at TA= 820 °C for tA = 55 min), the formation of
well-separated magnetic nanoparticles with a spherical-like shape (<D> = 164 nm and
<h> = 156 nm) and high surface density (ρ ≈ 60 NPs/μm2). Conversely, exploiting the
same annealing parameters, the layer deposited on the amorphous Si3N4 substrate leads to
a hindering of the activation of the solid-state dewetting process leading only to the primary
nucleation of the holes. An increase in the annealing temperature up to TA = 860 °C for
tA = 55 min is required to complete propagation of the holes and to obtain the formation of
well-separated FePd particles, which result in being higher, almost double in size, oblate in
shape (<D> = 296 nm and <h>= 206 nm) and with a considerable lower surface density
(ρ ≈ 15 NPs/μm2).

The spatial confinement of the magnetic materials induced by the solid-state dewetting
remarkably affects the in-plane and out-of-plane magnetic properties. The magnetization
reversal process in the magnetic FePd NPs array is mainly dominated by rotational mecha-
nisms, leading to a slower approach to magnetic saturation with a significant reduction
of the magnetic susceptibility at the coercive field, compared with the as-deposited thin
film. The magnetization process occurs independently in each nanoparticle overcoming the
shape and the crystal anisotropy. The coercive field is observed to increase as long as the
holes and interconnection that act as pinning sites for the domain walls are still present in
the sample. With the ending of the dewetting process, the spherical-like shape of the FePd
nanoparticles leads to a reduction in the effective anisotropy with a consequent reduction
in the coercive field. Such an increase in the coercivity as a function of the reduction
in nanoparticle size (by comparing the FePd820◦C/MgO and FePd860◦C/SiN samples) is
compatible with a multidomain configuration of the magnetization in each individual NP.
Magnetic anisotropic features taken by the in-plane and out-of-plane hysteresis loops excel-
lently support the average aspect ratio (<h>/<D>) values obtained by the morphological
analysis: a slight magnetic anisotropic behavior is observed for the oblate shape of the
nanoparticles in the FePd860◦C/SiN sample, whereas an almost perfect anisotropic behavior
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is in excellent agreement with the almost perfect spherical shape of the nanoparticles in the
FePd820◦C/MgO sample.

In conclusion, the present structural, morphological, and magnetic characterizations
prove that the substrate plays a primary role in the tuning of the dewetting process;
therefore, a comprehensive structural analysis of the substrates and their interface with
the magnetic layer will be one of the next crucial steps that allow to finely control the final
morphology of magnetic FePd nanoparticles to meet the technological demands.
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Abstract: Hollow ferromagnetic powders of iron were obtained by means of ultrasonic spray py-
rolysis. A variation in the conditions of the synthesis allows for the adjustment of the mean size of
the hollow iron particles. Iron powders were obtained by this technique, starting from the aqueous
solution of iron nitrate of two different concentrations: 10 and 20 wt.%. This was followed by a
reduction in hydrogen. An increase in the concentration of the solution increased the mean particle
size from 0.6 to 1.0 microns and widened particle size distribution, but still produced hollow par-
ticles. Larger particles appeared problematic for the reduction, although admixture of iron oxides
did not decrease the microwave permeability of the material. The paraffin wax-based composites
filled with obtained powders demonstrated broadband magnetic loss with a complex structure for
lesser particles, and single-peak absorption for particles of 1 micron. Potential applications are 5G
technology, electromagnetic compatibility designs, and magnetic field sensing.

Keywords: ultrasonic spray pyrolysis; hollow particles; ferromagnetic powder; microwave perme-
ability; Curie temperature

1. Introduction

Ferromagnetic powders of submicron size are in demand due to potential applications
in magnetic data storage systems, catalysis, magnetic field sensors, biomedical treatment,
and microwave absorption materials [1–4]. Diverse chemical and physical techniques for
the preparation of ferromagnetic powders exist. The most common techniques are chemical
vapor deposition [5], sol-gel technology [6], mechanochemistry [7], and the ultrasonic spray
pyrolysis (USP) technique.

The method of ultrasonic spray pyrolysis is designed to produce powders of metals or
metal oxides from aqueous solutions. This method allows for adjustment of the properties
of the final product: the shape, size, and composition of particles [8,9]. The technology
consists of ultrasonic atomization of a precursor solution that produces an aerosol, then
drying the aerosol droplets under high temperature, followed by collecting particles on a
filter. The droplet size is controlled by the frequency of ultrasonic treatment, and by the
concentration of the precursor solution [8–10]. Heating of aerosol causes diffusion of the
dissolved substance to the surface of the droplet and evaporation of the solvent. In other
terms, the droplets undergo drying, thus producing spherical solid particles. Depending
on the temperature and duration of the droplet being in the hot zone, different particle
size, shape, and morphology is formed. Interestingly, it was reported [11], that using not
a pure compound as a solvent but a mixture of two compounds (for example, water and
ethanol), made it possible to change the shape of obtained particles from spheres to flakes.
It is proposed that not only surface tension of the solvent affects the mechanism of particle
formation, but so do differences in the evaporation rate of the components of the solvent.
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The spray pyrolysis enables one to obtain powders of metal oxides [11–14] and met-
als [10,15–17] with a mean diameter from nanometers to micrometers [18]. It is possible to
obtain solid or hollow metal oxide particles [10]. Metal oxides can be reduced to metals via
a one-stage process, or by applying post-deposition reduction during the second stage [15]
that enhances control on phase and average size formation. The one-stage process can
combine USP and hydrogen flow reduction [8,9], or reducing agents can be added to the
precursor solution [16]. The concentration and type of reduction agents influence not only
the size and morphology of particles, but also the reduction degree of particles. Addi-
tionally, thin films [19,20] and core-shell structures can be produced by the addition of
alcohol [21] or silica sol [22] to the solution in the one-step USP process.

Properties of nano- and micrometer particles may differ particularly from their bulk
counterparts [23]. Shape, size, and structure as well as chemical composition have critical
value for static and dynamic magnetic properties [24,25]. Considering the effect of the
chemical composition of the precursor (Fe(NO3)3, FeCl, etc.) on structure, as well as
size- and structure-dependence of magnetic properties [16,21] of the final product, the
spray pyrolysis technique offers a versatile possibility to control magnetic properties and
electromagnetic parameters of functional materials. Developing new methods to effectively
produce magnetic particles with complex structures and desired magnetic properties is still
a challenge, especially in the vastly expanding field of magnetic sensing for biology and
health applications.

Here, the USP technique followed by hydrogen reduction was applied to obtain iron
particles with hollow structures. Variations in the solution of the precursor, Fe(NO3)3,
produced powders with mean particle sizes of 0.6 and 1 μm. The difference in the particle
size changed magnetic loss peak quality factor as well as imaginary permittivity of the
composites based on paraffin wax matrix.

2. Materials and Methods

2.1. Ultrasonic Spray Pyrolysis and Reduction with Hydrogen

The iron powders were obtained using a two-stage synthesis similar to what was
previously reported [17]. In the first stage, two aqueous solutions of iron (III) nitrate non-
ahydrate, Fe(NO3)3·9H2O with concentrations of 10 and 20 wt.% (0.5 and 1 M, respectively)
were prepared. An aerosol was obtained from these solutions using an ultrasonic dispenser
(Timberk, China). Then, the aerosol was transferred through a tube furnace Nabertherm
RT 50/250/13 (Nabertherm GmbH, Lilienthal, Germany) with airflow (16 L/min). The
stainless steel tube 1000 mm (Ø 50 mm) in length was used as reactor, and the length of the
heat zone in the furnace was about 30 cm. As a result of brief heat treatment at 1000 ◦C and
chemical decomposition of Fe(NO3)3, a Fe2O3 oxide was formed and collected on a filter.
In the second stage, iron oxide powders were reduced to metal in a tube furnace, Carbolite
HZS 12/600 (Carbolite Gero, Neuhausen, Germany), at 450 ◦C in a flow of hydrogen. Metal
powders were passivated in nitrogen for 12 h at room temperature. Hereafter, samples
which were obtained starting from 10 wt.% solution and 20 wt.% solution are denoted as
Fe10% and Fe20%, respectively.

2.2. Characterization

The chemical phase composition was studied through the X-ray diffraction (XRD)
method using a Difray 401 diffractometer (JSC Scientific instruments, Saint Petersburg,
Russia) with Cr Kα radiation (λ = 0.229 nm). Bragg–Brentano geometry was applied for the
measurements from 14 to 140 degrees, 2θ. The detector was curved and position-sensitive.
The XRD pattern was used for the semiquantitative phase analysis and evaluation of the
average size of the crystallites.

Scanning electron microscope (SEM) JEOL JCM-7000 (JEOL, Tokyo, Japan) equipped
with the device for energy-dispersive X-ray (EDX) analysis was applied for the study of
morphology and to estimate particle size distribution of the powders. To study the size
distribution of particles, diameters of approximately 1000 particles were measured from
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the SEM images. The EDX analysis was measured from an area of 100 × 100 μm, uniformly
covered with particles; measurements were average when studying five different areas.

The investigation of the thermal stability of metal powders from 30 to 1000 ◦C with a
heating rate of 10 K/min in Ar and air flows was carried out using synchronous thermal anal-
ysis (STA) instrument Netzsch STA 449 F3 Jupiter (Netzsch, Selb, Germany). STA stands for
simultaneous measurement of thermogravimetric (TG) and differential scanning calorimetry
(DSC) curves. A special setup, designed by Netzsch to measure the Curie temperature, was
used. For this purpose, external magnets were fastened onto the furnace of the STA device.
At the temperature of the Curie transition, the ferromagnet lost magnetic interaction with
these magnets. At this moment, the weight sensor detected an abrupt change of mass, and
the thermal sensor detected a weak peak that was caused by the phase transition. The Curie
temperature was defined by step-like mass change, measured in Ar flow.

The magnetic hysteresis at room temperature was measured using the vibrating
sample magnetometer (VSM) in a magnetic field of ±15 kOe. The complex microwave
permeability (μ′ + i × μ”) and permittivity (ε′ + i × ε”) were measured from the wax-based
composites with filler fractions of 33, 50, and 66 wt.% in a standard 7/3 coaxial airline with
an HP 8720 vector network analyzer (Keysight, Santa Rosa, CA, USA) by the Nicolson–
Ross–Weir method [26,27] in the frequency range of 0.1–30 GHz. Higher-order modes in
coaxial waveguide were accounted, following previously reported procedures [28].

3. Results and Discussion

3.1. X-ray Difraction Analysis

The XRD phase analysis demonstrated that the obtained powders consisted of α-Fe
and Fe3O4 phases (Figure 1, Table 1). The positions of reflections of α-Fe in obtained
samples (110) 68.78◦ 2θ and (200) 106.03◦ 2θ coincided well with the tabular values (ICDD
No. 60696), as did the lattice constant a, which is 2.866 Å, both here and in the ICDD card
No. 60696. For Fe3O4, the tabular value for constant a varies from 8.33 [29] to 8.432 Å [30].
Here, the lattice constant was within this range. The crystallite size of powders which was
calculated using the Scherrer formula [31] was approximately 30 nm for all phases.

Figure 1. X-ray diffraction measured from the (a) Fe10% and (b) Fe 20% samples.
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Table 1. XRD data, where a—lattice constant, CS—crystallite size, ωFe and ωoxide—mass fraction
of iron and Fe3O4 oxide in each sample, calculated by means of the RIR method, Ms—saturation
magnetization, Hc—coercivity.

Sample Phases a, Å CS, nm ωFe, wt.% ωoxide, wt.% Ms, emu/g Hc, Oe

Fe10% α-Fe (#60696) 2866 37
95 5 140 160Fe3O4 (#11111) 8371 23

Fe20% α-Fe (#60696) 2866 29
30 70 103 225Fe3O4 (#11111) 8414 29

The reference intensity ratio (RIR) method [32] with corundum as a reference standard
for semiquantitative phase analysis was applied. For estimation, the following reference
value for α-Fe, Fe3O4 is 10.77 (ICDD No. 60696), and 4.81 (ICDD No. 11111) were used,
respectively. The estimation of relative metal to oxide (ωFe, ωoxide) content in obtained
samples is provided in Table 1. Whereas both powders (Fe10% and Fe20%) were reduced
under identical conditions (H2 flow, 450 ◦C), a considerable lack of metal phase in Fe20%

was observed. Shatrova et al. [33] examined the H2 reduction of Co powder prepared
through the spray pyrolysis technique at different temperatures, and demonstrated that
the purity of the metal depended on the reduction temperature. In addition, particles
of different sizes (and with different wall thickness, with respect to hollow structures)
may react differently to passivation with the nitrogen stage. Here, identical reduction and
passivation conditions were chosen intentionally for direct comparison. Further studies
involving higher reduction temperatures are required.

3.2. SEM and EDX Analyses

The prepared samples possessed a spherical shape (Figure 2), which is typical for
spray pyrolysis [18]. The obtained particles demonstrated porous and inhomogeneous
surfaces. “Broken” particles confirmed the hollow structure.

An increase in the precursor solution concentration increased the mean particle size
(see Figure 2a vs. Figure 2c), as well as width of particle size distribution (Figure 3). The
average sizes of particles of Fe10% and Fe20% were estimated at 0.6 and 1 μm, respectively.
Full width at half maximum is increase from 0.35 to 0.62, respectively. The thicknesses of
the walls of the particle were approximated at 200 (Fe10%) and 500 nm (see Figure 2b,d),
using SEM microphotographs. The size of particles and thickness of the walls both were
larger than the crystallite size. SEM images also illustrated a grain structure, with grains
around 100 nm. However, since these images do not allow for a clear distinction be-
tween the real grain size, surface morphology, and surface roughness, the X-ray data is
more accurate.
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Figure 2. SEM-microphotographs of obtained iron powders (a,b) Fe10% and (c,d) Fe20%.

Figure 3. Particle size distribution, measured from the SEM images, of the Fe10% and Fe20% powders,
where red line is Gaussian function.
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Local EDX analysis illustrated the presence of iron and oxygen. The oxygen to iron
ratio was estimated at 10/90 (Fe10%) and 30/70 at. % (Fe20%).

3.3. STA Analysis

Thermal analysis in airflow was performed for Fe10% and Fe20% (Figure 4). The mass
gain occurred in at least two steps for both samples. These steps were accompanied by
exothermic maxima in DSC curves. Step-like oxidation is typical for iron powders (see
Figure 3 from [34], for example). According to [34,35], iron oxidation occurs in these steps:
Fe → FeO → Fe3O4 → Fe2O3. However, direct observation of the intermediate phases
is not found in the literature, partially because these oxidation steps intermix with each
other, and because no technique to stop oxidation at an intermediate stage seems to be
known. The total mass gain is important, and is a characteristic of the metal’s purity. For
comparison, oxidation of the commercial carbonyl iron (CI, ≥ 97.0 wt. % Fe) [36] produces
a weight increase of 38%. Additional measurements during this study illustrated a weight
increase of 38.8% at 1000 ◦C for CI, which was in a good agreement with the ref. [36] data.

Figure 4. STA analysis of Fe10% and Fe20% powders in air.

Considering problem of intermediate oxidation stages, simple numeric estimation of
mass gain during oxidation of Fe3O4 to Fe2O3, produces 3.2–3.3 wt.%, which was confirmed
in [37]. The measured weight increase during formation of the highest-oxidation state of
iron was far from 3%—it was actually 10–20%. This implies that the oxidation mechanism
of the obtained samples is far more complex than that proposed in [34,35]. The temperature
where maximum weight was achieved was 500 ◦C. The formation of Fe2O3 above 500 ◦C
was confirmed with the XRD analysis.

The total mass gains for Fe10% and Fe20% were 36.7 and 16.8%, respectively. Comparing
total mass gain between samples Fe10% and Fe20%, it can be concluded that the Fe10% sample
was of higher purity than Fe20%.

The total released energy for Fe10% (ΔH = 5917 J/g) was twice as much as that of Fe20%

(ΔH = 3021 J/g). Although there is data suggesting that an increase in the particle size of
iron from 1–3 to 4–10 μm [35] increases enthalpy of oxidation from 4.8 to 5.4 J/g, just the
opposite effect was observed in this study. This was probably due to different purity of
samples Fe10% and Fe20%, and because of the much lower particle size than that of powders
studied in [35]. The onset temperature (~160 ◦C) of the exothermic process was equal for
both powders.
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Measurements in an inert atmosphere for Fe10% and Fe20% were carried out
(Figure A1a). Insignificant mass loss of 1% was measured for both samples. This was
due to emission of nitrogen and carbon admixtures, and coincided with the loss of 2%
reported in [38]. Several weak endothermic minima observed in the DSC curve were
probably related to melting or sintering of particles.

The Curie temperature (TC) of prepared powders was defined by a step-like mass
increase on the TG curve [39], accompanied with an exothermic DSC peak (Figure A1b).
The TC for Fe10% powder corresponded to bulk iron that is about 770 ◦C (1043 K) [40]. The
TC for Fe20% was lower by 30% of this value (564 ◦C) (see Figure A1 in Appendix A). The
Curie temperature for Fe3O4 is known to be 440 ◦C (713 K) [41]. Since the Curie temperature
is dependent on the Fe purity [39], the Fe20% sample may be concluded to possess lower
purity than Fe10%.

3.4. Magnetic Properties

Magnetic hysteresis loops of the composites containing 66 wt.% of obtained powders
are displayed in Figure 5.

Figure 5. Hysteresis loops, measured from composites based on paraffin wax and filled with Fe10%

and Fe20% powders.

Considering the concentration of the powders in composites, the saturation mag-
netizations (MS) of the Fe10% and Fe20% powders were 140 and 103 emu/g, respectively
(Table 1). The saturation magnetization of the carbonyl iron (CI) ranges from 175 to
188 emu/g [36,42], depending on the particle size [43]. The MS of Fe10% and Fe20% were
lower than the aforementioned range for CI, but higher than that reported for Fe3O4 (40
and 92 emu/g) [24,44].

The HC for the Fe10% and Fe20% particles were 160 and 225 Oe, respectively (Table 1).
The high value of the coercive force HC and moderate values of MS were probably related
to the presence of the oxide phase [17].

Chemical purity of iron in both Fe10% and Fe20% samples can be estimated only simply.
Comparing weight gain during oxidation, relative oxygen content in EDX, and XRD
intensities and saturation magnetization between both samples, it appears clear that the
Fe10% contained a larger metal fraction than the Fe20% sample.
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3.5. Microwave Measurement of Composites

The measured frequency dependencies of complex microwave characteristics of com-
posite with 66 wt.% powder concentration are illustrated in Figure 6. An increase in the
concentration (from 33 to 66 wt.%) of the fraction leads to a linear increase in the amplitude
of the imaginary part of permeability.

Figure 6. The measured frequency dependences of microwave permeability (μ′ + i × μ”) and
permittivity (ε′ + i × ε”) of the composites comprising powders Fe10% or Fe20%, and paraffin wax
matrix. The curves are normalized by weight ratio 3:1 between metallic powder (Fe10%, Fe20%) and
wax matrix.

Both powders demonstrated magnetic loss of high amplitude. Changes in size and
structure of particles significantly changed the structure of the magnetic loss peak. The
imaginary part of permeability of the composite filled with Fe10% powder demonstrated a
broad peak with a complex structure. Concurrently, composite filled with Fe20% powder
demonstrated a narrower peak with a single loss maximum. Both powders produced
composites with low magnetic loss below 0.5 GHz, which is unusual for spherical iron (see
carbonyl iron studies, [1,45]). This makes the samples promising materials for application
in many areas, one being antennas.

Composite filled with Fe10% demonstrated significantly higher imaginary permittivity,
which was due to agglomeration of particles in the composite structure and therefore
increased percolation conductivity. High saturation magnetization and low coercivity, as
well as high complex permeability, illustrated that iron particles were micro-sized (not nano-
sized). Also, imaginary permittivity was substantially lower for the sample with increased
oxide concentration. This probably meant that contact conductivity was significantly
suppressed with an increase in oxide phase concentration. In simpler terms, the oxide
phase was predominantly on the surface of larger iron particles. Importantly, in a series of
composites (33, 50, and 66 wt.% of a filler), the structure of the frequency dispersion and
the position of the magnetic loss peak in imaginary permeability depended neither on filler
concentration nor on the conductivity of certain samples.
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In dynamic magnetism, a quantitative parameter that describes the overall magnetic
performance is Acher’s parameter KA. This parameter was calculated following [46]:

KA =
1

kp(γ4πMs)
2 × 2

π
×

∫ f2

f1

μ′′ ( f ) f d f (1)

where p is the volume fraction of inclusions and k is a randomization factor, γ ≈ 3 GHz/kOe,
and f 1 to f 2 is the frequency range of measurement.

The physical meaning of this parameter is how many of all the magnetic moments in
the sample are involved in a precession that is forced by the incident microwave magnetic
field. The maximum value is 1 and can only be observed in thin films. Spherical particles
can possess much lower values.

In this study, the KA parameter was estimated at 0.09 for composites based on Fe10%

powder and 0.05 for Fe20%. This suggested that the Fe10%-based composites were more
effective in absorbing electromagnetic energy microwaves than the Fe20%-based composites.
The KA value, close to 0.1, was high [47] enough to signify those magnetic moments which
were aligned along the shell of particles. This indirectly confirmed the hollow structure of
the particles.

Several studies are devoted to resonances in hollow spherical particles; these three
studies, [23,24,48], are worth mentioning. In conclusion, not only hollowness of magnetic
particles excites resonances besides ferromagnetic, but the very distribution of particle size
sophisticates the structure of magnetic loss. Considering this and the calculated IKa value,
the Fe10% sample appeared to possess higher hollowness than Fe10%, which increased the
potential electromagnetic performance of the former.

3.6. Hollow or Not

The problem with the analysis of the hollowness of the obtained particles is that no
direct and reliable method to do so exists. In this study, there were three signals that
illustrated the hollow structure of the particles. Firstly, shatters of the hollow shells that
can be seen in Figure 1b,d, as well as particles with the structure of a deflated balloon,
illustrated that there are particles with a hollow structure in both samples.

The second signal is the low density of the samples. The density of wax-based
composites was lower than that can be expected from composites filled with dense iron.
Moreover, using the measured weights of the filler, matrix, and composite, and applying
density of the wax (2.2 g/cm3 [2]), and effective density of the composite (calculated
independently from a known volume of sample), the mean thickness of the walls of hollow
particles of both powders was estimated. This can be done by considering the composite
as a three-component mixture: the wax, iron, and voids filled with air. The density of
inclusions was defined for each filler, then the proportion of voids was calculated. The
thickness of the wall was estimated assuming that all of the particles possess the mean
size (0.6 μm for Fe10% and 1.0 μm for Fe20%). Following this procedure, the thickness of
the walls of hollow particles was estimated at about 0.125 μm for both the Fe10% and Fe20%

powders. This value was approximately in accordance with the electron microscopy data.
The third ‘signal’ is that the frequency dispersion of complex permeability demonstrated
features that may be interpreted as attributes of thin magnetic layers.

The formation of dense or hollow particles depends on the rate ratio of drying and
precursor decomposition steps. Therefore, the temperature regime and the gas flow rate
should be optimized to obtain the predominant amount of one of these two types. To
further enhance this synthetic technique, additional studies are required.

4. Conclusions

Ferromagnetic hollow powders with the mean particle sizes of 0.6 and 1 μm were
synthesized from iron nitrate solution with concentrations of 10 and 20 wt.%, respectively,
by ultrasonic spray pyrolysis and reduction in hydrogen. According to XRD analysis, the
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impurity content (residual iron oxide) in the Fe20% sample was higher than in the Fe10%

sample. This means that magnetic interaction between iron particles was negligible.
The weight increases during the oxidation of Fe10% and Fe20% in the air were 36.7

and 16.8 %, respectively. The experimentally determined Curie temperature was 770 ◦C
for Fe10%, which corresponded to the tabular value for iron, and 564 ◦C for Fe20%. The
difference between the values of released energy and weight increase during oxidation, as
well as the Curie temperature of prepared iron powders, were caused by the presence of
iron oxide in the Fe20%, and by the differences in the sizes of the particles.

The saturation magnetization of the Fe10% and Fe20% samples were 140 and 103 emu/g,
respectively. The coercivity of the powder particles was moderately high (160 and 225 Oe)
and was typical for powders prepared by spray pyrolysis. Both powders demonstrated
low magnetic losses below 0.5 GHz. The Fe10%-based samples with the paraffin wax matrix
demonstrated a broad spectrum of frequency dispersion of imaginary permeability with
a complex pattern. At the same time, Fe20%-based composites demonstrate a single-peak
curve. The prepared material can be applied in 5G technologies and in solutions for electro-
magnetic compatibility. Considering small particle size, high microwave permeability, high
saturation magnetization, and potentially high biocompatibility, the obtained powders may
be applied in biosensors, based on magnetic field sensing.
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Appendix A

Figure A1. TG and DSC graphs of Fe10% and Fe20% powders in Ar (a) without magnetic field (MF)
and (b) with external MF.
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Abstract: A composite containing about 30% volume of micrometer-size powder of gadolinium in
paraffin wax is synthesized mechanochemically. The composite permittivity and permeability are
measured within the frequency range from 0.01 to 15 GHz and the temperature range from ~0 ◦C to
35 ◦C. The permittivity is constant within the measured ranges. Curie temperature of the composite is
close to 15.5 ◦C, the phase transition is shown to take place within a temperature range about ±10 ◦C.
The effect of temperature deviation from Curie point on reflection and transmission of a composite
layer filled with Gd powder is studied experimentally and via simulation. Constitutive parameters of
the composite are measured in cooled coaxial lines applying reflection-transmission and open-circuit-
short-circuit techniques, and the measured low-frequency permeability is in agreement with the
values retrieved from the published magnetization curves. The effect of temperature on permeability
spectrum of the composite is described in terms of cluster magnetization model based on the Wiener
mixing formula. The model is applied to design a microwave screen with variable attenuation; the
reflectivity attenuation of 4.5 mm-thick screen increases from about −2 dB to −20 dB at 3.5 GHz if
the temperature decreases from 25 ◦C to 5 ◦C.

Keywords: microwave permeability; Curie temperature; cluster magnetization; Hopkinson effect;
mixing model; tunable screen

1. Introduction

Adaptive composites with tunable constitutive parameters look promising for many
applications including microwave screens, sensors, waveguide elements, etc. [1,2]; however,
few of them are used in practice. One of the problems is that the tuning needs electric bias
about 10–30 kV/cm for ferroelectrics [3] or magnetic bias about 2–4 kOe for composites
with permeable microwires [3]. Here the temperature tuning of microwave permeability μ
is under consideration. It may seem that such tuning is possible at a temperature of several
hundred degrees centigrade and has too high a transit time compared to bias tuning. The
temperature may be decreased by the proper selection of a magnetic substance; the time
for heating or cooling for several degrees is comparable to the transit time for application
of several kOe bias.

Gadolinium (Gd) is a ferromagnet with a Curie temperature of about 20.2 ◦C, and its
saturation magnetization is 15% higher than that of iron, therefore powders of Gd and its
alloys look like promising fillers [4,5] for microwave applications, especially as adaptive
composites with parameters governed by temperature.

The magnetization of bulk gadolinium has been thoroughly studied, as Gd is the
first material used for magnetic refrigeration; nevertheless, the published magnetization
curves [6–8] differ significantly and there are practically no data on gadolinium permeability.
To retrieve at least a reference value of permeability μ to compare with the measured
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data a set of published magnetization curves is digitized and the static permeability is
estimated as:

μstatic ≈
H→0

1 + M/[(1 − N)× H] (1)

Here M is the sample magnetization for the strength of magnetic bias H, N is the de-
magnetization factor (the shape factor) defined by sample shape, and orientation is relative
to bias direction [6,7]. The shape factor range is 0 ≤ N ≤ 1, for spheres N = 1/3 [9,10].

The magnetization data at low bias are scarce, but the hysteresis loop looks narrow,
so the estimations with Equation (1) should be valid up to a bias of about 18,000 G [11].
The problem is that the higher the bias, the higher the observed Curie temperature (see
curve d in Figure 1). Another problem is that monocrystalline gadolinium is anisotropic;
the magnetization curve may depend on the sample shape and orientation [6,12]. The
retrieved susceptibility χ = μ − 1 curve (Figure 1, line a) is calculated as a mean value for
two orientations of easy magnetization axis. The susceptibility estimates with Equation (1)
(Figure 1) show that the permeability of polycrystalline Gd is much lower than that of iron-
group metals. Below −100 ◦C μ ≈ 4 ÷ 7, at t ≈ 0 ◦C the permeability is about μ ≈ 1.5 ÷ 4
and falls rapidly with temperature increase (Figure 1).

 
Figure 1. Temperature dependence of Gd susceptibility retrieved from the published magnetization
data: curve a is retrieved for bias H = 0.4 T as mean value for two orientations of the monocrystalline
sample [6]; curve b is retrieved for H = 0.5 T [7]; curve c is retrieved for H = 0.02 T [8]; curve d is
retrieved for H = 1.8 T [11]. The dotted curve e shows the susceptibility of the Gd particle retrieved
from susceptibility measurements of the composite under study (see Section 3).

The published data on high-frequency permeability of gadolinium were obtained in a
wide temperature range with two techniques: the low-frequency impedance measurements
of a bulk rod of gadolinium [13–15] and the ferromagnetic resonance (FMR) measurements
of tiny Gd spheres at 9 GHz [16,17] or monocrystalls at 32 GHz [18]. The impedance mea-
surements [13–15] performed in the frequency range below 100 kHz are very sensitive to the
purity and structure of the metal surface, therefore the obtained results depend on sample
treatment and differ significantly for various samples. Moreover, the calculations [13,14]
neglect a slight conductivity change of Gd in the vicinity of Curie temperature [19] and
result in permeability values (μ ≈ 1400 + i300 at 10 kHz and −63 ◦C [13]) about 1000 times
higher than the estimates from magnetization curves (Figure 1).

The samples for FMR measurements are usually paraffin-bound composites filled
below 1% vol of Gd [16,17]. The measurements result in the relative dependence of
permeability on external bias; recalculation of the field-domain data into the permeability
dependence on frequency using LLG formula [20] leads to rough estimations only.
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The problem of permeability dependence on temperature for composites that are filled
with particles of various shapes and sizes is that the Curie temperature of the particles
is not a constant equal to 20.2 ÷ 21 ◦C [21], but there is a dispersion of the measured
temperatures depending on many factors that are difficult to define (inhomogeneity of
atomic structure [22], the random orientation of easy axis and domains in a polydomain
sample [17], etc.). The most essential factors are accounted for by Equation (2), derived
from analysis of the Brillouin function [23]:

TC_meas(N) =
Hext �=0

TC

(
1 − J + 1

3J
μB(M0N − Hext)

kTC

)
(2)

Here TC is Curie temperature (◦K), Hext is the strength of external bias, J is the spin
magnetic moment, μB is the effective Bohr magneton number, N is demagnetization factor
(shape factor) defined by inclusion shape, k = 1.380649 × 10−23 J/K is the Boltzmann
constant, M0 is the saturation magnetization.

For zero bias (Hext = 0) Equation (2) shows that the measured Curie temperature lin-
early decreases with the increase of demagnetization factor N and cannot exceed 293.2 ◦K
(20.2 ◦C). The minimal Curie temperature is obtained for flakes or films perpendicular
to the external field (with N ≈ 1); the maximal temperature is obtained for fibres or
films parallel to the external field (with N ≈ 0). The maximal difference of the mea-
sured Curie temperature from 20.2 ◦C due to particle shape for J = 7/2, μB = 7.55 and
M0Gd = 2.42·× 106 A/m is about 5◦.

The values of TC, M0, μBohr and even J for Gd in Equation (1) are not known as accu-
rately as Zverev [23] has taken for the above estimate, e.g., the effective Bohr magneton
number in for Gd varies according to published data from 7.55 to 7.98 [19,24]. The satura-
tion magnetization M0 is a distributed value because of spin-waves, defects of crystalline
structure, random orientation easy axis and domain magnetization [19,21,22]. As result the
reported Curie temperature falls out of the 5 ◦K range defined in [23] (e.g., the measured
Curie temperature for Gd films is about 44 ◦C [25]) and the dependence of low-frequency
permeability of Gd on temperature is neither a step-like drop, nor a linear decrease accord-
ing to Equation (1) to χ0 = 0 at T = TC, but looks like a flattened distribution curve with the
maximal density close to TC values. The similarity is confirmed by the dependence of coil
inductance as a function of temperature, where the coil core is a dispersion of Gd-filings
in oil [26].

Neither the static permeability of Gd, nor the permeability dependence on frequency
have been studied. Therefore, the research aims are to synthesize practicable amounts of
air stable composite with Gd powder (the synthesis a challenge itself as the fine powder is
pyroforic in air); to study the dependence of constitutive parameters of the composite on
frequency and temperature (the effect of temperature is here an additional factor to refine
mixing rules) and to estimate performance of the composite as a microwave screen with
temperature-tunable attenuation.

2. Synthesis of Gd Powder and Preparation of Composite Samples

Commercial Gd of 99.6% purity is available in shape of 3–4 kg ingots. Synthesis of
a composite filled with micrometer-size powder of Gd is a chemical challenge itself, as
Gd powders are pyrophoric in air. The developed technique, in contrast to the vacuum
vaporisation technique [16,17], is aimed to produce amounts of micrometer-size gadolinium
powder sufficient for preparation of samples for free-space microwave measurements (up
to about 50 g of powder per cycle). Similar to the published procedure [27], the technique
is based on the mechanochemical treatment of bulk gadolinium.

The ingot is mechanically lathed into shavings of about 0.5 mm thickness. The shavings
are grinded for an hour in a Fritsch P7 planetary mill with 12 mm steel balls in a steel
mortar, and KCl is added into the mortar as an abrasive agent. To prevent ignition of
Gd particles, the grinding is performed in argon media. The grinding product is washed
with an alcohol-water mixture to dissolve KCl, then dried with acetone and stored in
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petroleum-ether to prevent oxidation. The synthesized powder slowly oxidizes in air, but
readily self-ignites on kicking or rubbing.

The powder microstructure, morphology and impurity distribution is analyzed with a
scanning electronic microscope (SEM) VEGA 3 LMN (TESCAN) equipped with an energy-
dispersive X-ray spectroscopy (EDS) system. SEM images are shown in Figure 2; EDS
shows traces of surface oxidation and carbidisation of obtained powder. The images show
that the powder consists of particles of various shapes and sizes, the small particles have an
approximate uniform size of about 0.1 mcm along three axes, while the larger particles are
close to flakes of about 2 mcm diameter. The flakes are partially agglomerated into clusters
up to 20 mcm in size.

 
Figure 2. SEM images of Gd powder.

X-ray phase analysis of the obtained powder is performed with a MiniFlex (Rigaku)
X-ray diffractometer using Co Kα radiation. An X-ray diffraction powder pattern with
main Gd and GdH2 peaks indexed is shown in Figure 3, and the measured and reference
data on peak position, intensity and corresponding Miller indices (hkl) are shown in Table 1.
The analysis shows that the obtained powder is metal Gd with about 10% vol. additions of
gadolinium hydride GdH2. The increase of grinding time leads to the partial transformation
of metal into GdH2.

The paraffin-bound composite with 30% vol (pincl = 0.3) of the above powder is
prepared by mixing it in an ultrasonic bath heated to 100 ◦C. The volume fraction (the
filling factor) pincl of Gd in a composite is calculated accounting for a GdH2 impurity of 10%.
The composite is stable in air (there is neither a weight increase nor constitutive parameter
change in the washer-shaped samples stored for more than a year at room conditions).
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Figure 3. X-ray diffraction powder patterns of Gd powder (using Co Kα radiation) with main peaks
indexed. X-axis presents the irraditation angle, Y-axis presents the pattern intensity. The grey top
curve corresponds to 2 h grinding, the black bottom one corresponds to 1 h grinding. The lines below
the curves mark the tabulated peak positions for Gd and GdH2, respectively.

Table 1. The tabulated peak positions, intensities and Miller indexes for Gd and GdH2.

1 h 2 h Gd GdH2

2θexp dexp Iexp 2θexp dexp Iexp d I (hkl) d I (hkl)

33.06 3.142 21 33.05 3.144 23 3.145 25 (100)

34.00 3.059 20 34.00 3.059 14 3.062 100 (111)

36.04 2.891 100 36.00 2.894 94 2.889 25 (002)

37.76 2.764 84 37.75 2.764 100 2.762 100 (101)

39.42 2.652 6 39.35 2.656 5 2.652 47 (200)

49.68 2.129 10 49.65 2.130 13 2.127 14 (102)

57.04 1.873 4 57.05 1.873 3 1.875 30 (220)

59.04 1.815 9 59.00 1.816 17 1.816 16 (110)

65.94 1.643 17 65.90 1.644 28 1.642 16 (103)

68.08 1.597 4 68.10 1.597 5 1.599 31 (311)

69.44 1.570 2 69.52 1.569 4 1.572 2 (200)

71.16 1.537 13 71.15 1.537 24 1.537 16 (112)

3. Measurement Techniques

The complex microwave permittivity ε and permeability μ of samples under study
are determined with a vector network analyzer (Keysight N5224B) in standard 7 × 3 mm
coaxial cells. At the frequency range 0.3–15 GHz, the measurements are performed in a
coaxial airline applying the reflection-transmission technique. The thickness of washer-
shaped samples is about 1.5–3 mm.

At the range 10–300 MHz, the measurements are performed in a cell with a detachable
short applying short-circuit technique for permeability measurements and open-circuit
techniques for permittivity measurements. The sample thickness is about 10–15 mm, and
the washers are additionally pressed inside the cell to reduce the air gaps formed while the
sample is slid into the cell.
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The above supplementary techniques are applied to improve the accuracy of low-
frequency data and to decrease the effect of air gaps on the measured permittivity. The
static ε and μ are determined as median values in the frequency range of 10–200 MHz
where the loss is negligible.

The transmission cell is equipped with an external ring-shaped cooling jacket; the
cooling is performed by a flow of nitrogen vaporized from a Dewar vessel. The obtained
maximal cooling is about −190 ◦C; the heating above the room temperature is performed
with a flow of hot air.

The cell with a detachable short is cooled by immersing it in a glass with coolant
(ice-alcohol mixture), and the S11 measurements are performed while the cell is nat-
urally warmed up to the room temperature, then the coolant is replaced with warm
(about 35 ◦C) water and the measurements are performed with natural cooling down to
room temperature.

The temperature is measured with type K thermocouples soldered to the cells’ external
surface close to the measured sample. The measurement accuracy is about ±0.5◦ for short-
circuit-open-circuit measurements at 0 ◦C; the uncertainty decreases with the increase to the
room temperature. The temperature uncertainty for reflection-transmission measurements
is about ±2◦ in the temperature range from −10 to +30 ◦C and about ±5◦at the temperatures
below −20 ◦C.

4. Measurement Results and Fitting of the Obtained Data

To shorten the formulae and to simplify calculations, the data treatment is performed
in terms of magnetic susceptibility χ = μ − 1; the temperature data are presented in Celsius
scale.

The measured dependence of complex susceptibility on frequency and temperature
for the paraffin-based composite filled with 30% vol of Gd powder (pincl = 0.3) is presented
in Figure 4.

 
(a) (b) 

Figure 4. Dependence (a) of the real χ′ and (b) imaginary χ′′ susceptibility parts on frequency
measured at temperatures −190, −44, −24, −8, 0, +6, 10, 13, 15, 19, 28 ◦C, the higher the temperature,
the lighter the line. The thin dashed lines present the approximations with Equation (3). The temper-
atures close to Curie temperature (10−20 ◦C) are marked close to the corresponding susceptibility
curves, and the dotted line indicates χ′′ peak position.

The composite permittivity does not vary with frequency and temperature within
the measurement accuracy and is equal to ε ≈ 15. A rough estimation of inclusion shape
factor with the Maxwell Garnett mixing model with account for εbinder ≈ 2.2 results in
Nincl ≈ εbinder × pincl/(1 − pincl)/(ε − εbinder) ≈ 0.07; the appropriate model can be defined
studying the samples with a wide range of filling factors only.
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The dependence of complex permeability on frequency is fitted with Havriliak-Negami
formula [28] generalized with account for the resonance term f /Frez Equation (3). The
advantage of Equation (3) is that it describes a variety of lineshapes with five fitting
parameters only.

χ0( f ) = χ0

(
1 −

(
f

Frez

)2δ

+ i
(

f
Frel

)δ
)−α

= χ0

(
1 −

(
f
F

)2δ

+ i
(

Γ
f
F

)δ
)−α

(3)

Here parameters α and δ characterize spectrum width and symmetry correspondingly
(the parameter limitations are: α > 0, δ > 0, α × δ ≤ 2), Frez is resonance frequency, Frel
is relaxation frequency and χ0 is static susceptibility. The relaxation and resonance fre-
quencies are related by the damping factor: Frel = Frez/Γ. For α = δ = 1 and Frel >> Frez
Equation (3) describes the Lorentzian dispersion, and for Frel << Frez, Equation (3) de-
scribes Debye dispersion. Parameters α and δ are included into the fitting together with
the Lorentzian resonance parameter Frez to account at least partially for distribution of
cluster shapes and therefore to increase the approximation accuracy for the measured data
(Figure 4).

The shape distribution may be described accurately with a Bergman-Milton geometri-
cal spectral function [10], but its determination is a separate task falling out of the research
scope, while the accuracy of fitting with Equation (3) is enough to estimate the effect of
temperature on reflection and transmission spectra of a microwave screen.

The measured dependence of static susceptibility on temperature is shown with circles
in Figure 5. The real part of microwave susceptibility (Figure 4a) extrapolated to zero fre-
quency is shown with crosses. The difference may be attributed to the higher measurement
error with electrically thin samples compared to that of short-circuit measurements with
much thicker samples.

Figure 5. Temperature dependence of the composite static susceptibility (grey line), of cluster
shape factor (solid black line), and of intrinsic susceptibility of cluster (dashed black line). The
dots and crosses present the measured static susceptibility of the composite and the real part of
microwave susceptibility (Figure 4a) extrapolated to zero frequency correspondingly; the lines
present simulation data.

The dependence of static susceptibility on temperature is fitted (the grey line in
Figure 5) with a Cauchy cumulative distribution function (CDF, Equation (4)); fitting with
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other distributions with two free parameters result in much higher inconvergence with the
measured data.

χe f f (τ) = μ(τ)− 1 = w × CDF[(−τmean, σ),−τ] =
w
2
+

w
π

arctan
[

τ − τmean

σ

]
(4)

Here σ is the standard deviation related to the width of phase transition zone, τ is the
distribution argument functionally related to the measurement temperature t, but t �= τ;
w = χ0◦C is the scaling factor equal in case under study to susceptibility measured at
t ≈ 0 ◦C.

An extrapolation with Maxwell Garnett formula of the composite (pincl = 0.3) susceptibility
onto susceptibility of the gadolinium inclusion χGd = χcomposite/

[
p − Ninclχcomposite(1 − p)

]
with account for the inclusion shape-factor determined from permittivity measurements
(Nincl ≈ 0.07) results in the dotted curve in Figure 1. The extrapolation is performed with
a simplest mixing model unverified for the composite under study, the model does not
account for effects related to structure changes in the composite with increase of filling
factor (percolation, inversion of matrix structure, etc. [10]) and for the possible difference in
magnetization of bulk metal and that of micrometer size grinded particles. Nevertheless,
the estimated susceptibility appears to be close to the data retrieved from the published
magnetization curves (Figure 1).

5. Cluster Magnetization Model

The fitting of the measured susceptibility with a continuous distribution function
is selected in accordance with a cluster magnetization model valid in the vicinity of the
Curie temperature [29,30]. The model assumes that magnetic clusters, i.e., assemblies
of a multitude of interacting spin centres which are magnetically decoupled from their
environment, exist even in a bulk magnet. The number, shape, and intrinsic magnetization
of clusters depend on bias and temperature of the magnet relative to its Curie temperature.
In developing the cluster model in terms of mixing models, we have to relate the argument
of Cauchy distribution −∞ < τ < +∞ (Equation (4)) to the measurement temperature
0 < t < ∞ or the volume fraction of magnetized clusters 0 < p < 1, to the shape factor
0 < N < 1 and to intrinsic susceptibility 0 < χ < ∞ of the clusters.

In case of a composite, the effective volume fraction of permeable clusters depends on
temperature p(t) and may be equal to the volume fraction of metal inclusions pincl at tem-
peratures much lower than Curie temperature only. The cluster shape and demagnetizing
factor differ from that of metal inclusion Ncl �= Nincl as close to Curie temperature accord-
ing to the cluster model the inclusion is magnetized partially (the clusters are magnetically
decoupled from an impermeable metal matrix).

In order to relate the distribution argument τ to the measurement temperature t or to
the effective volume fraction p, it is necessary to renormalize the function argument and to
rewrite the distribution function (Equation (4)) correspondingly:

χe f f (t) =
w
2
+

w
π

arctan
[
− 1

σ
Log

[
t + t0

tC + t0

]]
(5)

Here σ is the standard deviation, t is the measurement temperature, t0 = 273◦; the
distribution mean is reached at the Curie point t = tC. In the composite under study
tC = 15.5 ◦C (see Figure 5), the value is about 5◦ lower than the Curie temperature reported
for bulk gadolinium [21,23].

The effective volume fraction of clusters p and the measurement temperature t are
interchangeable parameters of the distribution function argument τ in Equation (4). The
argument τ is the same for both p and t, τ = 0 corresponds to p = 0.5 or t = tC; τ, p and t
parameters are related:

τ = Log
[

p
1 − p

]
= −Log

[
t + t0

tC + t0

]
(6)
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Therefore Equation (4) may be written as well in terms of volume fraction common
for mixing models:

χ(p) =
w
2
+

w
π

arctan
[

1
σ

Log
[

p
1 − p

]]
(7)

Here σ is the same standard deviation as in Equation (4), parameter p is the effective
volume fraction of permeable clusters and the maximum distribution density is reached for
p = 0.5.

Note that the relation (Equation (6)) between the argument τ of Cauchy distribution
(Equation (4)) and temperature t (Equation (5)) or effective volume fraction of magnetized
clusters p (Equation (7)) is not the only one; e.g., it is possible to cut off the distribution
“tails” which are far from tC and to reduce the cumulative distribution so that the change of
χe f f will occupy the whole 5 ◦C < t < 25 ◦C range or the whole filling range 0 < p < 1. The
term “effective volume fraction” is used here to emphasize that p depends on the selected
functional relation between the temperature t and the argument τ of the distribution
function (Equation (4)). It is a separate task to determine the real volume fraction of
magnetized clusters in metal; the effective volume fraction p is introduced here only to
relate the cluster magnetization model to mixing models and to illustrate the transition
from p to temperature t (Equations (8) and (9)).

Summing all magnetic moments in the sample it is possible to calculate [9] its effective
susceptibility as:

χe f f (p1) =

p1∫
0

χ(p)∂p
1 + Ncl(p)χ(p)

=
p × χ(p)

1 + Ncl(p)χ(p)
(8)

The integral part of Equation (8) is as a matter of fact the Wiener mixing model with
an accounting for inclusion shape and the infinite number of mixture components [10]. The
integral equation may be solved analytically (the right side of Equation (8)) applying the
integral mean theorems. The values χ(p) and Ncl(p) are here the mean values of intrinsic
susceptibility and shape factor for permeable clusters in range of cluster volume fractions
0 < p < p1.

Equation (8) is readily written with an account for Equation (6) in terms of measure-
ment temperature t instead of the effective volume fraction p:

χe f f (t1) =
χ(t)

[1 + Ncl(t)χ(t)]
× t0 + tC

2t0 + t + tC
(9)

Similarly to Equation (8) the χ(t) and Ncl(t) are here the mean values of intrinsic
susceptibility and shape factor for magnetized clusters in temperature range t0 < t < t1,
χe f f is the sample susceptibility measured at t = t1 or p = p1, tC is Curie temperature

Assuming that the magnetic spectra (Figure 4) are symmetric (α ≈ 1) it is possible
to simplify Equation (3) and to write it with account of Equation (9) in terms of static
susceptibility as function of temperature:

χe f f ( f , t) =
χe f f (0, t)

1 −
(

f
F(1+Ncl(t)χcl(0,t))1/2δ

)2δ

+ i
(

Γ
(1+Ncl(t)χcl(0,t))1/2δ

f
F(1+Ncl(t)χcl(0,t))1/2δ

)δ
(10)

Taking into account that the effective filling factor p is inversely proportional to the
measurement temperature t (Equation (6)), the measured resonance frequency and damping
factor of gadolinium particle are related to the intrinsic resonance frequency and damping
factor of a magnetic cluster as

Fe f f (t) = Fcl [1 + Ncl(t)χcl(0, t)]−1/2δ and Γe f f (t) = Γcl × (1 + Ncl(t)χcl(0, t))1/2δ
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The fitting of the measured dependence of complex susceptibility on frequency and
temperature (the dashed lines in Figure 4) shows that the damping factor Γe f f ≈ 4 ÷ 5
is too high to determine the resonance frequency Fe f f accurately (the spectrum is close
to Cole-Cole relaxation and Fe f f exceeds the upper limit of the measurement frequency
band), whereas the frequency of the loss peak (the relaxation frequency Frel = Frez/Γ) is
determined readily (the dotted line in Figure 4), therefore it is possible to write the peak
frequency in terms of cluster susceptibility and shape factor

Frel_e f f (t) =
Fcl

Γcl [1 + Ncl(t)χcl(0, t)]1/δ
=

Frel_cl

[1 + Ncl(t)χcl(0, t)]1/δ
(11)

Equation (11) shows that the increase of the product Ncl(t) × χcl(t) results in the
low-frequency shift of the loss peak compared to the peak frequency of magnetized clusters
and in the increase of the damping factor. Note that the shift is the opposite of the one
observed in composites: the higher the product Nincl(p)× χincl(p), the higher the peak
frequency of a composite compared to the inclusion peak frequency [10].

The joint solution of Equations (5), (9) and (11) makes it possible to retrieve the
dependence of static intrinsic susceptibility χcl(0, t) and shape factor Ncl(t) of a mean
cluster on temperature. To obtain the continuous lines the discrete data relating the loss
peak frequency and temperature presented in Figure 4 are interpolated polynomially. The
results are presented in Figure 5 with solid and dashed black lines, respectively.

Theoretically, these very results could be obtained from the microwave measurements
(Equation (10)) only; the problem is in the higher temperature error associated with the
reflection-transmission measurements compared to the low-frequency short-circuit mea-
surements and in the lower accuracy for susceptibility measurements of electrically thin
samples (compare the data in Figures 4 and 5).

The dependence of a cluster shape factor on temperature (0 ≤ Ncl(t) ≤ 0.5, Figure 5)
shows that the clusters are fiber-like and that close to the Curie temperature their orientation
becomes unrelated to the magnetizing field because of the temperature oscillations of the
crystal lattice. The volume fraction, intrinsic susceptibility and demagnetization factor of
clusters decrease rapidly with temperature growth above the Curie point.

The dependence of cluster susceptibility on temperature reveals that the Hopkinson
effect [31] (susceptibility peak close to Curie temperature presented by the dashed line in
Figure 5) is unobserved in the direct susceptibility measurements (the solid grey line in
Figure 5) because of the formation of variety of magnetic clusters (Equation (8)). The shift
of the Hopkinson peak and of the shape-factor maximum from the Curie point as well as
the shape-factor value slightly below zero at the ends of the temperature range (Figure 5)
may be explained by the inaccuracy of microwave spectrum measurements and by the
rough approximation of the spectra with the Cole-Cole model (approximate account for
the peak frequency with Equation (11) instead of a more accurate account for the resonance
frequency, damping and asymmetry factors with Equation (3)).

Preliminary measurements of susceptibility at temperatures below 0 ◦C show (Figure 4)
that the effects unrelated to clusterisation (the freezing of domain walls, the increase of
anisotropy field, the transformation of easy axis magnetic anisotropy to the easy plane
one [19,32], etc.) dominate there. The effects lead to a decrease of susceptibility with temper-
ature decreases below ~0 ◦C. This is the reason that the scaling factor w in Equations (4)–(7)
is assumed to be equal to the susceptibility measured at t ≈ 0 ◦C. The above effects fall out
of the cluster magnetization model (Equations (4)–(11)); their applicability for a tunable
screen looks doubtful, therefore the measurements below 0 ◦C are not analysed here.

6. Performance Estimation for a Tunable Microwave Screen

The performance of a microwave screen depends on the Fresnell equations
(Equations (14) and(15)) on constitutive parameters ε ≈ 15 and μ of the composite, on
the screen thickness d, frequency f and load impedance zload. The permeability of the
composite μ = χe f f + 1 is calculated as the function of temperature t and frequency f
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using Equation (10) with the parameters of magnetic spectrum (Equation (3)) measured at
t = 0 ◦C (Figure 4); the temperature dependence of resonance frequency F and damping
factor Γ is calculated (Equation (10)) using the cluster susceptibility χcl(t) and shape-factor
Ncl(t) determined from the quasistatic measurements (Figure 5). The width and symmetry
parameters are practically constant (α ≈ 1, δ ≈ 0.7) within the range 5◦ < t < 20◦.

The absorber performance R(d, f , t) is calculated for the composite screen on a metal
substrate (zload = 0), and the transmission performance T(d, f , t) is calculated for the twice
as thick screen in a free space (zload = 1):

R(d, f , t) =

√
μ( f , t)/ε × Tanh

[
2πi f

c d
√

εμ( f , t)
]
− 1√

μ( f , t)/ε × Tanh
[

2πi f
c d

√
εμ( f , t)

]
+ 1

(12)

T(d, f , t) =

Exp
[

2πi f
c d

(
1 −√

εμ( f , t)
)]

×
[

1 −
(√

μ( f ,t)/ε−1√
μ( f ,t)/ε+1

)2
]

1 −
[

Exp
[
− 2πi f

c d
√

εμ( f , t)
]
×

√
μ( f ,t)/ε−1√
μ( f ,t)/ε+1

]2 (13)

c in the above equations is the light velocity c = 3 × 108 m/s.
The dependence of calculated reflection coefficient (in logarithmic scale) on frequency

and screen thickness is presented in Figure 6 as contour maps, the darker the filling, the
lower the reflectivity. The maps are calculated for the temperature below and above the
Curie temperature (0 ◦C and 20 ◦C, respectively).

(a) (b) 

Figure 6. Contour maps for reflection coefficient (dB) of a shorted layer as a function of frequency
and layer thickness (x and y axis correspondingly) calculated for 0 ◦C (a) and 20 ◦C (b).

The reflectivity control range of the composite under study is close to that of the
composites with permeable microwires [4], while the transparency tuneability is lower
(Figure 7a). The reason is that the temperature increase causes the simultaneous decrease
of both real and imaginary permeability parts. The layer loss Exp

[
2πi f

c d × Im
[√

εμ( f , t)
]]

decreases with temperature increase, but the layer specific impedance Re
[√

μ/ε
]

decreases
as well, thus increasing the reflection coefficient from the layer in a free space and decreas-
ing the total effect on the transmission coefficient. Therefore the transparency variation
range due to permeability control is in principle lower than the range due to permittivity
control [4].
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According to Figure 6, the minimal reflectivity of about −20 dB is achieved at 0 ◦C
for an approximately 4.5 mm-thick layer at the frequency of about 3.5 GHz (the position is
marked with the circle in the contour maps); at 20 ◦C the layer reflectivity is about −2 dB.

The calculated at 3.5 GHz frequency tuneability is shown in Figure 7 (the left graph)
as the dependence of reflection (for 4.5 mm-thick layer) and transmission (for 9 mm-thick
layer) coefficients on temperature. The right graph in Figure 7 shows the reflectivity curves
of 4.5 mm-thick sample measured in the shorted coaxial cell in the frequency range of
2–7 GHz at 5 ◦C and 25 ◦C.

(a) (b) 

t
R T

Figure 7. (a) Simulated dependence of reflection and transmission coefficients on temperature at
f = 3.5 GHz. (b) Frequency dependence of reflection coefficient for shorted sample measured at 5 ◦C
and 25 ◦C.

The calculated dependence of reflectivity on frequency and temperature is in agree-
ment with the results of direct measurements (compare the maps in Figure 6 and the curves
in Figure 7).

The composite under study may be applied as well as a tunable shield for electromag-
netic interference (EMI) suppression. The shield efficiency is proportional to transmission
attenuation [33] (see the grey curve in Figure 7a).

7. Conclusions

The mechanochemical technique to synthesize a composite filled with micrometer size
gadolinium powder that is stable at room conditions is proposed.

The estimated dependence of the powder permeability on temperature is close to the
data retrieved from the published magnetization curves for bulk gadolinium. The measured
Curie temperature of the composite is about 5 ◦C lower that the reported temperature for
the bulk metal; the difference may be related to the length limitation of the magnetized
cluster by the particle size.

The composite quasistatic permeability decreases with temperature increase gradually;
the main changes take place in the transition range about ±10◦ from the Curie point, and
this range is much wider than the published theoretical estimation (Equation (2)). The effect
is interpreted in terms of a cluster magnetization model (Equations (9)–(11)) developed
from the Wiener mixing formula. The model explains the dependence of absorption peak
frequency and intensity on temperature (Figure 4), and shows that the Hopkinson effect
in Gd is masked by cluster magnetization; the effect reveals itself as the peak of intrinsic
permeability (Figure 5) of magnetized clusters in the vicinity of the Curie temperature.

The treatment of the measured composite susceptibility in the frame of the cluster
model shows that the cluster shape factor reaches the maximum in the vicinity of the Curie
temperature; the maximal value is close to 0.5 (Figure 5), which corresponds to fiber-shaped
clusters oriented perpendicular to the magnetic field; at the high- and low-temperature
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ends of the Curie transition range the shape factor is close to zero, which corresponds to
the clusters oriented parallel to the magnetic field.

The model makes it possible to calculate the dependence of a microwave permeability
spectrum on temperature and to estimate the performance of the composite layer as a
microwave screen or an EMI suppressor shield with temperature tuned attenuation. The
reflectivity measurements of a shorted sample are close to the simulated data (Figure 7).
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Abstract: Protective SiO2 coating deposited to iron microparticles is highly demanded both for the
chemical and magnetic performance of the latter. Hydrolysis of tetraethoxysilane is the crucial method
for SiO2 deposition from a solution. The capabilities of this technique have not been thoroughly
studied yet. Here, two factors were tested to affect the chemical composition and the thickness of the
SiO2 shell. It was found that an increase in the hydrolysis reaction time thickened the SiO2 shell from
100 to 200 nm. Moreover, a decrease in the acidity of the reaction mixture not only thickened the
shell but also varied the chemical composition from SiO3.0 to SiO8.6. The thickness and composition
of the dielectric layer were studied by scanning electron microscopy and energy-dispersive X-ray
analysis. Microwave permeability and permittivity of the SiO2-coated iron particles mixed with a
paraffin wax matrix were measured by the coaxial line technique. An increase in thickness of the
silica layer decreased the real quasi-static permittivity. The changes observed were shown to agree
with the Maxwell Garnett effective medium theory. The new method developed to fine-tune the
chemical properties of the protective SiO2 shell may be helpful for new magnetic biosensor designs
as it allows for biocompatibility adjustment.

Keywords: protective coating; soft magnetic powder; microwave permittivity; core–shell particles

1. Introduction

Iron powders are widely applied in power transformers, inductors, sensors [1], elec-
tromagnetic compatibility solutions [2,3], and materials designed to decrease electromag-
netic pollution [4,5]. Commonly used is the carbonyl iron with spherical particles of
2 [5,6]–10 [4] micron in the mean diameter. Carbonyl iron possesses remarkable magnetic
properties, although chemical stability and electromagnetic performance are still to be
improved when embedded into composite materials. Surface modification of iron particles
with a chemically inert non-conductive coating may solve these tasks. Inorganic and
polymer coatings suit well: MnO2, BaTiO3, carbon, PMMA, polyaniline [4], parylene C [7],
ZnO, Fe3O4 [8], etc. In addition, the SiO2 is the most commonly used among others. Silica
shell provides iron with oxidation resistance in the air [4,9] and corrosion resistance [6].
Modifying iron with these non-conductive shells prevents electric contact between particles
and combines magnetic and dielectric losses in one material [8]. This may be used to
fine-tune the electromagnetic properties of the latter [6,9,10].

Liquid-phase hydrolysis of silica precursors is frequently used due to its simplicity
and effectiveness, although other techniques, even mechanical milling [11], also work.
Recently publications on synthesizing iron powders coated with silica shells show the high
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importance of these studies. The primary requirement for the silica shell is uniformity.
While simple tetraethyl orthosilicate (TEOS) hydrolysis in ammonia solution deposits uni-
formly coating to nano- and micro-particles of iron, modification of large, 200-μm-particles
requires additional surface activation. Surface active agents were shown to successfully
increase the uniformity of the SiO2 coating (see references within [12]). Mechanical milling
also improves the adhesion of the silica coating to coarse iron powders [12]. Another
technique to increase the uniformity of the SiO2 is the use of L-lysine instead of ammonia
solution [4].

Despite all these studies, it is notable that the inherent properties of the silica shell,
including chemical composition and dielectric constant, are rarely examined. However,
it is known that the hydrolysis of organosilanes gives significantly different products
depending on the acidity of the reaction mixture, which, in turn, is governed by ammonia
concentration [13–16]. For example, two different final-stage thermal treatments may be
applied for the Fe@SiO2 drying. One is simply to keep the powder at 50–60 ◦C for a certain
period [5,6,17]. The other is to anneal in an inert (N2, [8]) or reducing atmosphere (H2, [1])
at 500–800 ◦C for several hours. The latter decreases the oxygen content of the silica down
to SiO1.5 [8]. This is due to the volatilization of water that occurs at 100 ◦C and further
thermal aging of the SiO2 [8].

From pure silica gel studies, it is known that the real chemical composition affects
the dielectric constant of the “SiO2”. Hydroxyl groups are those elements in the structure
of the silica that are dealt with by polarization. There are at least two types of hydroxyls
within the silica structure: intraglobular and surface hydroxyls (although the former may
be further divided into subclasses, and some “free” hydroxyls are also distinguishable).
The surface or “perturbed” hydroxyls are deemed to cause polarization via a constrained
rotation; that is, a rotation from one hydrogen-bonded position to another [18]. It was also
shown that annealing at a temperature up to 1000 ◦C gradually decreases the concentration
of hydroxyl groups, increases density, decreases surface area, and decreases the dielectric
constant of the silica. The maximum decrease is from 2.2 to 1.8, almost 20% of the initial
value (see Table 2 from ref. [18]). The density of the silica was shown to influence the
permittivity of the silica even in the GHz range [19].

These changes may not only be used to tune electromagnetic performance but to
develop a desired biocompatibility of the Fe@SiO2-based media. Particle size and surface
charge of the silica are the key parameters in biocompatibility studies [20]. A method to
optimize the surface charge of the carbonyl iron particles coated with the silica shell makes
the powder a promising material for biomedical applications. The powder may be applied
both in pure form or incorporated into some silicone matrix to form a magnetorheological
elastomer [21]. The latter serves as a magnetic-field magnetostriction sensor (more precisely,
a dual-mode magnetism/pressure sensor), which sensing performance is closely related to
the matrix–polymer interactions that, in turn, are governed by surface modification of iron
particles [21,22].

Here, the SiO2 shell was deposited onto carbonyl iron of 3 μm mean diameter through
hydrolysis of TEOS in water–ethanol solution. Duration of the hydrolysis reaction and
ammonia concentration was studied to affect the thickness and chemical composition of
the shell. The products were dried in the air under 60 ◦C for 6 h. Chemical composition
was measured by EDX using scanning electron microscopy. Microwave measurements in
the 0.5–15 GHz range were used to evaluate the permeability of the composite material
comprised of the Fe@SiO2 particles and paraffin wax matrix. The measured real permeabil-
ity of the composite was shown to be in accordance with what was calculated following
the Maxwell Garnett formula [23–25].

2. Materials and Methods

The deposition of the SiO2 shell onto particles of carbonyl iron (CI) was carried out
in a one-stage modified Stöber process. Pure carbonyl iron powder (≥97.0 mass.% Fe),
tetraethyl orthosilicate (CAS 78-10-4, Aldrich №86578), and ammonia solution (25%, reagent
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grade) were used. First, 2 g of the metal powder was immersed in ethanol in a round-
bottom 100-mL flask with a reflux condenser. The tetraethyl orthosilicate was added and
ultrasonicated for 40 min with a power of 250 W and a frequency of 40 kHz. Then, ammonia
was added to the mixture, and this was assigned as the start of the reaction.

Two different experiments were conducted. The first experiment studied the influence
of the duration of the hydrolysis reaction on the properties of the product. The duration
was 0.5, 1, 2, and 4 h. The ratio of volumes of TEOS and ammonia solution added to
the reaction mixture, here and after [TEOS]/[NH3·H2O], was constant at 1. Another
experiment studied the influence of concentrations of reagents on the properties of the
product. The [TEOS]/[NH3·H2O] ratio was 0.75, 1, 1.5, and 4.5. The duration of the
synthesis was 2 h in this experiment.

Whatever the process was, the product was separated by magnet-assisted decantation,
rinsed multiple times in ethanol until the transparency of the liquid, and dried in air for
6 h at 60 ◦C.

Particle size and SiO2 thickness were measured by scanning electron microscopy
using the Zeiss Evo 50 VP microscope (Zeiss AG, Germany). Fifteen individual particles
were studied and averaged to evaluate the thickness of the shell. Energy-dispersive X-ray
(EDX) analysis (Si:O) was examined using the “Oxford instruments” platform (Oxford
instruments, UK). A sample area of 15 × 15 μm was studied.

The composites for microwave measurements were made of Fe@SiO2 particles mixed
with molten paraffin wax with constant stirring during cooling [6]. The volume fraction
of the Fe@SiO2 powder was estimated at 35 vol.%. The volume fraction was calculated as
follows. Initially, 30 mg of the filler was mixed with 100 mg of the wax. The shell thickness
was set at 150 nm, since the real size distribution of iron particles and the presence of pure
silica particles interferes with more precise calculations. The tabular density of iron was
7.8 g/cm3, and the density for amorphous silica was 2.2 g/cm3. The samples were formed
in the torus and placed inside a standard 7/3 mm coaxial transmission line (Figure 1).
Additionally, the sample inside the line was pressed slightly from both ends to force the
composite material to fill the cross-section of the line and reduce possible air gaps between
the sample and the metallic surface of the line.

Figure 1. Coaxial transmission line (on top) with a central conductor (in the middle) and a composite
sample (at the bottom) for microwave measurements.

S-parameters of the composite samples placed in the airline were measured in the
frequency range of 0.5 to 15 GHz with a vector network analyzer (VNA). Ports at the end
of feeding coaxial cables were calibrated with standard TRL calibration procedure [26]
with planes of phase reference at the ends of the measurement transmission line. The
complex microwave permeability and permittivity were determined with the standard
Nicolson–Ross–Weir (NRW) [27,28] method.

The quasi-static permittivity of the composites was determined at a frequency of
500 MHz. The frequency dependence of complex permittivity was fitted with the Havriliak–
Negami empirical formula [29] to minimize possible errors. The measured data were
fitted in the frequency range of 0.5 to 10 GHz to minimize low-frequency errors due to
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poor sensitivity of the microwave measurements at frequencies lower than 0.5 GHz. At
frequencies higher than 10 GHz, the half-wavelength resonance on the sample thickness
starts to affect, and NRW solution becomes inherently unstable.

Higher-order modes can also emerge on the sample boundary with typical resonance-
like behavior of the calculated microwave permittivity and permeability [30,31]. Such
resonance behavior cannot be attributed to the material properties and should be carefully
considered. In our case, the sample length was chosen to force the possible emergence of
higher-order modes beyond the frequency range of interest. However, for some samples,
the effect of higher-order modes resonance on the sample length can be seen at frequencies
higher than 10 GHz. The manifestation of this effect depends on the sample homogeneity
and quality of the geometric shape and cannot be easily controlled.

The lower bound of the frequency region under study was chosen due to the follow-
ing considerations. In the frequency range from 10 MHz to 500 MHz, TRL calibration
performance starts to degrade due to the small phase difference in the transmission line
calibration standard and direct-thru connection of the measurement ports. In addition,
samples with small electric length, i.e., small permittivity, permeability, and geometric
length, have low reflection coefficient in this frequency region (i.e., low contrast); thus, the
NRW method performance also degrades.

3. Results and Discussion

3.1. Structure and Morphology

The increase in the duration of the deposition process from 0.5 to 4 h increased the
thickness of the silica layer (Figures 2–4, Table 1). The minimum thickness obtained was
90 nm, and the maximum was 190 nm (Figure 5). Further prolongation of the process did
not increase thickness. The distribution of the shell thickness in a sample narrowed with
the reaction time (Table 1). Uniformity and final particle size of the silica are known to be
dealt with by colloid interaction potentials. The reaction rate here is size-dependent and is
governed by the competition between nucleation and aggregation [32]. Growth of the shell
thicker than 200 nm was probably inhibited by the colloidal surface state of the product.
The shell thickness evaluated from one-hour-deposited samples differed slightly from the
monotonous trend from other data. This was probably a random error caused by a wide
distribution of the shell thicknesses that were deposited with a duration of 1–1.5 h. No
evidence was observed that the thickness of the shell might decrease with the reaction time
in this synthesis.

 

Figure 2. SEM images of core–shell particles obtained in the processes with 0.5 h hydrolysis duration.
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Figure 3. SEM images of core–shell particles obtained in the processes with 2 h hydrolysis duration.

 

Figure 4. SEM images of core–shell particles obtained in the processes with 4 h hydrolysis duration.

Table 1. The mean thickness with the confidence interval (p = 0.9) of the silica shell, measured from
the hydrolysis duration experiment.

Hydrolysis duration, h 0.5 1 1.5 2 3 4

Shell thickness, nm 95 ± 11 148 ± 22 125 ± 23 144 ± 13 172 ± 12 189 ± 14

According to EDX analysis, the changes in the duration of the reaction did not affect
the stoichiometry of the “SiOx”. The atomic ratio Si:O remained at SiO3.3. Excess of
oxygen is in the form of hydrate water and surface hydroxyls, the real composition being
SiO2·nH2O. An increase in atomic Si:Fe ratio was also observed, and it also showed an
increase in the silica content within the samples subjected to the longer deposition process.
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Figure 5. SiO2 shell thickness vs. hydrolysis duration, “time”.

Ammonia concentration was found to influence both the thickness and chemical
composition of the shell (Figures 6–8, Table 2). Minimal thickness was estimated at ~60 nm,
and it was deposited under low ammonia concentration. The thickest shell was deposited
in an excess of ammonia, and it was ~220 nm (Figure 9). An increase in the [NH3·H2O]
concentration resulted in a shell significantly enriched with oxygen, as much as SiO8.6. An
excess of ammonia also resulted in an enlarged fraction of individual SiO2 nanoparticles
with a mean size that was twice as high as the estimated thickness of the shell. The surface of
particles obtained under the excess of ammonia was smooth, while those deposited under
[TEOS]/[NH3·H2O] = 4.5 showed surface roughness of approximately 80 nm (Figure 6).
These results are in agreement with the data on how ammonia influences the growth of the
silica gel [33].

 
Figure 6. SEM images of core–shell particles obtained in the process with [TEOS]/[NH3·H2O] = 4.5
ammonia concentration.
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Figure 7. SEM images of core–shell particles obtained in the process with [TEOS]/[NH3·H2O] = 1.5
ammonia concentration.

 
Figure 8. SEM images of core–shell particles obtained in the process with [TEOS]/[NH3·H2O] = 0.75
ammonia concentration.

Table 2. The mean thickness with the confidence interval (p = 0.9) of the silica shell, measured from
the ammonia concentration experiment.

[TEOS]/[NH3·H2O] ratio 4.5 1.5 1 0.75

Shell thickness, nm 62 ± 9 90 ± 8 146 ± 12 218 ± 10

Si:O atomic ratio SiO3.0 SiO3.3 SiO3.8 SiO8.6

It is interesting to note that the distribution of the thickness of the silica shell was
narrower in those cases when the duration of hydrolysis was longer than 2 h (compare
the confidence interval given in Table 1 when the duration time was 0.5, 1, and 1.5 h, and
the rest of the confidence intervals provided in Tables 1 and 2). It may be assumed that
during the first 1.5 h, the growth rate of the silica shell differs for iron particles of different
sizes and the resulting thickness levels during the time interval between 1.5 and 2 h of the
hydrolysis reaction. The deviation of the mean shell thickness coincides sufficiently with
the deviations calculated in [32], where the monodisperse silica was grown and studied.
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Figure 9. The thickness of the shell of the Fe@SiO2 filler varied through ammonia concentration
thickness of the shell vs. [TEOS]/[NH3·H2O] ratio.

3.2. Dielectric Permittivity: Theoretical Approach

In order to evaluate the dependence of the real part of the static relative permittivity
of the core–shell particles on the thickness of the shell, the Maxwell Garnett effective
medium theory was used. The theory allows calculating effective permittivity of the media
comprised of two materials, one of which is a matrix and another one is inclusion. The
Maxwell Garnett theory is valid in the case of a small concentration of the inclusion [34].
However, in a quasi-static regime, it is applicable for any inclusion concentration [35].
Effective permittivity of the composites in the quasi-static field was calculated as:

εe f f = εh + 3 f εh
εi−εh

εi+2εh− f (εi−εh)
(1)

where εh and εi were the relative permittivity of the matrix and inclusion, respectively, and f was
a volume fraction of the inclusion. For the present Fe@SiO2 composite εh = εSiO2 = 3, 9 [36],

εi = εFe = ∞ and f =
R3

Fe
(RFe+t)3 , where RFe = 1500 nm was iron particle radius [6] and t was

the thickness of the dielectric shell. The thickness varied from 30 to 210 nm. Taking εi as ∞
in (1) results in the following formula for εe f f

εe f f = εh + 3 f εh
1

1− f (2)

The theoretical model showed a decrease in permittivity by 86%, with an increase in
the thickness of the shell from 30 to 210 nm (Figure 10). The particle size distribution of
the initial iron powder can be found in Figure 3 from [6]. Another calculation technique
may be applied, which is first calculating the effective permeability of the paraffin and
silicon shell, and then using that result as the environmental permittivity for the iron [37].
However, if the model applied in the manuscript may be derived rigorously with account
for inclusion and shell shapes, another model is semi-empirical.

Measurements of the permittivity demanded blending of the Fe@SiO2 particles into
paraffin matrix. Consequently, it was necessary to evaluate the effective permittivity of the
system composed of core–shell particles and paraffin in order to compare experimental
and theoretical results. The permittivity was calculated using the Maxwell Garnett theory
as well [38]. For the Fe@SiO2 + Paraffin medium εh = εPara f f in = 2.25 [38], εi = εFe@SiO2 ,
which was calculated previously, and f = 0.35. In the presence of the paraffin matrix
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dramatic decrease in the permittivity was smoothed, allowing fine tuning of the ε′. The
permittivity dropped by 11%: at shell thickness of 30 nm, εFe@SiO2+Para f f in = 5.69, while at
150 nm εFe@SiO2+Para f f in = 5.09 (Figure 11).

Figure 10. Calculated effective permittivity vs. SiO2 shell thickness of the Fe@SiO2 “composite”
Fe@SiO2–paraffin wax real composite.

Figure 11. Calculated effective permittivity vs. SiO2 shell thickness of the Fe@SiO2–paraffin wax
real composite.

The permittivity of the pure CI in the paraffin medium (shell thickness of 0 nm at
Figure 11) was estimated according to (2) with εm = εPara f f in = 2.25 and f = 0.35.

3.3. Frequency Dispersions of Complex Permittivity and Permeability

Analysis of the reaction time variation allows assessing the impact of thickening of the
dielectric shell on electromagnetic properties (ε and μ) of the composite. Samples acquired
in more prolonged reactions tended to have a lower real part of permittivity (ε′), consistent
with a thicker shell (Figure 12A). Values of the ε′ in the quasi-static regime demonstrated a
good agreement with the theoretical estimation based on the Maxwell Garnett effective
medium theory (Figure 13). Frequency dispersions of the ε′ of pure CI and the composite
obtained in the half-hour reaction were indistinguishable, demonstrating that the shell was
not uniform yet in a half-hour experiment. The shell can be considered uniform, starting
with 90–100 nm thickness.
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Figure 12. The measured frequency dispersions of complex permittivity, ε′ (A) + i·ε′′ (C), and permeability, μ′ (B) + μ′′ (D)
for the Fe@SiO2–paraffin wax composite. The thickness of the shell of the Fe@SiO2 filler varied through hydrolysis duration.

Figure 13. Quasi-static permittivity vs. thickness of the dielectric shell deposited at different durations
of hydrolysis.

An increase in the shell thickness did not influence the imaginary part of the per-
mittivity (ε′′). The ε′′ accounts for a loss in the medium. In the analyzed composites,
conductive loss in the CI was a primary source of loss since SiO2 and paraffin wax are
low-loss materials (their dielectric loss tangents are ~0.002 [39] and ~0.007 [40]). Therefore,
the absence of the changes in the ε′′ dispersion demonstrated that the shell growth process
does not affect the conductivity of the CI.
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Both parts of the complex permeability (μ′ and μ′′) of the composite were lower than
in the pure CI that indicates a larger volume fraction of magnetic material in the composite
samples. The behavior of the frequency response curves of μ′ and μ′′ was the same for the
pure CI and composites that implies that magnetic properties of the CI were unaffected by
the shell.

The measured permittivity showed that a thin coating of 60 nm was not uniform: the ε′
value was almost identical to that of pure iron powder-based composite (Figures 14 and 15).
The amplitude of permeability also supported this proposition: thin SiO2 shells did not
significantly decrease this parameter. Further increase in thickness dropped quasi-static ε′
value from 5.8 to 5.3, by 9%. This was also according to the Maxwell Garnett calculations,
just as in the duration of the hydrolysis experiment. However, the increase in oxygen
content within the SiOx composition resulted in a slight increase in the ε′. This, in turn, was
probably due to an increase in the ε′ value of the dielectric shell itself, according to [18].

Figure 14. The measured frequency dispersions of complex permittivity, ε′ (A) + i·ε′′ (C), and permeability, μ′ (B) + μ′′ (D)
for the Fe@SiO2–paraffin wax composite.

For the rest of the observations, the ε′′, μ′ and μ′′ demonstrated the same dependencies
on thickness as in the hydrolysis duration experiment (Figure 14). Changes in the chemical
composition of the SiOx did not vary the magnetic properties of the composite since SiOx
possesses no magnetic order. The ε′′ did not depend on the shell thickness and composition,
showing that SiOx is a low-loss dielectric.
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Figure 15. Quasi-static real part of permittivity vs. thickness of the shell that was obtained by varying
ammonia concentration.

4. Conclusions

Hydrolysis of TEOS in the presence of ammonia of different concentrations gave
uniform SiOx coating on a surface of carbonyl iron micro-particles when the thickness of
the coating was higher than 100 nm. Two techniques were found to increase the thickness
of the shell up to approximately 200 nm. One was simply to prolong the duration of the
deposition reaction to 4 h. Further prolongation was found to be ineffective for increasing
the thickness. After deposition and drying at 60 ◦C, the shell composition was estimated
at SiO3.3. The other technique was to change the ammonia concentration in the reaction
mixture: an increase in [NH3·H2O] concentration increased the thickness of the shell when
the duration of the deposition was constant. Simultaneously, [NH3·H2O] was found to
influence the composition of the shell. In relative terms, a decrease in [TEOS]/[NH3·H2O]
ratio from 4.5 to 0.75 enriched the silica with oxygen from SiO3.0 to SiO8.6. Although it can
be expected that the difference in chemical composition may vary the dielectric properties
of the silica, the difference in the electromagnetic performance of the Fe@SiO2 core–shell
powders was found to be governed primarily by the thickness of the shell. This was
estimated comparing the measured real permittivity values of the Fe@SiO2–paraffin wax
composites and theoretical values calculated following the Maxwell Garnett formula. The
new method to easily fine-tune the chemical composition and thickness of the uniform silica
shell deposited to carbonyl iron particles may be instructive for microwave performance
and biocompatibility adjustment in a wide range of applications, including magnetic
field sensors.

It can be expected, both from experience and the literature data given in the introduc-
tion section, that the dependencies reported here will remain the same when the size of
the iron core is higher than 3 micrometers, up to at least 200–500 micrometers. With the
decrease in the size of iron particles, an effective fraction of the SiO2 shell will increase,
which will undoubtedly affect the magnetic properties of the product. This effect may be
expected to be the most obvious when protecting iron nanoparticles instead of microparti-
cles. However, in general, the size of iron particles is deemed not to affect the mechanisms
of the SiO2 formation.
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Abstract: Magnetic metallic nanoparticles (MNPs) of Ni, Ni82Fe18, Ni50Fe50, Ni64Fe36, and Fe
were prepared by the technique of the electrical explosion of metal wire. The average size of the
MNPs of all types was in the interval of 50 to 100 nm. Magnetic polymeric composites based on
polyvinyl butyral with embedded metal MNPs were synthesized and their structural, adhesive, and
magnetic properties were comparatively analyzed. The interaction of polyvinyl butyral (supplied as
commercial GE cryogenic varnish) with metal MNPs was studied by microcalorimetry. The enthalpy
of adhesion was also evaluated. The positive values of the enthalpy of interaction with GE increase in
the series Ni82Fe18, Ni64Fe36, Ni50Fe50, and Fe. Interaction of Ni MNPs with GE polymer showed
the negative change in the enthalpy. No interfacial adhesion of GE polymer to the surface of Fe and
permalloy MNPs in composites was observed. The enthalpy of interaction with GE polymer was
close to zero for Ni95Fe5 composite. Structural characterization of the GE/Ni composites with the
MNPs with the lowest saturation magnetization confirmed that they tended to be aggregated even
for the materials with lowest MNPs concentrations due to magnetic interaction between permalloy
MNPs. In the case of GE composites with Ni MNPs, a favorable adhesion of GE polymer to the
surface of MNPs was observed.

Keywords: polyvinyl butyral; electric explosion of wire; metallic nanoparticles; magnetic
nanoparticles; polymer filled composites

1. Introduction

Polyvinyl butyral (PVB) is a random terpolymer mainly composed of vinyl alcohol and
vinyl butyral with relatively small amounts of vinyl acetate. A terpolymer is a copolymer
in which two or more chemically distinct monomer units are alternating along linear
chains in the irregular way. PVB is a colorless, amorphous thermoplastic resin [1], which
is widely used in technological applications such as automotive laminated glass, paints,
and adhesives due to its excellent flexibility, ability to form coatings in the film shape,
good adhesion properties, and excellent UV resistance. Easy wettability and compatibility
with various polar compounds (such as phenols, epoxies, isocyanates, etc.) make PVB an
excellent candidate to be used in many functional applications. On its basis, composite
materials with inorganic fillers of various chemical nature can be fabricated. Thus, the
development of shape memory materials containing graphene oxide [2], photoactive
materials with improved mechanical and heat-conducting properties with particles of TiO2,
CdS and other ceramic fillers can be mentioned [3–5].

Fillers of the metallic nature are also considered to be components of PVB-based
systems. For instance, Angappan et al. [6] described the preparation of a composite based
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on PVB and a core-shell filler, where a thin nickel layer was used as a coating. The material
was designed as a lightweight broadband microwave absorber for different applications.
Metallic particles are often called “zero-valent” particles to distinguish them from metal
oxide particles. In pure metals, atoms are zero-valent, while in oxides metal atoms have
a positive oxidation number according to their valency. Although the term “metallic”
presumably means elemental (zero-valent) metal, still in some biomedical references (and
applications) it is sometimes attributed to metal oxides also.

In addition, PVB is a component of binders, in particular, a component of “GE varnish”
(being not an abbreviation but a commercial product label) widely used to thermally
anchor wires at cryogenic temperatures. It has fast track time and can be both air-dried
or baked. Other important features of this adhesive are electrical insulating properties at
cryogenic temperatures, suitable properties of a calorimeter cement, compatibility with
a wide variety of materials, including cotton, nylon glass tapes, mica products, polyester
products, vinyl products, plastics, and many others. In the research laboratories, GE
varnish was widely used in the studies on the magnetic and microwave characteristics of
the wide variety of materials [7–10]. In fact, when measuring the properties of magnetic
particles, a filled polymer composition is usually prepared, where the particles under study
act as a dispersed filler in a GE-varnish polymer matrix.

One of the major structural parameters of a polymer/filler composite material is the
uniformity of the distribution of particles in the polymer matrix. However, it is difficult
to achieve uniform distribution. Here it is important to mention that the techniques of
characterization of the filler distribution are not developed yet at a satisfactory level. There
are different parameters of the fillers themselves contributing to the uniformity of the filler
distribution inside the composite. First, it is filler chemical composition and the shape
of the filler particles (spherical, cubic, rod-like etc.). For the case of magnetic fillers, the
interaction between the filler particles plays crucial role preventing their de-aggregation
during polymer/filler composite fabrication. Second, practically all kinds of available
fillers, especially those that can be obtained in the large quantities, have distribution of the
shapes and sizes of the elements. This obstacle adds extra difficulties in the control of the
uniformity of the distribution of particles in the polymer matrix. For example, it is well
known that magnetic behavior of the ferrofluid critically depends on the presence of even
a few particles of the large size in the ensemble [11].

Particle distribution affects thermal and electrical characteristics [5], mechanical, di-
electric and microwave properties of composites based on PVB [3,7]. The uniformity of
the particle distribution inside the composite is also affected by the adhesive interaction
between the polymer matrix and the dispersed filler. The higher the adhesion of the poly-
mer to the surface of the particles, the greater the likelihood of their disaggregation with
distribution in the form of individual particles. In this regard, the use of GE varnish as
a binder for fixing a certain distribution of magnetic filler requires an understanding of
the degree of adhesive interaction between the components of the GE varnish and the
magnetic particles.

When we refer to the bulk ferromagnets in thin film state, one of the most studied
systems is the system of iron-nickel alloys starting from pure nickel and up to the pure
iron [12–14]. The saturation magnetization evolution, magnetic anisotropy features, mag-
netic permeability and magnetostriction changes were widely discussed and comparatively
analyzed [15–17]. Apart from the theoretical interest, this system is widely used in many
practically important devices [18,19]. However, nanostructured FeNi alloys in the shape of
nanoparticles and filled composites on their basis were studied to lesser extent and there is
a gap or absence of the understanding to what extent the results obtained in the case of
FeNi system in the bulk thin film state can be applicable to the MNPs related cases.

In this work, we have studied the structure, magnetic properties and interactions at
the interface of the composite films based on polyvinyl butyral terpolymer (GE varnish)
and magnetic nanoparticles of nickel, iron, and FeNi of various compositions.
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2. Materials and Methods

GE varnish was a commercial product GE-7031-CT Thermal Varnish (CRYO-Technics,
Büttelborn, Germany). It was a viscous liquid brownish 25% solution of a polymer in
mixed organic solvent. GE varnish was used as received for the preparation of polymeric
composites with embedded zero-valent metallic nanoparticles.

To minimize the contribution of the shape variation of the particles of the filler highly
productive electrophysical technique of the electrical explosion of metal wire (EEW) was
used for the synthesis of magnetic metallic nanoparticles (MNPs) [20]. The method itself
was known long ago [21] but in recent years special attention was focused on it as a
technique for MNPs fabrication [22]. Special advantage of the technique is the fabrication
of the particles of close to spherical shape. MNPs were synthesized at the Laboratory of
Pulsed Processes of the Institute of Electrophysics UB RAS via the electrical explosion
of metal wire in argon. In EEW method a metallic wire is evaporated by a high voltage
discharge, and the vapors condense in gas phase giving spherical non-agglomerated
nanoparticles. The details of the method and the description of the experimental EEW
setup can be found elsewhere [20,22]. Using EEW method magnetic nanoparticles of
Ni, Ni82Fe18, Ni64Fe36, Ni50Fe50, and Fe were synthesized. The batches of Fe and Ni
MNPs were approximately 500 g each and the batches of NiFe alloys were approximately
100 g each.

To prepare GE/MNPs composites, first, the weighted portion of MNPs of each type
was grinded in the agate mortar with the addition of isopropanol to make a homogeneous
suspension of MNPs. Then the weighted amount of GE varnish was added and vigorously
mixed with the MNPs suspension. The resulted slurry was then cast onto the polished
glass and left at ambient conditions for the evaporation of the solvent. The dried film
of GE/MNPs composite was mechanically separated from the glass substrate and kept
in a thermostat at 80 ◦C up to the reaching of the state of the constant weight when all
residual solvents were eliminated. The wide range of polymer/MNPs compositions was
selected to characterize extensively the enthalpy of adhesion of polymeric matrix to the
surface of MNPs both at low MNPs content and at the highest obtainable content. In
this respect mechanical properties of the compositions were not considered but they are
certainly important for any practical application, e.g., for microwave adsorption. In this
respect, compositions with MNPs content below 70% are preferable as they become brittle
at the higher content of MNPs. Even so, for the present study in selected cases the MNPs
content up to 88% was considered.

Transmission electron microscopy (TEM) images were obtained using a JEOL JEM2100
microscope operated at 200 kV (JEOL Ltd., Tokyo, Japan). The particles were dispersed
in isopropanol under ultrasonic treatment and the resulted suspension was placed onto
carbon coated copper grids and evaporated at ambient conditions. X-ray diffraction (XRD)
studies were performed using a BrukerD8 Discover (Bruker, Billerica, MA, USA) instrument
with Cu-Kα radiation (wavelength λ = 1.5418 Å), a graphite monochromator for a diffracted
beam and a scintillation detector. Diffractograms were refined by Rietveld algorithm using
TOPAS 3.0 program installed in the XRD instrument. The specific surface area of MNPs
was measured by low-temperature adsorption of nitrogen using Micromeritics TriStar3000
automatic sorption analyzer (Micromeritics, Norcross, GA, USA).

Magnetic measurements of the magnetization value as a function of the applied mag-
netic field M(H) (hysteresis loops) were performed at the room temperature by a vibrating
sample magnetometer (Cryogenics Ltd. VSM, London, UK). Even though complete satura-
tion was not always achieved in the field of 1.8 kOe, we designate the meaning of saturation
magnetization (Ms) to the value of magnetization in H = 1.8 kOe. Both Ms and coercivity
(Hc) value were calculated from the M(H) hysteresis loops. The MNPs were measured in
non-magnetic capsule (up to 5 mg of the sample weight) and GE/MNPs composites (up to
15 mg of the weight of the sample composite) were measured for in-plane configuration of
the film.
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Fourier transform infra-red (FTIR) spectra of composite films were obtained in the
4000–500 cm−1 range of wavenumbers using a Nicolet 6700 FTIR spectrometer equipped
with an ATR add-on (Thermo Fisher Scientific, IN, USA)

Calorimetric measurements were performed at 25 ◦C using Calvet 3D differential
microcalorimeter DAK-1-1 (EPSI, Chernogolovka, Russia) with ampoule cells. A portion
(20–90 mg) of GE composite or air-dry MNPs was put into a thin glass ampoule ca.5 mL in
volume and dried in an oven to a constant weight. After that the ampoule was sealed and
placed in sliding holder, mounted to the top of a stainless steel tubular cell (7 cm3). The cell
was filled with 4 mL of isopropanol. Two assembled cells were positioned in the ports of
microcalorimeter and it was thermostated at 25 ◦C for 2–3 h until the drift of the baseline
fell below 0.01 mW in 30 min. Then the experiment in one of the cells (working cell) was
initiated by breaking the glass ampoule in the solvent (isopropanol). The other cell was a
reference. Heat evolution curve in the working cell was recorded for ca 60–90 min until the
initial baseline was reestablished. The time dependence of heat flux was integrated using
software program giving the enthalpy of dissolution for the sample in the ampoule. Then
the experiment in the second cell was performed in a similar manner. Typical values of
heat effects were within the range 0.1–5.0 J, depended on the load in the ampoule. The
relative error of measurements was 5% for the heat effects ranging from 0.1 to 0.5 J and
2.0% for the heat effects in the 0.5–5.0 J range.

In addition, the structure of selected filled composites was studied by scanning electron
JEOL JSM-640 microscope (JEOL Ltd., Tokyo, Japan) working at 20 kV accelerating voltage
and equipped with energy dispersive X-ray (EDX) fluorescent detector for elemental
analysis. As before [23] to avoid the charging of the non-conducting polymer surface, about
20 nm carbon layer was deposited onto the composite surface.

3. Results

Figure 1 shows transmission electron microscopy images of synthesized zero-valent
metallic spherical EEW MNPs with different content of iron and nickel. As the shape
of the MNPs was close to the spherical one and therefore their diameter was selected as
characteristic geometrical parameter.

The average apparent characteristic diameters (dS) in for the batches of all types were
calculated based on the value of specific surface area according to following equation [24]:

dS =
6000
ρSsp

(1)

Here Ssp is the specific surface area of MNPs, which is conventionally measured using
low-temperature adsorption of nitrogen (Brunauer–Emett–Teller (BET) method [16]); ρ—is
the crystallographic density of MNPs. The calculated values of the apparent characteristic
diameters of the MNPs are given in Table 1. One can see that all obtained batches can be
considered to be the MNPs. The highest dS value corresponded to the iron MNPs and
the smallest one to the nickel MNPs. section may be divided by subheadings. It should
provide a concise and precise description of the experimental results, their interpretation,
as well as the experimental conclusions that can be drawn.

According to XRD data analysis phase composition of MNPs corresponded to solid
solutions based on cubic crystal structure. Their specific parameters are given in Table 1 as
well as the values of the saturation magnetization and the coercivities.

General comparative analysis of the dS and Ms values shows good correlation between
their values, and it is in accordance with the existing understanding of magnetic behavior
of nanoparticles of these sizes and compositions [23,25–27]. In all cases the saturation
magnetization was lower in comparison with bulk Ms values [28,29] with the difference
of 15 to 25%. However, as to expect, the highest Ms was observed for iron MNPs and the
lowest saturation magnetization was obtained for Ni MNPs.
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(a) (b) 

 
(c) (d) (e) 

Figure 1. TEM images of zero-valent metal EEW MNPs of different types. (a)—Fe, (b)—Ni50Fe50, (c)—Ni64Fe36, (d)—
Ni82Fe18, (e)—Ni.

The reduction of the value of the saturation magnetization in comparison with the
bulk state can be assigned to different effects. The first one is the strongly pyrophoric
features of EEW MNPs and the need for their surface passivation prior to the exposure
to the atmosphere. In the previous studies [11,23,30] we have shown that the passivation
oxide layer has a thickness of a few nm.

However, for the MNPs with dS in the range of about 50 to 100 nm such a layer
with lower magnetization can cause a reduction up to 15% of the total magnetization
value (depending on the size of the MNPs). The second reason of the reduction of the
saturation magnetization value is related to the concept of nanoscaling laws [31]. In the
spherical MNPs at least three surface layers are not contributing to the ferromagnetic
response not having the sufficient number of the nearest neighbors. For instance, in pure
a-Fe one can obtain the reduction up to 10% in comparison with value of the bulk iron.
Both abovementioned reasons for the Ms were given without taking into account the
existence of the MNPs size distribution which makes the analysis even more difficult. Even
so, fabricated batches of the metallic MNPs were used for comparative analysis of their
adhesive and magnetic properties of GE varnish (polyvinyl butyral)-based composites.

Unfortutately, narrowing of the distribution of metallic MNPs is not achievable using
conventional separation techniques such as filtering of separation. The basic reason for this
is strong aggregation of metallic MNPs in their suspensions. Suspensions of metallic MNPs
do not contain individual particles. These features of them were discussed in our recent
paper by Shankar et al. [32]. Theoretical consideration by the extended DLVO approach
favored strong magnetic interactions as a major reason for aggregation. Therefore, the
batches of metal MNPs are to be used as synthesized.
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Table 1. Selected characteristics of EEW metallic nanoparticles: Specific surface area—Ssp, density—ρ, apparent average
diameter—dS, phase composition (all phases are cubic); saturation magnetization Ms and coercivity Hc measured for
nanoparticles at 20 ◦C.

Mark Description
Ssp

(m2/g)

ρ
(g/cm3)

dS (nm) Phase Composition
Ms

(emu/g)
Hc (Oe)

Fe Iron 7.5 7.8 102 ± 8
98% (S.G: Fm-3m) fcc, 0.35927(2)

2% (S.G.: I m-3m) bcc
a = 0.2862(3)

200 ± 5 300 ± 5

Ni50Fe50 Permalloy:
50% Ni, 50% Fe 12.5 8.4 62 ± 5 100% (S.G.: F m-3m) bcc,

a = 0.3569(1) 140 ± 5 180 ± 2

Ni64Fe36 Permalloy:
64% Ni, 36% Fe 12.6 7.8 61 ± 5

90% (S.G: Fm-3m) fcc,
a = 0.3592(2)

10% (S.G.: I m-3m) bcc,
a = 0.2862(3)

110 ± 5 160 ± 2

Ni82Fe18 Permalloy:
82% Ni, 18% Fe 8.0 8.4 86 ± 7 100% (S.G: Fm-3m) bcc,

a = 0.3548(1) nm 82 ± 5 100 ± 1

Ni Nickel 12.6 8.9 53 ± 4 100% (S.G: Fm-3m) bcc,
a = 0.3524(2) nm 48 ± 3 150 ± 2

GE varnish is a multi-component industrial product. Figure 2 presents FTIR spectrum
in the range of wave numbers from 400 up to 4000 cm−1, which was obtained aiming
to clarify the chemical composition of the available product. The spectrum refers to the
polymeric residue, which was obtained after the evaporation of the solvent from GE varnish.
To mark it out further we will denote this polymeric residue as GE polymer or simply GE.
The strongest bands in the GE spectrum were: a peak at 3370 cm−1, which was attributed
to the stretching of OH group, peaks at 2955 cm−1 and 2869 cm−1 due to the stretching
of C-H bonds in aliphatic CH3, CH2 and CH groups, and a peak at 1712 cm−1 due to the
stretching of carbonyl group. The peaks at 1434 cm−1 and 1129 cm−1 are attributed to the
vibrations of CH2 and C-O-C groups. Identification of the spectrum gave the 93% fit for
poly(vinyl butyral) [33]. The difference in GE polymer and PVB IR spectra were observed
only in the range of wave numbers 3600–2600 cm−1 corresponding to the vibrations of
hydroxyl groups (Figure 2).

Figure 2. FTIR spectra of poly(vinyl butyral) (PVB) and GE polymer.

The frequency of OH group stretching in individual molecules is around 3600 cm−1 [25].
The broad bands in Figure 2 are shifted to lower frequencies for both GE and PVB. It means
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that the hydroxyl groups of polymers are linked by hydrogen bonds. In the case of the
GE polymer, the shift is observed to a greater extent. FTIR spectrum of the GE shows very
wide absorption peak at 3320 cm−1 due to self-associated OH groups.

The close identity of FTIR spectra for GE polymer and for PVB, except for the shape
of the OH peak, indicated that both PVB and GE have the same basic chemical structure
and differ in the degree of self-association by hydrogen bonds.

Interfacial interactions of GE polymer with zero-valent metallic MNPs were evaluated
by microcalorimetry. For obvious reasons it is not possible to mix directly in a calorimeter
solid nanoparticles with a solid polymer.

Therefore, the enthalpy of interaction among nanoparticles and polymeric matrix
are calculated using thermochemical cycle [34,35] based on the measurable heat effects of
several appropriate processes, which give in combination the desired enthalpy change.
In the case of a GE polymeric composite the enthalpy of formation (ΔHcomp) refers to the
process:

GE + MNPs => GE/MNPs composite + ΔHcomp (2)

As the components of a polymeric composite do not dissolve in each other, ΔHcomp
solely depends on the interfacial interaction between solid particles and GE polymeric
matrix. Note that ΔHcomp is a function of the content of MNPs in composite and it should
better be written as ΔHcomp(ω), with ω standing for the weight fraction of MNPs in GE
composite.

The combination of processes that comprise Equation (2) and can be performed in
calorimetric cell is given below:

GE + isopropanol => GE solution + ΔHGE (3)

MNPs + isopropanol => MNPs suspension + ΔHMNPs (4)

GE solution + MNPs suspension => MNPs suspension in GE solution + ΔHmix (5)

GE/MNPs composite + isopropanol => MNPs suspension in GE solution + ΔHdis(ω) (6)

ΔHGE is the enthalpy of dissolution of GE; ΔHMNPs is the enthalpy of wetting of
MNPs; ΔHmix is the enthalpy of mixing suspension with solution; ΔHdis(ω) is the enthalpy
of dissolution of a composite with weight fraction of MNPs equal to ω.

The combination of steps is: (2) = (3) + (4) + (5) − (6), and it gives the following
equation for the enthalpy of composite formation:

ΔHcomp(ω) = ω × ΔHGE + (1 − ω) × ΔHMNPs + ΔHmix − ΔHdis(ω) (7)

Typically, the term ΔHmix is much lower than others. It falls within the experimental
error of calorimetric measurements and can be neglected.

Figure 3a shows the typical view of concentration dependences of the enthalpy of
dissolution for polymeric composites based on GE polymer with embedded MNPs. All
experimentally measured thermal effects are expressed in Joules per gram of the samples
used in the calorimetric experiment. Point on the left axis corresponds to the value of
ΔHGE, which was positive for the dissolution of GE in isopropanol. Points at the right
axis correspond to ΔHMNPs values for Ni and Fe MNPs. These values are small and
negative. All other points in the plot correspond to ΔHdis(ω) of composites. These data
were used for the calculation of the enthalpy of formation for GE/MNPs composites in the
entire range of nanoparticles content. Concentration dependences are given in Figure 3b.
According to Figure 3b, the enthalpy of formation of the GE composites with Fe and all
marks of NiFe MNPs is endothermic over the whole range of compositions, i.e., during
the formation of the composites the heat was absorbed. Concentration dependence of the
enthalpy of formation for GE/Ni composite is negative over the entire composition range.
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Concentration dependences for GE composites with NiFe MNPs lay between the plots for
GE/Ni and GE/Fe composites.

 
(a) (b) 

Figure 3. Concentration dependence of the enthalpy of dissolution in isopropanol for GE composites with Ni and Fe MNPs
(a). Concentration dependences of the enthalpy of formation for GE/MNPs composites (b). T = 25 ◦C.

The reason for the existence of the concentration dependence of the enthalpy of
formation of polymeric composites is not trivial, since the components in the composite
do not dissolve in each other. In this case, the enthalpy change is due to the interfacial
adhesion between polymer matrix and the surface of solid MNPs. Polymeric molecules
are large, they can form a variety of conformations at the interface [27]. Therefore, the
thickness of the interfacial layer at the solid surface in contact with polymer is likely
extended compared to the interface with simple liquids. Thus, the enthalpy of adhesion of
a polymer to a solid surface depends on the degree of saturation for interfacial polymeric
layer, which is a function of the content of solids in polymeric composite. In Figure 3b
ΔHcomp is zero at ω = 0, i.e., for individual GE, because there are no interfacial layers in it.
As the content of MNPs increases, the total area of the interface between MNPs and GE
increases as well and so do the absolute values of ΔHcomp. At a certain content of MNPs
in a composite all polymeric molecules would be involved in the formation of interfacial
layers, and absolute values of ΔHcomp would reach their maximum. At a level of MNPs
content above this threshold the interfacial layers would become progressively unsaturated
and it would diminish the enthalpy of composite formation down to zero at ω = 0 that
corresponds to individual MNPs. Therefore, we might consider the maximum absolute
value of the enthalpy of composite formation in Figure 3b as an indicative measure for the
intensity of interfacial interactions (ΔHint) of GE polymer with the surface of a certain type
of MNPs.

Figure 4 shows a plot for these values for GE/MNPs composites. They were taken
from ΔHcomp(ω) dependences (Figure 3b) as maximum values at the plots for GE composites
with Fe, Ni50Fe50, Ni64Fe36, Ni82Fe18 MNPs and minimum value at the plot for GE/Ni
composite.

The trend in ΔHint values is the same as the trend in concentration plots for ΔHcomp
presented in Figure 3b. Composite GE/Ni had negative value of ΔHint, while it was posi-
tive for GE/Fe composite. It is worthwhile noting that all the enthalpy changes by their
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definition are the difference between the enthalpy of a GE composite and the enthalpies
of the components. Therefore, negative value of ΔHint means that interaction in the com-
posite become stronger than in components. Positive value of ΔHint corresponds to the
opposite. Thus, the embedding of Ni MNPs in GE composite resulted in the enhancement
of interactions, which most likely occurred at the polymer/solid interface. On the con-
trary, positive values of ΔHint for GE/Fe composite indicated the overall weakening of
interactions compared to that in the components. The opposite sign of ΔHint in GE/Ni and
GE/Fe composites indicated that the mechanisms of interaction of GE polymer with the
surface of Ni and Fe MNPs were different. In other words, there was a favorable adhesion
of GE polymer to the surface of Ni MNPs and there was no adhesion of GE to the surface
of Fe MNPs. Moreover, positive values of ΔHint in GE/Fe composites were substantial,
which meant that weak interactions at GE/Fe interface likely provided the weakening
of interactions in the GE polymeric matrix. All permalloy MNPs: Ni82Fe18, Ni64Fe36,
Ni50Fe50 also showed positive values of ΔHint. The numerical value of ΔHint increased
with the Ni/Fe ratio in permalloy. Please note that even Ni82Fe18 with the major fraction
of Ni had positive enthalpy of interaction with GE. It meant that surface properties of Fe
are dominant in NiFe alloys.

Magnetic nanoparticles of Ni82Fe18 composition were obtained by EEW from the
wire with Ni80Fe20 composition due to the slight change of the composition in the course
of fabrication. The Ni80Fe20 alloy with maximum magnetic permeability and low mag-
netostriction (at about 79% nickel) is the most used in sensor applications [17–19]. High
permeability in homogeneous magnetic material appears either due to the magnetization
rotation in a condition of weak crystal anisotropy or due to the displacement of the domain
walls. These results can be expected for the materials with close to zero magnetostriction
value [12,15–17]. However, the most favorable composition and particular properties of the
material depend in a complex way on the preparation conditions. We, therefore, outlined
the interval around Ni80Fe20 (Figure 4) emphasizing the possibility of the shift toward
either higher or lower Ni content.

Figure 4. Indicative values of the enthalpy of interaction of GE polymer with zero-valent metal
MNPs: Ni, Ni82Fe18, Ni64Fe36, Ni50Fe50, Fe. Blue arrow indicates zero-enthalpy of interaction
composition and green arrow indicates the composition with maximum magnetic permeability (at
about 79% nickel).

This experimental observation cannot for now find a reasonable explanation and
further studies are needed to clarify this peculiar difference among zero-valent 3d metal
nanoparticles. However, below we are making some additional comments, which could be
useful for better understanding of the adhesion results.
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4. Discussion

Let us now comparatively analyze some structural and magnetic properties of Ni
and Ni82Fe18 GE-based composites. Backscattered electrons used for SEM evaluation [36]
are high-energy electrons that are reflected or backscattered out of the volume of elastic
scattering interaction with the atoms of the composite. Polymers consist of non-metallic
elements with low atomic numbers and carbon is the most common element in polymer
composition. Elements with the high atomic numbers scatter electrons stronger than
elements with low atomic number. Therefore, the elements with the high atomic numbers
appear brighter in the image offering the possibility to evaluate the contrast between areas
with different chemical compositions. Figure 5 shows the surface properties of GE/Ni
composites with selected concentrations of the filler.

  
(a) (b) 

  

(c) (d) 

Figure 5. Surface properties of GE/Ni composites evaluated using scanning electron microscopy: (a) Ge/69 wt.% of Ni;
(b) GE/31 wt.% of Ni; (c,d) GE/10 wt.% of Ni.

To analyze local distribution of the aggregates and MNPs in the aggregates step-by-
step increase of the magnification method was used for the analysis of the structure of the
composites with high and low particles concentrations (Figure 6). One can see that at high
concentrations of the MNPs the structure of the composite can be described as sufficiently
uniform re-distribution of large aggregates of the order of a few microns tending to be
“star”-like units with many relatively short branches. Worth mentioning the presence of
the “chain”-like structures formed by at least, 7–10 particles of the medium size (Figure 6e).
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At low concentrations of the MNPs (even in the case of nickel MNPs with lowest saturation
magnetization) the MNPs form aggregates, which are “star”-like units of the average
size of the order of 1 micron or lower and turned to being spherical, i.e., the particles
are not uniformly distributed over the composite even in the case when the composite
preparation included all disaggregation steps. One of the reasons for such a behavior is
magnetic interaction between the MNPs of this size and composition. It is also evident that
“chain”-like aggregates are not a typical feature for GE composites with low concentrations
of the MNPs.

Here we should come back to Table 1 and take into account available physical parame-
ters for the comparison: dS = 53 ± 4 nm and Ms = 48 ± 3 and Hc = 150 ± 2 Oe values for Ni
MNPs. First, the substantial coercivity and saturation magnetization value quite close to
the saturation magnetization of bulk nickel confirm that the MNPs are in the multidomain
state, this means they have non-zero magnetic moment in zero applied field and tend to
agglomerate due to dipole-dipole interactions. As the saturation magnetization increases
in the set of the materials Ni–FeNi–Fe with the increase of the iron it is to expect that the
level of the dipole-dipole interactions for the particles of the same size should also increase
contributing to the elevation of the level of MNPs agglomeration.

However, it is very difficult to obtain the batches of MNPs of the same size, with the
same particles size distributions and similar thickness of the passivating layer. In any case,
due to the difference of the composition the surface properties can vary significantly, as
they depend on the type of the oxides formed onto the MNPs surfaces [37].

Let us now analyze magnetic properties of selected composites. It is logical to take
a close look on GE/Ni, and GE/Ni82Fe18 composites showing (see Figure 4) opposite
signs of the enthalpy of interaction between the polymer matrix and the filler—these are
representative cases. Figure 7 shows magnetic hysteresis loops of GE/Ni and GE/Ni82Fe18
composites with different filler concentrations (c) assigned in weight %. In both cases linear
dependences of MS(c) were observed confirming fabrication of the composites of a good
quality. Although the magnetic signal of GE is diamagnetic, in all fabricated composites, it
is very small in comparison with ferromagnetic responses of the nanoparticles and therefore
GE magnetic contribution should not be taken into account.

To understand to what extent the concentration of nanoparticles with different com-
positions and their interactions affect the magnetic properties of composites the magnetic
hysteresis M(H) loops were represented in M/Ms form (Figure 7e,f). One can see that in
most general sense all M/Ms hysteresis loops of each type of the composites have very sim-
ilar shape. Direct comparison of the M/Ms values for GE/Ni and GE/Fe18Ni82 composites
with low concentration of the MNPs showed that they are quite similar. The same is true
for the values of the remnant magnetizations, Hc values and even the field dependences of
primary magnetization curves. Comparative analysis of M/Ms magnetic hysteresis loops
of GE/Ni (c = 10 wt.%) and GE/Ni82Fe18 (c = 11 wt.%) composites shows their similarity.
Even so, in the small magnetic fields M/Ms parameter increases much faster and coercivity
is higher in the case of nickel composite. This can be a consequence in the average size of
the particular batch (Table 1): magnetization of the larger nanoparticles includes processes
that are more complex and for the whole ensemble requires an application of the higher
magnetic field to start.

As mentioned before the Ni80Fe20 alloy in the shape of thin films, had found many
technological applications in the area of inductors and magnetic field sensors [18,19].
In recent years, the FeNi films deposited onto flexible substrates attracted additional
interest [37–41]. However, in most of the cases the functional properties of FeNi thin films
or multilayered structures based on FeNi components are lower in comparison with the
same structures deposited onto rigid substrates. One of the reasons for observed behavior
is poor adhesion of the metallic film onto the surface of flexible substrate (such as Kapton,
polyester, cyclo olefin copolymer, and others). One of the strategies to improve adhesion
was the deposition of the appropriate buffer layers (Al, Cu, Ti) [36,38] in combination with
usage the multilayered structures favoring the stress relaxation [39,42,43].
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(a) (b) 

  

(c) (d) 

  
(e) (f) 

Figure 6. Surface properties of selected GE/Ni composites evaluated using scanning electron microscopy at different
magnifications: (a,c,e)—GE/69 wt.% of Ni and (b,d,f)—GE/10 wt.% of Ni. “Chain” aggregates indicated by the red arrows.
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 7. Magnetic hysteresis loops of GE/Ni (a,b) and GE/Ni82Fe18 (c,d) composites. Inset (a) shows the Ms dependence
on the concentration of Ni MNPs; inset (b) shows the low field part of the hysteresis loop for GE/Ni; inset (c) shows the Ms

dependence on the concentration c of NiFe MNPs; inset (d) shows the low field part of the M(H) loop for GE/Ni82Fe18
composites. Hysteresis loops of relative magnetization for GE/Ni and GE/Ni82Fe18 composites (e,f).
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In this study, in the case of GE/Ni composites with Ni MNPs as a filler, we had
observed a favorable adhesion of GE polymer to the surface of Ni MNPs. This means that
deposition of nickel layer onto polymer substrate might be the useful technological step
and probably the solution of the well-known problem, at least this research direction seems
to be interesting to follow. In addition, the microwave properties of Fe, FeNi, Ni, and
NiCo MNPs of polymer-based composites can be mentioned. GE varnish was previously
used for many nanostructured materials high frequency characterization due to very low
contribution of the matrix itself and simplicity of the composite preparation [44,45]. Apart
from usual applications as microwave absorbers [46,47] these composites were tested as
model materials for the development of magnetic biosensors [48].

It is also important to attract attention to the strategy of the analysis of the surface
properties of nanoparticles during their interactions with polymers for the prediction of
the functional properties of thin films and multilayered structures deposited onto flexible
substrates. As the effective surface available for the interaction of metallic film and polymer
substrate is rather small, the only way to find appropriate combinations of thin film and
polymer is multiple searches for the best deposition conditions. However, usage of the
MNPs of requested composition and selected polymer for evaluation of their adhesive
properties by existing methods of physical chemistry might be very useful complementary
way to solve the problem.

5. Conclusions

Magnetic nanoparticles of various compositions were fabricated by EEW. The results of
their structural and magnetic characterization were comparatively analyzed. The average
size of all kinds of MNPs was in the interval of about 50 to 100 nm. All MNPs were in
the multidomain state with the saturation magnetization slightly reduced in comparison
with Ms value for corresponding composition. However, the observed reduction was
explained in the framework of scaling laws for MNPs and based on the surface oxidation.
Zero-valent nickel, iron, and permalloy MNPs were embedded into polymeric matrix
based on GE varnish. Chemical nature of the GE varnish had been analyzed using IR
spectroscopy. The main component of the GE polymer is self-associated poly(vinyl butyral).
The interaction of GE polymer with zero-valent metal magnetic nanoparticles was studied
by microcalorimetry. The positive values of the enthalpy of interaction with GE increase
in the series Ni82Fe18, Ni64Fe36, Ni50Fe50, and Fe. Meanwhile, interaction of Ni MNPs
with GE polymer was characterized by the negative change in the enthalpy. It meant that
there is no interfacial adhesion of GE polymer to the surface of Fe and permalloy MNPs in
composites.

Structural evaluation of the GE/Ni composites with the MNPs having the lowest
saturation magnetization confirmed that despite the special efforts to separate MNPs
in the course of fabrication of the composite they tended to be aggregated even for the
materials with lowest MNPs concentrations. “Chain”-like aggregates were not typical
for GE composites with low concentrations of the MNPs. At high concentrations of the
Ni MNPs aggregates of the order of a few microns tending to be “star”-like units with
the presence of the “chain”-like structures were observed. One of the reasons for such a
behavior is a magnetic interaction between the MNPs.

To understand to what extent the concentration of MNPs and their interactions affect
the magnetic properties M/Ms hysteresis loops were analyzed for GE/Ni and GE/NiFe
composites with different concentration of the filler. Direct comparison of the M/Ms values
for GE/Ni and GE/Fe18Ni82 composites with low concentration of the MNPs confirmed
their similarity. It was shown that Ni95Fe5 composition might be interesting for future
investigations, as the enthalpy of interaction with GE polymer was close to zero for it. In
the case of GE/Ni composites with Ni MNPs as a filler, a favorable adhesion of GE polymer
to the surface of Ni MNPs was observed. The deposition of nickel layer onto polymer
substrate might be useful technological step for fabrication of FeNi films with enhanced
functional properties when deposited onto flexible substrates.
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Abstract: Soft magnetic materials are widely requested in electronic and biomedical applications. Co-
based amorphous ribbons are materials which combine high value of the magnetoimpedance effect
(MI), high sensitivity with respect to the applied magnetic field, good corrosion stability in aggressive
environments, and reasonably low price. Functional properties of ribbon-based sensitive elements
can be modified by deposition of additional magnetic and non-ferromagnetic layers with required
conductivity. Such layers can play different roles. In the case of magnetic biosensors for magnetic
label detection, they can provide the best conditions for self-assembling processes in biological experi-
ments. In this work, magnetic properties and MI effect were studied for the cases of rapidly quenched
Co67Fe3Cr3Si15B12 amorphous ribbons and magnetic Fe20Ni80/Co67Fe3Cr3Si15B12/Fe20Ni80 compos-
ites obtained by deposition of Fe20Ni80 1 μm thick films onto both sides of the ribbons by magnetron
sputtering technique. Their comparative analysis was used for finite element computer simulations
of MI responses with different types of magnetic and conductive coatings. The obtained results can be
useful for the design of MI sensor development, including MI biosensors for magnetic label detection.

Keywords: magnetic field sensors; rapidly quenched amorphous ribbons; thin films; magnetic
composites; computer simulation; finite elements method; thin film; magnetic field sensors

1. Introduction

Magnetic materials are widely used in electronics and biomedical applications [1,2].
There are different types of ferromagnets designed for existing and proposed technological
applications in in different fields, including medicine [3,4]. Among others, magnetic mate-
rials for detectors of small magnetic fields were considered in this research area [5,6]. The
magnetic effect that ensures the highest sensitivity with respect to an applied magnetic field
is the magnetoimpedance (MI) [7–9]. It can be used both for detection of the biomagnetic
signals closely related to the functional activities of the living systems and magnetic label
detection [3,6,10,11]. Special attention was paid to the development of the devices for the
detection of the nanoparticles inside the living cells, in the blood stream or incorporated
into a natural tissue [3,12,13]. The first prototype of MI biosensor for the detection of
magnetic nanoparticles of iron oxide in commercial water-based stable suspension (fer-
rofluid) employed a Co-based amorphous ribbon as a magnetic sensitive element [14]. For
the magnetic biosensing of the magnetizable labels, flat geometry is crucial because the
biochemistry step includes various processes of self-assembling and washing.

Nanoparticles were not immobilized at the surface of the sensitive element. As the
biomedical applications request nanoparticles provided as ferrofluid, all model experiments
with ferrofluid detection have an additional value. Latter, this kind of testing was used
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for characterization of the properties of different kind of stable suspensions [15]. Co-
based amorphous ribbon is a well-known material with a very low negative value of
the magnetostriction coefficient, low coercivity, high magnetic permeability [5–10], and
also high temperature stability due to chromium additions [16,17]. One of the most
interesting and well-understood features is the possibility of creation of the induced
magnetic anisotropy of the desired type [7,18].

The MI effect is associated with the high magnetic softness of the ferromagnetic
conductor and the possibility to create a well-defined uniaxial magnetic anisotropy in the
MI sensitive element [18]. The magnetoimpedance phenomenon consists of a change of the
complex electrical impedance of ferromagnetic conductor under an influence of an external
magnetic field [7,19,20]. The MI value in the amorphous cobalt-based ribbons and wires
can reach hundreds of percent in weak magnetic fields of the order of a few Oersted [7–9],
which distinguishes it favorably from other magnetic effects [21,22]. Therefore, their
application in the area of the magnetic sensors [6,9], adapted for biodetection, is actively
discussed, and proven in different compact analytical devices prototypes [11,14].

MI can be described in terms of the classic skin-effect [7–9,20], which consists of the
inhomogeneous distribution of the current density over the cross section of the conductor.
Due to the skin-effect, the density of the alternating current decreases in the direction from
the surface toward the central part of the conductor. The skin-effect can be characterized
by the penetration depth (δ) or the skin-depth:

δ = c/(π f σμt)
1
2 , (1)

where σ—the conductivity, f —the alternating current (AC) frequency, μt—the dynamic
effective transverse magnetic permeability. It can be seen that the greater the magnetic
permeability, electrical conductivity, and AC frequency, the smaller the depth of the skin
layer and the more pronounced the skin-effect. The stronger the skin-effect, the stronger
the difference between the effective and geometric cross-section of the conductor. Despite
the fact that these representations are quite straight forward, a simple derivation of ana-
lytical expressions for the impedance is possible only for a limited number of idealized
symmetric homogeneous cases [7,14,15]. Ref. [14] describes the first MI-based prototype
of the biosensor for magnetic label detection. The last case not only requires sufficient
sensitivity of the prototype with respect to applied field, but the flat geometry is also very
important as the biofunctionalization and other related processes take place in a liquid and
require manipulation of the biofluids.

One of the main tasks of MI-sensor development is optimization of their MI pa-
rameters in accordance with particular application request. In the case of the homo-
geneous MI element, the main task is the corresponding optimization of its magnetic
properties [7,19,20,23,24]. Much wider possibilities for the optimization of MI responses
are available in the case of the multilayered structures. Variations of the geometric parame-
ters are also challenging. For example, in comparison with a continuous film, much higher
MI values were achieved in multilayered structures, in which a conductive layer is located
between layers with a high magnetic permeability [25,26].

More complex layered structures were also proposed and investigated. For example,
a new type of MI structures has been proposed and studied theoretically for the case of
a multilayered structure consisting of a highly conductive central layer and two outer
ferromagnetic layers below and above the conductive one. The upper layer is a periodic
structure, it consists of N multilayer elements and N + 1 regions in which there are no
multilayer elements (the upper layer is profiled). An electrodynamic model has been
created that allows one to find the values of the transverse magnetic permeability for the
upper and lower layers of the MI structure. It is shown that for a profiled structure with a
decrease in the deviation angle of the effective magnetic anisotropy axis from the transverse
direction, the magnetic permeability of the upper layer increases, which leads to an increase
in the skin effect and an increase in the MI effect [27].
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Permalloy layers obtained by magnetron sputtering have been repeatedly investigated
by the scientific community. Their composition and magnetic anisotropy can be very
well controlled in stable deposition conditions [28–30]. FeNi-based MI prototypes were
designed and developed [26,27,31,32].

On the other hand, the tendency of the development of the functional multilay-
ered structures (for example, coated amorphous ribbons) is dictated by the goal of the
functionalization of the surface of the MI element. So, it seems expedient to use gold,
magnetite (Fe3O4), reduced graphene oxide (rGO), or iron coatings [33–36]. They are
widely adapted in the self-assembling processes in biotechnologies in the tasks of the
marker biodetection [5,11]. This area has recently become a very hot topic, especially when
focused on carbon containing nanostructures with enhance functional properties [34,35].

An optimization of the MI response of a layered structure involves varying the material
of the layers, induced magnetic anisotropy features and the geometric dimensions. A direct
experimental search for a solution to this problem is very laborious, and obtaining of the
analytical expressions is much more difficult than in the case of homogeneous sensitive
elements. Therefore, the finite element method (FEM) has recently been used by researchers
in the field of MI [37–39]. This approach allows us both to find the optimum configuration
of the MI element and to simulate its operation in various conditions. A lot of work has been
done on modeling the MI response in thin film structures [12,24,39] including those adapted
for biodetection [40]. However, there are almost no studies on modeling the MI response
of amorphous ribbons particularly for specialized configurations [41,42]. This applies to an
even greater extent to the amorphous ribbons with coatings that functionalize their surface.
However, the use of amorphous ribbons for biodetection is actively discussed (for both
label-free and magnetic label detection) [4,11,15]. For this reason, the development of the
computer models for the estimation of the properties of MI elements based on amorphous
ribbons seems to be an important task.

This work presents the results of comparative studies of the magnetoimpedance
effect of the amorphous CoFeCrSiB ribbons both with and without the FeNi magnetic
layer coating. The experimental data for particular conditions are used for extended FEM
analysis and prediction of the MI behavior of complex composites. In addition, the results
of computer simulation are presented for MI ribbon-based materials with other coatings
(Cu, Au, Fe, Fe3O4), which could be used in order to functionalize their surface in real
biomedical devices.

2. Materials and Methods

2.1. Samples and Experimental Methods

Amorphous Co67Fe3Cr3Si15B12 ribbons (IR—ribbons in the initial state) were prepared
by the rapid quenching from the melt onto the rotating copper weal technique. Quenching
then proceeded in the air. The thickness and the width of the ribbons were 20 μm and
2 mm respectively. The following composition of amorphous ribbons was selected on the
basis of previous studies at the same laboratory [43]. All previously defined structural and
magnetic parameters were checked by corresponding techniques and their values were
confirmed with the accuracy above the 5%: the ribbons had the crystallization temperature
570 ◦C and saturation magnetostriction λ ≈ −0.2 × 10−6.

The FeNi/CoFeCrSiB/FeNi composites (R-FeNi) were obtained by the deposition of
Fe20Ni80 thin films at the bottom and on the top planes of the IR ribbon. The deposition
was done at room temperature of the substrate by the magnetron sputtering method
in Ar-atmosphere on ATC Orion Series Sputtering Systems (AJA International, North
Scituate, MA, USA). The following parameters were applied: the background pressure
was 3.0 × 10−7 mbar and working argon pressure 3.8 × 10−3 mbar. For every deposition
onto the ribbon surface, we add additional piece of the substrate in the area of uniform
deposition and the composition was specially checked afterwards by energy dispersive
X-ray analysis technique: the permalloy film composition was very close to Fe20Ni80
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corresponding to zero magnetostriction with an accuracy of about 1%. More details on the
deposition conditions can be found elsewhere [4].

The thickness of the FeNi layers was 1 μm on each plane of the ribbon sample
(Figure 1a).

Figure 1. (a) Geometry of the model structure of FeNi/CoFeCrSiB/FeNi type. (b) Optical microscopy of the free surface of
the amorphous CoFeCrSiB ribbon.

The optical microscopy photographs showed the surface features typical for amor-
phous ribbons of this composition. The most important point is that the FeNi deposited
layer formed rough but continuous layers in both sides of the IR ribbons (Figure 1b). The
observed roughness of the FeNi layer corresponded well to the features of the roughness
of the ribbon itself. X-ray diffraction analysis of the IR was performed using a X’PERT PRO
diffractometer (Philips, MX Amsterdam, The Netherlands) in Cu-Kα radiation.

Magnetic hysteresis loops of the IR samples were measured by the induction method
by applying an external quasi-static magnetic field along the length of the sample (in-plane
configuration). In addition, the amorphous ribbons were studied by the magneto-optical
Kerr (MOKE) microscope and magnetometer (Evico magnetics GmbH, Dresden, Germany).

The magnetoimpedance measurements were carried out using the automatic system
based on the Agilent impedance analyzer 4294A (Agilent/Keysight Technologies, Santa
Rosa, CA, USA) using all necessary calibrations in order to extract the intrinsic impedance
value corresponding to the signal of the magnetic sensitive element [9,42,43]. We studied
the frequency range of an alternating current, f, of 0.1 to 70 MHz with an effective current
value of 10 mA. The external magnetic field, H, was oriented along the long side of the
sample, parallel to the direction of the flow of the alternating current, i.e., longitudinal MI
configuration was employed. The maximum intensity of the external magnetic field, Hmax,
was as high as 150 Oe. The MI effect ratio was calculated as follows:

ΔZ/Z(H) =
Z(H)− Z(Hmax)

Z(Hmax)
× 100%, (2)

where Z(H) and Z(Hmax) are the impedance modules in the magnetic fields H and
Hmax, respectively.

The magnetic field sensitivity of the impedance was determined by the expression:

S =
∂Z
∂H

, (3)

where ∂Z—is the impedance difference per magnetic field change discrete ∂H.
The samples for magnetic and MI measurements were 50 mm long.

2.2. Computer Simulations

The magnetodynamic behavior of the ribbons with and without covering was prelimi-
nary modeled using the computer simulation by the finite element method, which allows us
to obtain a numerical solution of differential non-linear equations for a magnetoimpedance
effect taking into account the geometry and physical-chemical parameters of the magnetic
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system [44]. The simulation was carried out using the Comsol Multiphysics 5.6 licensed
software -core and AC/DC module (COMSOL AB, Stockholm, Sweden).

Typically, the shape and size of a finite element is determined by the geometrical
parameters of the system in the conditions in which physical properties can be changed (for
example, the presence of roughness, the size of the inhomogeneities of magnetic properties,
etc.). In solving this problem, a tetrahedral non-structured mesh (network with uneven
coupling) was used, since there is a large number of domains where the magnetic properties
of the element are anisotropic. The solution uses a tetrahedral grid generator based on
Delaunay algorithms [45].

The model of the amorphous CoFeCrSiB ribbon for computer simulation took into
account the parallelogram geometry (coinciding with the shape of the sensitive element)
(Figure 1a). Using software, the model was divided into tetrahedral sub-domains for 3D
configuration. The size of the finite elements in the partition mesh depends on the wave-
length of the electromagnetic excitation. A separate subsection in the form of hexahedral
elements was established for the near-surface layer of the element (~20 nm), due to the
prevailing current distribution in the condition of the significant skin-effect. The model
with thin covering layers on top and at the bottom planes (Figure 1a) takes into account
the program function of transient boundary conditions due to the presence of diffusion
of the order of several nanometers between the covering and the ribbon and different
propagation value of the electromagnetic wave in layers with different conductivity and
magnetic permeability.

At the frequencies of alternating current above 1 MHz, the magnetization process is
carried out only by the rotation of the magnetization vector. Therefore, the displacements
of the magnetic domain boundaries cannot be taken into account as they are dumped
by the eddy currents [7]. Therefore, the expression for the effective transverse magnetic
permeability can be obtained using the procedure for minimizing the free energy functional,
as described, for example, in [17]:

μt = 1 +
MS sin2 θ

H sin θ + HK cos 2(θ − ψ)
, (4)

where MS is the saturation magnetization, HK is the transverse magnetic anisotropy field,
ψ is the angle between the effective anisotropy axis and the transverse direction and θ is
the angle between the magnetization and the direction of the external magnetic field H. In
this case, the angle θ is related to H by the following expression:

HK sin(θ − ψ) cos(θ − ψ) = H cos θ. (5)

The values of MS, HK and ψ were set separately for each layer of the FEM model based
on the results of work [19].

The models of the CoFeCrSiB ribbons with the following coatings were developed:
FeNi, Cu, Au, Fe, Fe3O4. Copper and gold-based coatings have been selected as frequently
used high conductivity materials. The designations for the samples analyzed in different
models, as well as some properties of the coatings are given in Table 1. The thickness of the
coatings in the FEM models varied from 10 to 1500 nm, which is the reasonable interval for
continuous layers.
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Table 1. Designation of the models (samples) of the CoFeCrSiB ribbons with various coatings with thickness 1 μm and some
properties of coatings.

Designation of the
Samples for Modelling

Structure Covering
Magnetic Permeability

(Calculated)
Electric Conductivity of

Covering, S−1 (Constant)

IR CoFeCrSiB Absent 400–190,000 1.18 × 1016

R-FeNi Fe20Ni80/CoFeCrSiB/Fe20Ni80 Fe20Ni80 400–190,000 7.65 × 1017

R-Cu Cu/CoFeCrSiB/Cu Cu 400–190,000 5.36 × 1015

R-Au Au/CoFeCrSiB/Au Au 400–190,000 3.69× 1015

R-Fe Fe/CoFeCrSiB/Fe Fe 200–120,000 1.01 × 107

R-FeO Fe3O4/CoFeCrSiB/Fe3O4 Fe3O4 1–2500 1.83 × 1017

3. Results and Discussion

3.1. Experimental

According to X-ray analysis, the IR samples were amorphous. There was only an
increase of intensity between the 2θ* angles 40◦–55◦ corresponding to amorphous halo. No
bright peaks corresponding to crystalline structures were observed.

Magnetometry studies in quasi-static conditions for the ribbon samples without and
with FeNi covering have shown that only the magnetic saturation field and the saturation
magnetization were slightly changed after FeNi covering of the initial CoFeCrSiB ribbon.
The remnant magnetization and coercive force were unchanged (Figure 2a). Based on the
shape of the magnetic hysteresis loops, it can be concluded that the effective magnetic
anisotropy of both IR and R-FeNi samples is rather complex. M(H) dependence is not
linear for in-plane magnetization. On one hand, the coercivity is very small and magnetic
hysteresis is almost negligible: M(H) curves in increasing and decreasing magnetic fields
are very close to each other. However, the slope is also small, and the saturation field is of
the order of 1 Oe. Similar behavior was previously observed in Co-based rapidly quenched
amorphous ribbons without additional heat treatments [46,47].

Figure 2. (a) Magnetoinductive magnetic hysteresis loops for the magnetic field applied in-plane of the ribbon and along
the long side of it: (1)—the IR sample; (2)—the R-FeNi sample; and MOKE hysteresis loop (3)—Fe20Ni80 film 1 μm thick.
(b–f) Magnetic domains of Co67Fe3Cr3Si15B12 IR-samples starting from magnetic saturation state in the high positive
magnetic field.
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For the description of the effective magnetic anisotropy, one should consider the main
contribution to be a longitudinal magnetic anisotropy with the anisotropy axis oriented
along the long side of the ribbon. Figure 2 describes the surface magnetic domains revealed
by the MOKE microscopy under applications of the external magnetic field in the plane of
the sample along the long side of the ribbon starting with high positive magnetic field in
the sequence order: (b)–(c)–(d)–(e)–(f).

One can see that magnetization process is indeed quite complex but expected for
Co-based rapidly quenched amorphous ribbons without additional heat treatments [39].
It is very probable that surface domains reflect the domain structure inside the sample in
a very rough way and that the surface anisotropy contribution is quite high. Magneto-
optical studies of the FeNi layer of the R-FeNi sample showed that the shape of the
magnetic hysteresis loops corresponds to the so-called “transcritical” state, due to the
occurrence of anisotropy of the perpendicular surface [6,22,48]. It is associated with the
formation of perpendicular magnetic anisotropy component, formation microstructure
columnar during sputtering of the FeNi coating deposition, and the appearance of the
stripe domains. Therefore, magnetron sputtering was chosen as a method for obtaining
nanocrystalline permalloy with stable structural characteristics and well-defined magnetic
anisotropy. However, different deposition techniques such as electrodeposition can also be
effective [49,50].

As the volume of the permalloy film is small in comparison with the volume of the
amorphous ribbon in the R-FeNi composite, parameters such as saturation magnetiza-
tion, remanence magnetization and magnetic coercivity of the composite are close to the
parameters of the ribbon.

Magnetoimpedance dependences for both IR and R-FeNi samples again have a com-
plex shape. On one hand, the curve tends to approach a “two peaks” shape (Figure 3a) with
two maxima near the field close to magnetic anisotropy fields for positive and negative
H values. At the same time the ΔZ/Z(H = 0 Oe) �= ΔZ/Z(H = 150 Oe) and the observed
difference is quite significant. This means the existence of two strong contributions to
the effective magnetic anisotropy: the longitudinal (most probably corresponding to the
bulk part of the ribbon [51,52]) and the transverse (related to the surface). This, like the
hysteresis loops (Figure 2a), indicates predominantly longitudinal magnetic anisotropy but
with very strong contribution of the transverse component [19,52]. In the case of the IR
sample, the increase of the frequency from 1 to 10 MHz results in the significant decrease of
the ΔZ/Z ratio and the appearance of the ΔZ/Z maximum in the lower external magnetic
field. This is consistent with the supposition that the transverse anisotropy component
is mostly associated with the surface anisotropy and a fairly large local anisotropy axis
distribution near the surface. The last supposition is confirmed by the magnetic domains
observations in the IR sample.

The MI of FeNi-coated ribbons is noticeably lower (Figure 3) than the initial ribbons
in the entire frequency range. In part, this is due to a decrease in the transverse effective
magnetic permeability due to the “transcritical” state of the FeNi coating.

However, the shape of the ΔZ/Z(H) curve for f = 1 MHz is much closer to the “one
peak” shape corresponding to the longitudinal effective anisotropy (ΔZ/Z(H = 0 Oe) ~
ΔZ/Zmax) with small surface-related peak height anisotropy [53]. As the sputtered FeNi
layer due to the shading effect has non-uniform thickness but at a time reduces the surface
roughness and insures the better closing of a magnetic flux near the surface favoring the
longitudinal anisotropy contribution. The effect of the coating is increased with the increase
in the alternating current frequency, due to the skin-effect (see Expression (1)). So, at a
frequency of 10 MHz and above, there is a sharp decrease in the MI of the R-FeNi samples,
as well as a significant shift of the maximum to the region of large values of the magnetic
fields. This phenomenon can be explained by the flow of alternating current mainly in the
permalloy layer due to the skin effect. The presence of maxima of the ΔZ/Z(H) curves
in the case of composites also indicates the presence of a transverse magnetic anisotropy
component but the main decay of the ΔZ/Z ratio at high frequencies can be due to the flow
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of the alternating current mainly over the region with very high inhomogeneities in the
structure (Inset Figure 3a).

 

Δ

Figure 3. (a) Dependencies of the magnetoimpedance ratio on the value of the external magnetic field for different
frequencies for the sample IR (black symbols, 1) and for the sample R-FeNi (green symbols, 2). The inset shows the
description of the cross section of the IR ribbon and of the ribbon-based R-FeNi composite (not in the real scale) (b) Sensitivity
dependencies of the MI ratio changes.

The magnetic field sensitivity of the impedance of both IR and R-FeNi structures, cal-
culated using Expression (3), reaches a maximum, Smax, in the range of the magnetic fields
from 0 to H, corresponding to (ΔZ/Z)max. Frequency dependences of Smax are shown in
Figure 3b. It can be seen that Smax changes non-monotonically with AC frequency increase.
In the case of uncoated ribbons, the highest sensitivity of about 5 Ohm/Oe was observed
at the frequency of 20 MHz. For the coated ribbons, the highest sensitivity was about
0.3 Ohm/Oe and was observed at the frequency of 30 MHz. The sensitivity of the MI of the
R-FeNi samples with respect to the applied magnetic field is an order of magnitude lower
than the sensitivity of the IR samples in the entire investigated frequency range. However,
the obtained result can be used for estimation of the behavior of different composites with
variation of the type and the thickness of the covering. Such a usage of modern computer
technologies is very useful for complex and time-consuming technological processes.

3.2. Computer Simulation

Figure 4 shows the results of the computer simulation of the MI responses of IR and R-
FeNi ribbons. It is very important to mention that the values of MS = 450 Gs, HK = 0.75 Oe,
and σ (Table 1) required for FEM modeling were determined from experimental data
obtained in the present study (ψ = 0.1 rad). The choice of the angle of anisotropy was based
on past parametric studies [19,44] in such a way that the maximum magnetic permeability
of a sample with a transverse uniaxial magnetic anisotropy was achieved at a nonzero
value of the linear magnetization component. The simulated Z(H) dependences have the
same character as the experimental ones for the uncoated ribbons. For the AC frequencies
below 10 MHz the experimental and simulated curves are very close to each other. In the
case of the case of coated ribbons, their character repeats the character of the experimental
dependences only in the current frequency range of 1 MHz and below. However, it was
possible to reproduce the main experimental result for given thickness of the covering with
the help of simulation. MI significantly decreases after the FeNi layer deposition onto both
surfaces of the amorphous CoFeCrSiB ribbon.
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Figure 4. Difference between the experimental field dependence of the total impedance value and the same parameter
obtained by the computer simulation: (a) for the IR (b) for the R-FeNi samples with a thickness of FeNi equal to 1 μm.

The main observations for the obtained experimental and calculated dependences
with an increase in the AC frequency can be summarized as follows:

(a) The proposed FEM model is very simple, and it does not take into account the
frequency dependence of the magnetic permeability, which can be a rather complex
function for the frequency range under consideration (see Expressions (4) and (5)) [51].

(b) The non-flat morphology of the ribbon’s surface is not considered (Figures 1b and 3a).
Irregularities on the surface lead to a dispersion of the anisotropy [52,54], i.e., ψ
(see Expressions (4) and (5)) takes on different values at different points of the
ribbon’s surface.

(c) The dispersion of the anisotropy over the cross section of the ribbon is not taken into
account [52,54,55].

(d) The magnetic interaction peculiarities, including the features related to the variation
of the additional layer thickness, for the amorphous ribbon and the FeNi coating are
not considered.

Nevertheless, even the presented FEM solved model reproduces the experimental
results at a most simple qualitative level.

Keeping in mind the fact that surface properties of the ribbons can be adjusted by
the fabrication in different conditions, in addition to our experimental studies of IR and
R-FeNi ribbons and their MI modeling, we also investigated the ribbons with different
FeNi coating thicknesses. The results are shown in Figure 5. It can be seen that the larger
the MI, the smaller the thickness of the magnetic coating layer. Improvement in the MI
effect is possible for a deposition of the FeNi layer of 10 nm. In this case, rather satisfactory
sensitivity with respect to the applied magnetic field of 25 Ohm/Oe was obtained.

Note that the obtained dependence of MI on the coating thickness can also be used for
the development of the sensors for reactive chemical agents that cause coating dissolution
(destructive detection scheme) [52].

As the multicomponent detection includes various requirements, we also simulated
MI of the ribbons with such types of coatings as Cu, Au, Fe, and Fe3O4. Earlier it was
shown that MI elements based on amorphous ribbons can be effectively used as a part of the
biosensor prototype to detect functional properties of biofluids [52] confirming the idea that
MI CoFeSiB amorphous ribbon-based elements can be used in chemical sensors. However,
the goal of the present study is different—to obtain a stable MI response in chemically
active biological medium for possible detection of magnetically labeled biocomponents of
interest. Therefore, CoFeCrSiB ribbons were employed to insure this stability.
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Figure 5. (a) Computing simulation of the dependence of the impedance modulus on the frequency and external magnetic
field for different thickness of FeNi in the composite structure R-FeNi. (b) Computing modelling of absolute value of
magnetoimpedance for frequency 4 MHz for different thicknesses of FeNi in the composite structure R-FeNi.

The results of our studies suggest that the deposition of a thin-film coating with
high magnetic permeability or high electrical conductivity on an amorphous ribbon can
contribute to a significant increase in the sensitivity of sensors for aggressive chemical
media based on MI. At the same time, it is necessary for detected medium to dissolve the
thin-film coating. Figure 6a shows the magnetic field dependences of the impedance of
the composite on the basis of amorphous ribbon obtained for coating thickness of 1000 nm.
It can be seen that the most significant decrease in MI is caused by coatings with high
conductivity (Au, Cu) and high magnetic permeability (Fe, FeNi) (see Table 1). In the case
of the ribbons coated with Fe3O4, the high MI is retained (Figure 6b).

Figure 6. (a) Computer simulation of the field dependence of the impedance modulus at 4 MHz for the R-Cu, R-Au, R-Fe,
R-FeNi and R-FeO samples (see Table 1) with the same covering thickness of the upper and lower layers of 1000 nm. The
inset shows data for excitation current frequency f = 15 MHz. (b) Computer simulation of maximum sensitivity for structure
R-FeO with thickness of upper and lower layers of 10 nm on 20 MHz. The inset shows dependence of absolute impedance
value on frequency and external magnetic field values for this structure.
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As noted in the introduction, the use of gold is considered in the development of
biosensors of very different types, including magnetic biosensors based on MI as the gold
coverings serve to create a self-assembling layers. The presented results of the modeling
the effect of Au coating on MI can be useful for these purposes.

It is also important to emphasize that there is a large difference between the MI re-
sponses of Fe-coated ribbons and Fe3O4-coated ribbons because their maximum impedance
differs by a factor of at least 6. As it is well known [56,57], the Fe3O4 layer is easily formed
during the oxidation of Fe. Therefore, one can use the amorphous ribbon with a suffi-
cient amount of iron in the composition or obtained required cover layer on the basis
of Fe-coated ribbons, or depositthe Fe3O4 layer by sputtering technique or laser evapo-
ration. In addition, one can compare the results of modeling with some experimental
data available in the literature. The first attempt to obtain ribbon/film composite was
made by Cerdeira et al. [33]. They reported on the experimental study of the CoFeMoSiB
amorphous ribbons with the iron covering in the thickness interval of 0 to 240 nm. To
some extent, the properties of CoFeCrSiB and CoFeMoSiB ribbons are similar and therefore
comparison is valid and useful. However, the analysis of all obtained results indicates that
lower thicknesses can be more effective, but the surface roughness can play very important
role in contributing to the non-uniformity of the anisotropy of the amorphous ribbon-based
composites. An additional iron layer can cause a modification of the roughness of the
surface by a decrease of the depth of the Fe pores (see also Figure 3a).

As mentioned above, experimental studies have been undertaken into ribbon/film
based composites. Ref. [58] reports a comparative study of uncoated (Fe50Ni50)81Nb7B12
nanocrystalline ribbons and ribbons coated with 120 nm of Co on both surfaces. The impact
of the Co coating on the high frequency impedance of the (Fe50Ni50)81Nb7B12 ribbon
was studied with techniques sensitive to surface magnetism. However, the thickness
dependence was not discussed. We therefore propose to use the advantages of modeling
techniques to make part of the studies via development of the appropriate models based
on some experimental data.

In ref. [59] the authors studied copper oxide (CuO) film covering role on a surface of
Co-based amorphous ribbon deposited using chemical successive ionic layer adsorption
and reaction technique. The results showed that Co-based amorphous ribbons, which are
coated CuO film, have a significant effect on the value and operation frequency for the MI
effect as compared to the samples without coating. However, the overall MI ratio value
was not very high.

In ref. [60] the authors describe a 50 nm-thick Co film grown either on the free surface
or on the wheel-side surface of Co84.55Fe4.45Zr7B4 amorphous ribbons. They showed
that the presence of the Co coating layer enhances both the MI ratio and its sensitivity.
However, the maximum MI ratio was below 24%. This topic become very popular in
recent years, and areas of interest include ideas for enhancing the GMI effect with both 3D
metal and dielectric coatings [59–62]. However, this work is the first attempt to propose
a methodology of the development of such a composite using modelization advantages
which can be useful for the analysis of the experimental data of different authors.

4. Conclusions

The magnetoimpedance effect was experimentally investigated in amorphous
Co67Fe3Cr3Si15B12 ribbons, both coated with a 1 μm thick Fe20Ni80 layer and without
coating. The experimental studies were combined with computer FEM modeling in the
range of the alternating current frequencies of 0.1 to 70 MHz.

It was found experimentally that the presence of the FeNi layer leads to a significant
decrease in MI and a decrease in its magnetic field sensitivity. Thus, in the case of uncoated
ribbons, the sensitivity reaches 5 Ohm/Oe at the AC frequency of 20 MHz, while in the
case of FeNi-coated ribbons, the maximum sensitivity is 0.3 Ohm/Oe at the frequency of
30 MHz. The significant decrease in MI and the decrease in its magnetic field sensitivity
after coating is associated with a decrease in the transverse effective magnetic perme-
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ability due to its “transcritical” state. The “transcritical” state of the FeNi coating was
demonstrated using magneto-optical Kerr effect studies.

During computer simulation, it was possible to reproduce the main experimental
result—the significant decrease in MI in FeNi-coated ribbons. In addition, it was shown
that the simulated magnetoimpedance dependences are very close to the experimental
ones at AC frequencies below 10 MHz for the uncoated ribbons and at the frequencies of
1 MHz and below for FeNi-coated ribbons. It was found that the discrepancy between
the simulated and experimental dependences increases with an increase in the frequency
of the alternating current. We proposed various methods to refine the computer model
to achieve a better agreement between the simulated and experimental dependences in a
wider AC frequencies range, taking into account the frequency dependence of the magnetic
permeability, anisotropy dispersion, and the magnetic interaction of the coating and ribbon.

In addition, models were developed for the ribbons with different thickness of Fe20Ni80
coating and for the ribbons with such coatings as: Cu, Au, Fe, Fe3O4.

Some of the simulation results can find application in the creation of chemical sensors.
Thus, the discovered strong dependence of MI on the coating thickness can be used in the
development of sensors for chemical agents that release the coating. At the same time, the
large difference in the MI response of Fe-coated and Fe3O4-coated ribbons can be used as
the basis for sensors of chemicals that oxidize iron. It was also noted that the results of
modeling Au coated ribbons can be useful in the design of magnetic biosensors.
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Abstract: We investigated the magnetization dynamics through the magnetoimpedance effect in
an integrated YIG/Pt-stripline system in the frequency range of 0.5 up to 2.0 GHz. Specifically,
we explore the dependence of the dynamic magnetic behavior on the field orientation by analyzing
beyond the traditional longitudinal magnetoimpedance effect of the transverse and perpendicular
setups. We disclose here the strong dependence of the effective damping parameter on the field
orientation, as well as verification of the very-low damping parameter values for the longitudinal
and transverse configurations. We find considerable sensitivity results, bringing to light the facilities
to integrate ferrimagnetic insulators in current and future technological applications.

Keywords: magnetization dynamics; magnetoimpedance; YIG

1. Introduction

The giant magnetoimpedance (MI) effect corresponds to the strong variation of the
electrical impedance of a soft magnetic material when submitted to an external magnetic
field [1–9]. Since the discovery of the effect, MI has attracted attention due to its versatility.
In the context of fundamental physics, the effect is as an exciting alternative, with some
potential advantages, to the traditional ferromagnetic resonance (FMR) effect. The fields
configuration in the MI experiment is quite similar to that verified in the traditional FMR
measurements [10,11]. However, while FMR makes use of a resonant cavity having a fixed
frequency, the MI effect, in turn, allows us to explore the evolution of the ferromagnetic
resonance with frequency and field strength in both saturated and unsaturated magnetic
states. Hence, from the technological point of view, the MI effect arises as a sharp tool
to detect small magnetic field changes. In addition, materials exhibiting MI appear as
sensitive field sensor elements that can be integrated into a wide variety of electronic
devices [11–16].

In recent years, the interest in the MI effect has increased, which at first glance may be
based on the increasing demand for biosensors [12,17–21]. Within this field, different groups
have recently reported interesting results. For instance, Kurlyandskaya and colleagues [17]
have explored the MI response of a Co-based alloy ribbon composing a MI-sensitive
element. In this case, the studied ribbon is quite thick, favoring the obtainment of high
MI variations at the low frequency regime, an essential feature to the integration of the
MI-sensor elements into devices. Following a different line, Yu and coworkers [12] have
investigated the MI effect in thin films as a sensor to detect magnetic particles in blood
vessels. Remarkably, the analyzed multilayer films present significant MI sensitivity despite
the smaller thickness of the samples, reaching up to 41%/Oe for low field variations at the
moderate frequency regime.
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However, in the meantime, the search for electronic devices characterized by low
energy consumption and low cost of production has been the main reason for the renewed
attention to the MI effect.

Owing to this area, the nanostructured systems engineered to these ends have enabled
us to scrutinize numerous spintronics effects. Among the several materials taken into
account to the building of the spintronic nanostructures, ferrimagnetic insulators (FMI) as
Y3Fe5O12 (YIG) alloy deserves notability, bringing unique features that are advantageous in
this context over the ones of other materials, including magnetic conductors [22–25]. Specif-
ically, the electrical nature, magnetic moment, and very-low damping parameter make
YIG the ideal playground for investigations in which pure spin currents are considered,
suppressing the charge current [26,27].

The magnetization dynamics in YIG films have been extensively probed through
broadband ferromagnetic resonance in recent years; but the link between FMI materials
and MI experiments remained elusive until recently [28–31]. With this spirit, connecting
YIG and MI, Kang and coworkers [28], for instance, have addressed the dynamics in YIG
spheres and a single-crystalline YIG film deposited by using liquid phase epitaxy. The
authors have disclosed very interesting results by employing a vector network analyzer
(VNA) to perform MI measurements in a wide range of frequencies, with MI ratio values
of around 256% and MI sensitivity of ∼8.8%/Oe for such systems. Next, Madwal and
colleagues [29] have investigated a sputtered YIG single-layer thin film with a thickness of
45 nm. In this case, the magnetoimpedance experiments have been performed using the
inductive method, in which a signal coil is wound around the film and surprisingly, despite
the reduced dimension of the film, the FMR effect is found even at the low-frequency
regime, from 0.5 up to 2.0 GHz.

Remarkably, the studies aforementioned deal with techniques in which the sample is
electrically disconnected from the measurement system, which complicates the integration
of the samples as MI-sensor elements in an electronic device. It is worth remarking that
part of the difficulty in obtaining MI results in YIG samples resides in the high resistivity
of the material. Nevertheless, recently, it has been shown that the growth of YIG/NM
heterostructures, where NM is a non-ferromagnetic metal such as Ag, Cu, and W [30,31],
may act as a way to circumvent this adversity and perform investigations on magnetization
dynamics through the MI effect in the low frequency regime. In these previous works,
the YIG/NM heterostructures were entirely produced by using the Magnetron Sputtering
technique. This experimental procedure limits the reach of YIG with high thicknesses.
Moreover, the NM materials in these previous studies present low spin–orbit coupling
when compared with Pt material. Therefore, the modification of the YIG deposition
technique (allowing for increased thickness) and the use of Pt material can bring interesting
results, mainly in the MI response at moderate- and high-frequency regime.

For these heterostructures, beyond obtaining from the MI measurements important
magnetic parameters such as effective magnetization Me f f and effective damping param-
eters αe f f , fingerprints of the FMR effect have been identified. Consequently, it has been
demonstrated that these YIG/NM-stripline systems are promising candidates as MI-sensor
elements to integrate magnetic devices.

This article reports a systematic investigation of the magnetization dynamics through
the MI effect in an integrated YIG/Pt-stripline system. Specifically, we explored the depen-
dence of dynamic magnetic behavior on field orientation. We went beyond the traditional
longitudinal MI (LMI) effect, in which magnetic field and probe current are parallel, and
also acquired the MI response for the transverse (TMI) and perpendicular (PMI) setups.
From the results, we disclose the strong dependence of the effective damping parameter
on the field orientation, as well as verify very-low damping parameter values for the
LMI and TMI configurations. The observed high MI sensitivity and the experimental
setup employed here turn easy to integrate ferrimagnetic insulators in current and future
technological applications.
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2. Experiment

To engineer the integrated YIG/Pt-stripline system, we considered a Y3Fe5O12/Pt
bilayer grown in two steps. First, we produced a YIG film with a thickness of 6μm by
Liquid Phase Epitaxy (LPE) onto a (111) Gadolinium Gallium Garnet (GGG) substrate with
dimensions of 5× 5 mm. After, we covered the YIG with a 6-nm-thick Pt layer deposited by
magnetron sputtering. The deposition process was carried out using a Pt target (99.99% of
purity) with the following parameters: base pressure of 5 × 10−8 Torr, deposition pressure
of 3 × 10−3 Torr, with 99.99% pure Ar at 20 sccm constant flow, and using a DC source with
a current of 50 mA.

The structural features of the sample were verified through X-ray diffraction (XRD). The
XRD experiment was performed in the θ − 2θ geometry, with Cu-Kα radiation (λ = 1.54060 Å),
using a Rigaku Miniflex II system.

The quasi-static magnetic behavior was obtained through magnetization curves at
room temperature, acquired using a Vibrating Sample Magnetometer (VSM) Lakeshore
model 7407. In particular, the magnetization curves were taken with the magnetic field
applied along distinct orientations, corresponding to the very same field configurations
employed to the MI experiments.

The MI measurements were performed using a RF-impedance analyzer Agilent model
E4991, with an E4991A test head connected to the integrated YIG/Pt-stripline system, in
which the bilayer is the central conductor, and it is separated from the ground plane by
the substrate. The electrical contacts between the YIG/Pt bilayer and the stripline system
were made with 24 h cured low-resistive silver paint. To avoid propagative effects and
acquire just the sample contribution to MI, the RF impedance analyzer was calibrated at
the end of the connection cable by performing open, short, and load (50 Ω) measurements
using reference standards. The probe current is fed directly to one side of the sample,
while the other side is in a short circuit with the ground plane. We went beyond the
traditional longitudinal MI (LMI) effect, in which external magnetic field and probe current
are parallel, and also acquired the MI response for the transverse (TMI) and perpendicular
(PMI) setups. Specifically, in the TMI configuration, the external magnetic field and probe
current are transverse, and the field remains in the plane of the film; in the PMI one, in
turn, the field is perpendicular to the film plane. A schematic representation of the MI
setups explored here is depicted in Figure 1a. For the LMI case, we employed a solenoid as
a source for the magnetic field, with a maximum amplitude of ±300 Oe, while for the TMI
and PMI cases, we used an electromagnet, thus reaching ±1500 Oe. While the external
magnetic field was varied for all experiments, a 0 dBm (1 mW) constant power was applied
to the sample, characterizing a linear regime of driving signal. MI measurements were
taken over a frequency range between 0.5 and 2.0 GHz. The frequency sweep was made
for each field value, and the real R and imaginary X components of the impedance Z are
simultaneously acquired. In the meantime, in our RF-impedance analyzer, the test head
may estimate the Z from the ratio between the electrical voltage and current, both acquired
as sketched in Figure 1b. Then, its maximum amplitude for a given field strength and
frequency is obtained by

Z =
V
I
=

V
VR

R. (1)

where V is the peak voltage provided by the test head, VR is the potential difference
between the terminals of a reference resistor R, and I is the peak current flowing through
the sample. In this sense, such a configuration allows us to wonder a simple circuit with an
MI-sensor element to be embarked in a magnetic device. In order to make easier a direct
comparison between the measurements, we show here discounted values of the impedance,
given by

ΔZ = Z(H)− Z(Hmax), (2)

where Z(H) is the electrical impedance for a given external magnetic field value and
Z(Hmax) is the impedance value for the maximum external magnetic field, where the
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sample is saturated magnetically. It is worth pointing out that similar definitions of
variation were also taken for the real R and imaginary X components of the impedance, i.e.,

ΔR = R(H)− R(Hmax) (3)

and
ΔX = X(H)− X(Hmax). (4)

Figure 1. Schematic representation of the MI experiments. (a) LMI, TMI, and PMI setups employed
in the dynamic magnetic characterization. (b) YIG/Pt-stripline system integrated in a circuit as a
MI-sensor element.

3. Results and Discussion

Figure 2 shows the XRD result for our YIG/Pt bilayer. The diffractogram reveals two
peaks at 2θ ≈ 51.1◦, which are associated with the GGG (111) substrate (ICSD 9237) and
ascribed to the coexistence of the Kα1 and Kα2 contributions. In addition, a low-intensity
peak is found at 2θ = 50.9◦, assigning the YIG (444) preferential growth (ICSD 80139). The
peaks of YIG (444) and GGG (444) overlap due to their good lattice match, and no evidence
of polycrystalline YIG is verified, meaning that textured YIG layer is formed in the growth
direction of [111]. Our findings are in accordance with results previously reported in the
literature for similar heterostructures [32–35].

Figure 2. X-ray diffraction result for the YIG/Pt bylayer grown onto a (111) GGG substrate. The
peaks are indexed considering the ICSD cards 9237 and 80139 for the GGG and YIG, respectively.

Although the XRD pattern shows evidence of the YIG crystallization, which is also
corroborated from the comparison with the literature, we yet may employ quasi-static mag-
netic technique to further characterize the YIG phase after the annealing. Figure 3 shows
the normalized magnetization curves acquired with the field along different orientations,
LMI, TMI, and PMI (see Figure 1a). Notice that only the ferrimagnetic response of the YIG
is seen here, given the paramagnetic contribution of the GGG substrate is removed from
each curve. Remarkably, the YIG/Pt bilayer has quite weak anisotropic in-plane magnetic
properties [36], depicted by the similar magnetization curves acquired for the LMI and TMI
configurations. The results suggest soft magnetic properties, with low saturation field Hs,
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low coercive field Hc, and high magnetic permeability. Specifically, we find Hs values of
4.2 Oe and 4.5 Oe, while Hc ones of 0.5 Oe, from the LMI and TMI experiments, respectively.
On the other hand, for the PMI one, the shape of the curve is completely modified. The
change is attributed to the shape magnetic anisotropy, which leads to a significant increase
of the coercive and saturation fields, reaching to Hc ≈ 3.0 Oe and Hs ≈ 14 Oe. In addition,
it is worth highlighting that we observe a drastic reduction of the effective magnetization
in the PMI measurement, a fact not identified in the plot since the curve is normalized, but
that can be inferred here from the decrease in the signal-to-noise ratio.

Figure 3. Normalized magnetization curves for the YIG/Pt bilayer acquired with the field along
different orientations, (a) LMI, in which the external magnetic field is parallel to the drive current
on the MI experiment. (b) TMI, here the external magnetic field is applied in the film-plane, and
perpendicular to the drive current (MI experiment). (c) PMI configurations, which the external
magnetic field is perpendicular to the film-plane. It is worth mentioning that the paramagnetic
contribution of the GGG substrate is removed from each curve and, therefore, only the ferrimagnetic
response of the YIG is seen here. The inset in (a) shows a representative example of the magnetization
curves before the remotion of the paramagnetic contribution.

The ferrimagnetic behavior and the coercive field value verified here from the mag-
netization curves, when combined with the XRD result, are indicators of the quite-good
quality of our YIG/Pt heterostructure. However, the general features of the whole film,
including its magnetic and electrical properties, are essential issues for the MI response.
As a consequence, in order to make it feasible to carry out MI experiments in magnetic
insulators and place them as MI-sensor elements for magnetic devices, we overcome any
experimental adversity due to the high electrical resistivity of the material by capping the
YIG with a non-magnetic conductor Pt layer.

It is well known that the magnetic properties of our YIG/Pt bilayer are reflected in the
magnetization dynamics, including the magnetoimpedance effect [2,10]. These features
establish the limits in which distinct mechanisms command the MI response. Here, the soft
magnetic behavior and the integration between the YIG/Pt bilayer and the stripline system
allow us to observe FMR contributions even in the low-frequency regime. Consequently,
we can induce substantial MI modifications, making the integrated system a promising
candidate for sensor elements.

Figure 4 shows the evolution of ΔR as a function of the external magnetic field with
the frequency. The curves were acquired over a complete magnetization loop and present
hysteretic behavior. However, here we show just part of the curves, when the field goes
from the negative to maximum positive value.

At first glance, we notice the curves have similar general shapes. Nevertheless, a
closer inspection reveals that the ones acquired for the PMI configuration occur in a field
range dissimilar to the one verified for the LMI and TMI ones. This feature is due to the
substantial modification in the shape anisotropy and, consequently, in the anisotropy field.
In addition, for all experiments, we observe the amplitude of the peaks is dependent on
the field orientation. More specifically, the peak amplitude and the peak’s position in field
are a result of the orientation between field and magnetization, and of the interplay of the
effects associated with the magnetic anisotropy field and damping parameter [37].
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From the general point of view, our samples have all classical features of the mag-
netoimpedance observed in conducting ferromagnetic systems. Specifically, the curves
exhibit a double peak behavior, symmetrical around H = 0, for the whole frequency range,
irrespectively of the field configuration. An interesting feature related to the ΔR behavior
resides in the dependence of the position peaks with probe current frequency. We observe
the displacement of the peaks towards higher fields as the frequency increases, even for the
smallest frequency values. Such peak behavior is a fingerprint of the FMR effect controlling
the magnetization dynamics and the MI variations, in a response similar to that obtained
through the broadband FMR technique.

From the ΔR results, the resonance field Hr and the linewidth ΔH were estimated by
fitting the peaks using a Lorentzian function, as shown in Figure 4. Such quantities are
key parameters for obtaining the effective magnetization Me f f and the effective damping
parameter αe f f . Specifically, the dependence of fr with Hr provides Me f f through the
Kittel equation

fr =
γ

2π

√
(Hr + Hk)(Hr + Hk + 4πMe f f ), (5)

in which γ/2π is the gyromagnetic ratio and Hk is the anisotropy field. In addition, αe f f is
achieved from the relation between ΔH and fr,

Figure 4. Variation of the real component of the impedance, ΔR, as a function of the external
magnetic field for selected frequency values. Response of the YIG/Pt-stripline system for the (a) LMI,
(b) TMI, and (c) PMI configurations. The curves are shifted on a vertical scale in order to make the
visualization clearer. The symbols correspond to the experimental data, while the red lines are the fit
from which the resonance field Hr and linewidth ΔH are obtained. The arrows indicate the scales of
each measured configuration with the appropriate values.
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ΔH = ΔH◦ +
2π f αe f f

γ
, (6)

where ΔH◦ is the extrinsic inhomogeneous contribution to ΔH and f is the frequency,
i.e., fr.

Figure 5 brings both plots, fr vs. Hr and ΔH vs. fr. From Figure 5a, we ver-
ify the dependences of fr with Hr for the LMI and TMI configurations are similar, as
expected due to the quite-weak anisotropic in-plane magnetic properties. Assuming
γ/2π = 2.8 GHz/kOe and Hk = 0.5 Oe, this latter close to the Hc values obtained from
the quasi-static magnetization curves, we infer 4πMe f f ≈ 1696 G using Equation (5). The
4πMe f f value is in concordance with results previously reported in the literature [38]. For
the PMI configuration, not shown here, the effective magnetization is significantly smaller,
which is attributed to the shape anisotropy due to the reduced thickness.

Figure 5. (a) Resonance frequency fr as a function of resonance field Hr of the YIG/Pt-stripline
system for the LMI and TMI configurations. The symbols are the experimental data and the red
lines correspond to the fit obtained with the Kittel equation, Equation (5), then inferring the effective
magnetization Me f f . (b) FMR linewidth ΔH as a function of the fr in the LMI and TMI configurations.
The symbols are the experimental data and the red lines correspond to the possible fit obtained with
Equation (6), then providing an estimate of the effective damping parameters αe f f .

From Figure 5b, we identify the relations between ΔH and fr for the LMI, TMI.
Generally, our system consists of a ferrimagnetic insulator capped by a non-magnetic
metallic layer. Given Pt is a metal with high spin–orbit coupling, the effective damping
parameter in our sample has contributions of distinct mechanisms. The first one is the
well-known Gilbert damping parameter. Such contribution consists of representing the
relaxation mechanisms by a torque that pulls the magnetization toward the equilibrium
direction [39]. Moreover, considering that the longitudinal and transverse components of
the magnetization are stirred through different relaxation rates, the Bloch–Bloembergen
phenomenology [39] is present in our sample. The second contribution to the effective
damping parameter comes from the two-magnon and spin pumping mechanisms, espe-
cially due to the bilayer structure of our sample. There are numerous interesting studies
playing with the mechanisms influencing αe f f and bringing the theoretical background to
understand contributions for a given system [39–43]. Here, we do not address such issue in
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detail and instead focus our efforts in the fit using Equation (6) to infer the effective damp-
ing parameters and the extrinsic inhomogeneous contribution to ΔH. Once the effective
damping (αe f f ) is the parameter considered for the future sensor applications.

For the LMI and TMI configurations, we find αe f f of 1.41 × 10−4 and 7.18 × 10−4,
respectively. Remarkably, such values are very low and are in agreement with results for
YIG films [43,44]. Moreover, the in-plane inhomogeneous contribution to ΔH seems to
be the same for both, as expected. It is well known αe f f has a central role in the magnetic
response of the sample. For instance, samples with low a αe f f reach the magnetic stabiliza-
tion quickly, an important parameter for a sensor in which the fast magnetic response is
primordial, as is the case of biosensors. For the PMI one, in turn, we are not able to fit the
αe f f due to the mechanisms associated with the non-uniform excitation modes and domain
contribution what leads to a considerable increase in the ΔH as observed in Figure 4c.
Nevertheless, the αe f f value for the PMI setup seems to be comparable with those found
for other interesting ferromagnetic systems, such as thin films of Co2FeAl full-Heusler
alloy [45,46].

With the straight potential for sensor applications, we focus on the MI performance as
a function of the frequency and field strength. Figure 6 shows the maximum ΔZ value,
ΔZmax, as a function of the frequency for the LMI, TMI, and PMI configurations. Such
analysis allows us to infer the frequency range in which the sensor element has the best
MI efficiency. For LMI, the highest ΔZmax takes place at around 1.45 GHz and is found for
an external magnetic field of 150 Oe, as can see in Figure 6a,b. We observe a monotonic
rise of ΔZmax up to frequencies close to 1.0 GHz, where the curve reaches a constant value
within the experimental error. This behavior is interesting since the frequency may be
modified without losing the MI efficiency of the sensor. The ΔZmax behavior for the TMI
configuration is quite similar to that discussed for the LMI one. However, as we can
confirm from Figure 6c, the MI efficiency is very low, becoming negligible if compared to
the results acquired for the other experimental setups. Although we observe low αe f f value
for this field configuration, the alignment between the external magnetic field, alternating
magnetic field, and magnetization seem to affect the MI variations drastically, vanishing
ΔZmax. At last, Figure 6d,e shows the results for the PMI configuration. In this case, the MI
efficiency presents an initial increase up to 0.5 GHz, achieving a roughly constant value
between 0.5 and 1.0 GHz, followed by a decrease above 1.0 GHz. Then, the highest ΔZmax
is found at around 0.96 GHz. It is worth highlighting such result is found at 900 Oe, in a
sense the PMI configuration allows the identification of interesting MI efficiency values at
the high-field regime.

These findings bring to light an exciting way to promote the integration of insulating
ferrimagnetic materials in sensor elements, and modify the field range in which the optimal
MI response is achieved, i.e., simply by changing the orientation of the magnetic field in
the experiment.

The αe f f values verified for our integrated YIG/Pt-stripline reveal fingerprints of a
low-damping dynamical system. Within this context, the narrow ΔZ peaks as a function of
the field provides insights on the MI sensitivity. To quantify the sensitivity as a function of
the frequency, we calculate the magnitude of the impedance change

Sens. =
ΔZmax(H)− ΔZ(H − 10)

10
, (7)

where ΔZmax(H) corresponds to the maximum values of the ΔZ that is observed at the
field H, and ΔZ(H − 10) is the ΔZ observed at H − 10 (see inset in Figure 7b).

Figure 7 shows the sensitivity as a function of frequency for the LMI, TMI, and PMI
configurations. For LMI, Figure 7a, we observe the maximum value reaches ∼415 mΩ/Oe
at 1.5 GHz. However, we point out there is a broad range of frequencies, between 0.5
and 2.0 GHz, in which the sensitivity has significant values, in a sense, we may vary
the frequency without loss of sensitivity. For the TMI configuration, we find a narrow
range of frequencies with a sensitivity of 10 mΩ/Oe. In particular, such behavior becomes
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interesting since high sensitivity values are found in a range of 0.2 GHz, taking place
at the low frequency regime, below 0.35 GHz. At last, for the PMI configuration, we
verify a maximum sensitivity of 7.5 mΩ/Oe at around 0.65 GHz. In this case, it is worth
emphasizing such value takes place at high-field values, as previously mentioned (see
Figure 6e).

Figure 6. (a) Maximum ΔZ value, ΔZmax as a function of the frequency for the LMI configuration.
The maximum efficiency is found for f = 1.45 GHz, as indicated by the dashed line. (b) The ΔZ vs.
H at f = 1.45 GHz, as a representative example of the analyzed curves. The ΔZmax is achieved from
the difference between the Z value at the peak and the Z at the maximum magnetic field. (c) ΔZmax

as a function of the frequency for the TMI configuration, whose maximum at 1.4 GHz is indicated by
the dashed line. (d) A similar plot for the PMI configuration. (e) The ΔZ vs. H at 0.96 GHz for the
PMI setup.

Figure 7. (a) Sensitivity as a function of frequency for the LMI field configuration. The maximum
value is 415 mΩ/Oe at 1.5 GHz. (b) A similar plot for the TMI and PMI configurations. The inset
depicts a representative example of the experimental procedure employed to calculate the sensitivity.
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4. Conclusions

In summary, we have investigated herein the magnetization dynamics through the
magnetoimpedance effect in an integrated YIG/Pt-stripline system. Specifically, we have
explored the dependence of dynamic magnetic behavior on field orientation. To this end,
we have analyzed the magnetoimpedance response for the traditional longitudinal configu-
ration, as well as for the transverse and perpendicular ones. From the experimental results,
we have estimated magnetic parameters that are fundamental for a sensor element, such
as the effective magnetization and the effective damping parameter. We have observed
low αe f f values of 1.41 × 10−4 and 7.18 × 10−4 for the LMI and TMI configurations, respec-
tively. Moreover, we have found a significant increase of αe f f for the PMI configuration,
as expected. From the technological perspective, we have obtained the efficiency ΔZmax
as a function of the frequency and have estimated the sensitivity for our system. Within
this context, the change of field configuration suggests the integrated YIG/Pt-stripline
system may be used in different magnetic devices as a sensor element. In particular, the
LMI configuration reveals high sensitivity for a wide frequency range, in which a change of
frequency does not yield any loss of sensitivity, while the TMI and PMI ones disclose high
sensitivity in a limited frequency interval. However, for the PMI field configuration, the
higher sensitivity happens at high fields, bringing the possibility to explore distinct field
ranges with a single sensor. The verified high MI sensitivity brings to light the facilities
to integrate ferrimagnetic insulators in current and future technological applications, as
ultra-fast sensors.
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Abstract: Magnetometry and ferromagnetic resonance are used to quantitatively study magnetic
anisotropy with an easy axis both in the film plane and perpendicular to it. In the study of single-layer
and multilayer permalloy films, it is demonstrated that these methods make it possible not only to
investigate the average field of perpendicular and in-plane anisotropy, but also to characterize their
inhomogeneity. It is shown that the quantitative data from direct integral and local measurements of
magnetic anisotropy are consistent with the direct and indirect estimates based on processing of the
magnetization curves. The possibility of estimating the perpendicular magnetic anisotropy constant
from the width of stripe domains in a film in the transcritical state is demonstrated. The average
in-plane magnetic anisotropy field of permalloy films prepared by magnetron sputtering onto a
Corning glass is almost unchanged with the thickness of a single-layer film. The inhomogeneity of
the perpendicular anisotropy field for a 500 nm film is greater than that for a 100 nm film, and for a
multilayer film with a total permalloy thickness of 500 nm, it is greater than that for a homogeneous
film of the same thickness.

Keywords: magnetic field sensors; thin films; multilayered structures; magnetic anisotropy; anisotropy
distribution; ferromagnetic resonance; magnetoimpedance; high frequency applications

1. Introduction

The functionality of a magnetic sensor is largely determined by magnetic anisotropy or
difference in the magnetic response at different directions of the applied field. In a magnetic
film sensor, both the magnetic shape anisotropy (characterized by the easy magnetization
plane and anisotropy constant equal to μ0M2

s /2) and the contribution to the magnetic
anisotropy associated with the material of the magnetic film are important. In addition to
the shape anisotropy, two major contributions to the macroscopic magnetic anisotropy of the
film are made by the in-plane magnetic anisotropy with an easy magnetization axis (EA) in
the film plane (Kinplane ≡ Kip, Hip = 2Kip/μ0Ms, where Ms is the saturation magnetization)
and out-of-plane magnetic anisotropy (Kout of plane ≡ Kop, Hop = 2Kop/μ0Ms). Both the
in-plane and out-of-plane magnetic anisotropies are usually induced by the deposition of a
thin film or a multilayered structure in the presence of a constant magnetic field [1,2], by
inclined sputtering [3,4] due to the anisotropic substrate surface [5,6], film texture [7] or
due to anisotropic stresses via magnetoelastic phenomena [8].

The Hip field value is almost the upper limit of fields, which can be detected by
the sensor. The values of Kop or Hop limit the film thicknesses of the sensitive element
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components. This limitation is associated with the transition to the “transcritical” state with

the thickness L of the uniform film greater than the critical thickness Lcr = 2π
√
(A/Kop)

(where A is the exchange stiffness). The magnetic hysteresis of the film in this state (L > Lcr)
sharply increases, and the in-plane magnetic anisotropy becomes weakly pronounced
due to the appearance of rotatable magnetic anisotropy [9,10]. The transition into the
“transcritical” state is accompanied by the formation of stripe domains oriented parallel to
the external magnetic field previously applied to the film in the film plane.

The easy magnetization axis of the rotatable anisotropy is parallel to the stripes. The
stripe domains can be arranged by a certain applied field in any direction in the film plane,
which implies that the easy magnetization axis along the stripes is rotated by the applied
field as well [2]. Usually, the rotatable anisotropy in soft magnetic films exceeds the induced
magnetic anisotropy, and thus, the total magnetic anisotropy in the film plane becomes
weakly pronounced. The high magnetic hysteresis and weakly pronounced magnetic
anisotropy strongly decrease the sensitivity of the thin film element with respect to the
external magnetic field, making the element unsuitable for the magnetic field sensing.
This limitation is sometimes in conflict with the technical requirements for the sensor
parameters, in particular, concerning the requirementsfor particular applications (such as
GMI) demanding films with a thickness exceeding Lcr. An example of resolving such a
contradiction is a multilayer design of a magnetic thin film-based element [2]. Magnetic
sensors with sensitive elements containing single-layered or multilayered film structures
are of interest for applications in electronic devices and biomedicine [11–13].

Iron–nickel Fe20Ni80 (permalloy)-based films are the best historically proven choice
for magnetic nanostructured-sensitive elements with high magnetic permeability and fairly
stable characteristics in different media, wide temperature ranges and various radiation
levels (up to airspace conditions) [14–16]. Permalloy-based multilayers are becoming more
and more important in sensor design due to a number of advantages, including the de-
veloped methodologies to avoid the transition into the “transcritical” state for rather thick
films [9,10,17,18], which are required for many high-frequency applications, as well as efficient
sensors working on the principle of the giant magnetoimpedance effect (GMI) [14–16].

New requirements for the functional properties of thin film-based sensors call for the
development of measurement and characterization approaches leading to the deeper un-
derstanding both of integral and local properties of thin films and multilayered structures.
The approaches traditionally used in magnetic anisotropy characterization (measurement
of magnetization curves and ferromagnetic resonance—FMR) are continuously improved,
both through the development of standard magnetometers and spectrometers with en-
hanced sensitivities and resolutions. The development of new approaches to data analysis
also contributes to this progress. The latter is important in the research related to the
inhomogeneity of magnetic anisotropy (both the variation value of the anisotropy constant
K and the variation of the easy magnetization axis direction). The inhomogeneity of the
magnetic anisotropy is due both to the variation of the technological parameters during
the thin film fabrication and to the natural features of the process of thin film growth.
The above-mentioned contributions are quite common for many types of magnetic films
and they should be taken into account during the fabrication of the sensitive element of
magnetic films. Such an inhomogeneity can narrow the range of linear and reversible
responses of the film element. In this work, we discuss magnetic anisotropy measurements
using ferromagnetic resonance and magnetometry and compare various approaches to the
data processing using thin films and multilayered permalloy-based systems.

In this study, we propose, discuss and develop several approaches for the detailed
evaluation of magnetic anisotropy using static and dynamic magnetic measurements,
including ferromagnetic resonance, as a tool for the comprehensive characterization of thin
films and multilayered permalloy-based structures.
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2. Experiment

FeNi-based films including single-layer and multilayer films (Fe20Ni80 (100 nm)/
Cu(3 nm))5 were prepared by magnetron sputtering onto Corning glass substrates at room
temperature. The background pressure was 3 × 10−7 mbar, and the working argon pressure
was 3 × 10−3 mbar. Permalloy films (Py) were deposited using a Fe20Ni80 alloy target. The
thickness control of the layers was carried out through the deposition time based on the
previously calibrated deposition rates. The single-layer FeNi film thickness was varied
in a range of 50–500 nm. A constant magnetic field of 20 kA/m was applied parallel to
the film plane during the deposition in order to induce a well-defined uniaxial magnetic
anisotropy. In some cases, a Ta buffer layer was used in order to improve the properties of
the FeNi thin films. The use of the Ta buffer layer leads to a more perfect crystal structure
of permalloy films, which, in turn, contributes to a decrease in their coercive force [19,20].
The compositions of the obtained FeNi films were determined by energy dispersive X-ray
analysis and in all the cases under consideration it was close to the Fe20Ni80 permalloy
composition with the near-to-zero magnetostriction constant [2]. Magnetic hysteresis loops
(both in-plain and out of plane) were measured by a vibrating sample magnetometer. The
images of domain structures were obtained by the magneto-optical Kerr effect using an
optical microscope (Evico, Dresden, Germany).

The microwave absorption spectra were measured using the equipment of the Krasno-
yarsk Regional Center of Research Equipment of the Federal Research Center “Krasnoyarsk
Science Center SB RAS” (spectrometer ELEXSYS E580, Bruker, Bremen, Germany). The
spectra were acquired at room temperature in the X-band (the resonator pumping frequency
was f = 9.43 GHz). The sample was placed into an antinode of the oscillating magnetic
field h~ of the cavity resonator, and the external constant magnetic field was applied in the
film plane.

3. Results and Discussion

3.1. In-Plane Magnetic Anisotropy

The transition from the thin film state into the “transcritical” state is clearly observed on
the hysteresis loops of the single-layer Py/Ta films (Py here and further implies permalloy
Fe20Ni80) with the thicknesses of 50, 100 or 500 nm (Figure 1). This transition results in
a sharp increase in the coercive force, change in the loop shape, and almost complete
disappearance of the magnetic anisotropy in the film plane. As a consequence of such
transition, a perpendicular magnetic anisotropy component appears. Magnetron sputtering
of the Py layers is intentionally performed in a field applied in the film plane during the
film deposition, which leads to the formation of an in-plane magnetic anisotropy with EA
along the direction of the applied field [2]. In Figure 1, this direction corresponds to the
angle φ = 0◦ between the applied field and the field axis during the deposition.

The formation of EA in the film plane induced under these deposition conditions is
confirmed by the shape of the hysteresis loops (Figure 1) for the films with the thicknesses
of 50 and 100 nm. The coincidence of the loop shape for the films of 50 and 100 nm means
that the film surface does not significantly contribute to the hysteresis. Apparently, it
is controlled only by the bulk properties of the film (for example, by the features of the
induced magnetic anisotropy). It also means that the hysteresis properties of the Py layer
are uniform though the film thickness. The Stoner–Wohlfarth model here well describes the
coercivity angular dependence Hc(φ) in the angular range of ±15◦ on the hard magnetiza-
tion axis (dashed lines in Figure 1a). At other angles, the Hc(φ) dependence corresponds
qualitatively to the inhomogeneous magnetization associated with the nucleation of reverse
magnetization domains and motion of the domain walls. Fitting the Hc(φ) data in the
range of angles ±15◦ from the direction corresponding to the hard magnetization axis by
the equation Hc(φ) = Hip|cos(φ)| provides an estimate of the magnetic anisotropy field
Hip = 0.40 ± 0.08 kA/m.
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(a) (b) 

Figure 1. The parameters of the hysteresis loop of permalloy films of various thicknesses: (a) coercive
force and (b) remnant magnetization. The dashed line in (a) is the equation Hc(φ) = Hip|cos(φ)|; the
solid line in (b) is f(φ) = |cos(φ)|.

The saturation field estimation from the magnetic hysteresis loop measured in the
hard magnetization direction is the most common approach for estimating the in-plane
magnetic anisotropy field. The magnetization curve of the Py (100 nm) film in the in-plane
applied magnetic field perpendicular to in-plane easy magnetization axis (gray symbols in
Figure 2a) and its fitting using the formula:

M(H) =

{
Ms∑ fi · H

Hip
, for |H| < Hip

Ms, for |H| > Hip
(1)

where fi is the statistic weight of sites with the specific Hip value, which makes it possible
to estimate the inhomogeneity of the anisotropy field Hip (inset in Figure 2a). The Kerr
image in Figure 2b shows large stripe domains typical for the subcritical (thin-film) state
of the film. Below, we show that the film in the transcritical state (thick-film) shows stripe
domains that are two orders of magnitude narrower.

Figure 2. The magnetization curve of the Py (100 nm) film in the in-plane applied magnetic field
perpendicular to the in-plane easy magnetization axis (gray symbols) and its fitting using Formula (1)
(the inset shows the evaluation result for the film Py (100 nm)) (a). The magnetic domain structure in
the zero magnetic field; the easy magnetization axis is oriented close to the horizontal direction (b).

According to the Stoner–Wohlfarth model, the saturation field in the direction per-
pendicular to the axis of the easiest magnetization is equal to the magnetic anisotropy
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field. The loop shape within the framework of the model is nearly linear in the range of
−Hs · (M = Ms) to Hs · (M = Ms). Outside this range, the sample is uniformly magnetized
to the saturation (M = ±Ms). In the experiment, in a perfectly homogeneous film, a feature
near the field Hs = Ha would be observed as a sharp gap on the M(H) curve, or a disconti-
nuity in the susceptibility χ(H) = dM/dH. There can also be a narrow peak in the field
dependence of dχ/dH. Since the inhomogeneity of the anisotropy field somewhat blurs
the gap in M(H) near Hs, this feature is used to quantify the inhomogeneity of the magnetic
anisotropy field [21,22]. An estimate of the magnetic anisotropy field inhomogeneity in the
film plane is shown in Figure 2 (inset), with the distribution center Hip = 357 ± 5 A/m,
and FWHM (full width at half maximum)= 120 A/m.

Interesting possibilities for estimating the inhomogeneity of magnetic anisotropy are
provided by the measurements of the magnetic parameters of local areas in the sample
using an automated scanning FMR spectrometer [8,23], in which a miniature micro-strip
resonator fabricated on a substrate with a high dielectric constant is employed as a thin film
based sensitive element. Near the antinode of the high-frequency magnetic field, a small
measuring hole was made in the resonator screen, ensuring the locality of measurements
(for the data in Figure 3 the diameter of the measuring hole of the sensor was ~1 mm). The
idea to use the microwave techniques based on a conventional homodyne spectrometer,
as a microwave microscope was reported in previous publications [24,25]. Bhagat et al.
employed a microwave microscope, i.e., a 2 mm diameter hole in a thinned wall of the cavity
for the evaluation of the properties of the FeNi film placed outside the cavity in front of the
hole [25]. This methodology has the advantages of avoiding extra-large loading and offers
a possibility to estimate the homogeneity of the properties by exposing different regions of
the sample to microwaves. However, the system had only a manual displacement mode
allowing limited number of points. In addition, it was possible to make measurements from
two sides of the film deposited onto a glass substrate: from the side of the film and from
the side of the substrate. The equipment described in the present work has an advantage of
a scanning system and higher resolution of measurements as the scanning hole had a two
times lower diameter of the hole.

Figure 3. The angular dependence of the resonant field of a pixel in the center of the single-layer
film of Py (100 nm) (a) Inhomogeneity of the uniaxial magnetic anisotropy field in the plane of
thesingle-layer film of Py (100 nm) (b) Orientation inhomogeneity of the in-plane easy axis in the
plane of the single-layer film of Py (100 nm) (c) Deviation from the average in-plane easy axis.

In this work, a microwave sensor with a pump frequency f = 1.010 GHz was used
for these measurements. In Figure 3, we demonstrate the approach to the quantification
of the local magnetic anisotropy (Figure 3a) and the result of studying the inhomogeneity
of magnetic anisotropy in the plane of the single-layer film of Py (100 nm) (Figure 3b,c).
For the given frequency with the applied field in the film plane, the resonant fields in the
single-layer film of Py (100 nm) did not exceed 1.6 kA/m. The angular dependences of
the resonant field HR were recorded in each local area with a step of 1 mm over the entire
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surface of the film. Then, the main magnetic characteristics of the films were determined
from these data on the basis of a phenomenological calculation [23,26]. The obtainment
of the anisotropy constant from the angular dependence of the resonant field is based on
the dependence of the resonant field on the equilibrium position of the magnetization,
which is described by the Stoner–Wohlfarth model (Smit–Beljers approach [26]). When the
external magnetic field is applied in the film plane, in this model, the in-plane anisotropy
field is the only important parameter. We used the software developed in [23], which
has additional options to quantify not only the uniaxial constants, but also higher-order
anisotropy contributions. The major contribution to the angular dependence of the resonant
field comes from the uniaxial in-plane anisotropy. The maps of the in-plane anisotropy field
and orientation of EA (Figure 3) show the local value of the in plane magnetic anisotropy.
The inhomogeneity of the anisotropy field along the right and upper edges of the sample
(Figure 3) is due to deformations that occur in the process of cutting the sample. A more
uniform distribution is observed along the lower and left edges of the sample that are
not subjected to the cut process. The uniformity in the anisotropy field is satisfactory and
the inhomogeneity in the orientation of the EA over an area of 5 × 7 mm does not exceed
6 ÷ 7◦. The average field obtained here Hip = 340 ± 20 A/m is close to the anisotropy field
estimated from the hysteresis loops. It is important that direct local measurements of the
magnetic anisotropy (Figure 3b,c) provide not only an estimate of the inhomogeneity of
magnetic anisotropy, but also visualize the spatial pattern of the distribution of the local
magnetic anisotropy.

3.2. Out-of-Plane Magnetic Anisotropy

In the external magnetic field applied in a film plane, the hysteresis loop of the Py
film (500 nm) has the shape typical for the “transcritical” state (Figure 4). The evolution of
the micromagnetic state corresponding to the descending branch of the loop is a transition
from a quasi-uniform state (containing no closing magnetic domains) above Hs to the
appearance and development of a stripe structure in the zero external magnetic field [25,27].
The saturation magnetic field Hs is conditioned by the magnetic constants and parameters
of the film by the following equation [27,28]:

1 − Hs

Hop
=

1
2

√
2A

μ0HopMs
· L−1

[
1 +

Hop

Ms

]−1/2
(2)

where L is the film thickness, A is the exchange stiffness, Ms is the saturation
magnetization and Hop is the-out-of plane anisotropy field (Hop = 2Kop/Ms). Using
Hs = 3.18 ± 0.16 kA/m determined from the hysteresis loops similar to the one
shown in Figure 4 and the constants measured for this film (see the supplement
A = (0.90 ± 0.05) · 10−11 J/m, Ms = 800 ± 20 kA/m) and L = 500 nm, one can
obtain the value Hop = 8.0 ± 0.8 kA/m.

Another approach for the estimation of the Hop value is to use the width of the stripe
domains in the “transcritical” state. It was shown in [27] that if the domain width is defined
as the size of the area of uniform magnetization, where the transverse magnetization
component (mz) contribution is at least 65% of the maximum value, then such a stripe
domain width (Dm) can be described by the Murayama equation [27,29]:

Dm =
√

L · (A(Kop +
μ0M2

s
2

)/8μ0KopM2
s)

1/4

(3)

Using Kerr image processing (Figure 4b and inset) Dm = 260± 20 nm was determined.
Solving Equation (2) with the same constants (A and Ms) that were used for solving
Equation (2), the estimated Dm and L = 500 nm provides the value Kop = (5.2± 1.6) · 103 J

m3

or Hop = 10 ± 3 kA/m. Note that the confidence interval of this estimate is consistent with
the estimate from the field Hs and Equation (2), although the experimental error associated
with this method is much higher.
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Figure 4. Hysteresis loop of the Py film (500 nm), field applied in the film plane at an angle of 0◦

to in-plane EA (a). The stripe magnetic domain structure in the zero external magnetic field. The
inset shows the correlation function in the direction across the stripe structure to the estimate stripe
domain width Dm = 260 ± 20 nm (b).

When the field is oriented out of the film plane, the ferromagnetic resonance field
changes in a wide range due to the high contribution to the magnetic anisotropy constant
from the film shape (− 1

2 μ0M2
s . In this case, the film magnetization Ms is determined both

by the Zeeman energy and the value of the magnetic anisotropy constant Kop − 1
2 μ0M2

s ,
(Kop is the out of plane or perpendicular anisotropy constant). These terms contribute
to the angular dependence of the resonant field in a different way making it possible to
estimate Kop and Ms separately using the Smit–Beljers approach [26]. Thus, both in-plane
and out-of-plane anisotropy are present in one film sample. The axis of the out-of-plane
rotation was chosen to coincide with the in-plane EA to exclude the influence of the in-plane
magnetic anisotropy on the out-of-plane angle dependence of the resonance field. The
characteristic angles that are determined by the theoretical expressions for the resonant field
and are controlled in the experiment are shown in Figure 5. Thus, for the measurements
with the out-of-plane oriented external field, the angle φH was chosen as φH = 0◦ to easily
study the out of plane magnetic anisotropy.

For the Py film (100 nm), the FMR spectrum (Figure 5a) in the range ϑ of 7◦ to 90◦
is well described by a single Lorentzian mode. Furthermore, this mode corresponds to a
uniform precession of the magnetization. In the range (−7◦ ÷ 7◦) no uniform oscillation
modes of magnetization are excited and several peaks of spin-wave resonance are observed.
Figure 5a shows the resonance fields corresponding to the uniform and the 1st spin wave
bulk mode. Fitting the angular dependence of the resonance field for the uniform mode
using the Smit–Beljers approach [26] for the Py (100 nm) film, gives the following fitting
parameters Ms = 880 ± 10 kA/m, Hop = 8.0 ± 0.8 kA/m (see also Table 1). For the Py film
(500 nm), the shape of the FMR spectrum is not described by one Lorentzian. However,
it can be satisfactorily described by the sum of at least three Lorentzian functions. The
multiplicity of the peaks here may be interpreted as the manifestation of inhomogeneity
in the thick film, and the peaks in this case are supposed to be associated with some
naturally formed layers with the given absorption. It is impossible to specify exactly what
these layers are and at what depth each of them is located within the framework of this
approach alone. Even so, the separate processing of the data related to these composite
peaks can be considered as a useful way of characterizing the film inhomogeneity over
the thickness. These layers are apparently the result of the inhomogeneity of elastic
deformations over the film thickness. It is hard to observe such layering using transmission
electron microscopy. Because of this, we see some value of the proposed approaches using
FMR. The issue of this inhomogeneity is apparently related to the film growth mechanism,
since it usually determines the inhomogeneity of elastic deformations in deposited films.
For example, residual strains in the films can be distributed over the thickness in such a
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way that compressive stresses are replaced by tensile stresses. A change in the sign of the
deformation should lead to a change in the sign of the stress-induced magnetic anisotropy
field. The negative anisotropy field in the multilayer sample (Table 1) corresponds to the
easy-plane anisotropy. Note that negative Hop is observed only in the multilayer sample,
where there are more sources of internal deformations due to a larger number of interfaces.
The range of angles in which the individual peaks are considered as the result of a uniform
precession of the magnetization is ϑH of 7◦ to 90◦. The results of fitting of the angular
dependence of each peak are given in Table 1. In the multilayered film (Fe20Ni80/Cu)5 with
the Py layer thickness of 100 nm, we also observe a non-Lorentzian shaped line, which
can also be successfully described as the sum of three Lorentzian peaks. The saturation
magnetization and the perpendicular magnetic anisotropy field are determined for each of
the three modes and are given in Table 1.

Table 1. The parameters of the single-layered films Fe20Ni80 (100 nm and 500 nm) and multilayered
film (Fe20Ni80/Cu)5 with the Fe20Ni80 layer thickness of 100 nm, determined from the angular
dependences of the FMR.

Meff, kA/m Hop, kA/m

Fe20Ni80 single-layer film of 100 nm 880 8.0

Fe20Ni80 single-layer film of 500 nm
924 11.9
894 0
890 4.0

multilayer (Fe20Ni80/Cu)5 with Fe20Ni80 layer thickness of 100 nm
758 0
740 15.9
790 −35.8

According to Table 1, the single-layer Py film (100 nm) shows more of the uniform
microwave response (only one peak) and a wider range of angles (from 7 to 90 up to 90◦)
of the uniform precession mode than the Py film of 500 nm (from 25 to 90◦). The range
of the angles is important as a parameter of the sensor element operating at super high
frequencies, because the excitation of inhomogeneous precession modes will inevitably
lead to many peaks in the film response. In the multilayered film, this range is closer to that
of the single-layered film (from 11 to 90◦), which indicates the advantages of the multilayer
film sensor design.

The deviations of the peak from the Lorentzian shape can be also viewed as a measure
of the inhomogeneity of the microwave response [30–32]. Let us summarize and discuss
the observations concerning it. For the single-layered thin film (Py of 100 nm), a single
Lorentz peak is observed: the deviation is negligibly small. For the single-layered Py film of
500 nm the deviation is the largest. For the multilayered structure (with the total thickness
of 500 nm) this deviation is much lower than the one observed for the single-layered Py
film (500 nm), although it somewhat exceeds the deviation observed for the single-layer
film (100 nm). The fields Hop in the thick film are close to those for the single-layered
Py film (100 nm), and the average of the fields over three components coincides with it
(Table 1). This is in agreement with the conclusion (see the analysis for Figure 1) that the
constant (or field) of the perpendicular magnetic anisotropy of single-layered films is, in
general, uniform over the thickness and, therefore, does not change with the thickness. In
addition, the field Hop for the Py (100 nm) film coincides with the estimate made from the
hysteresis loop of the Py film (500 nm) in the “transcritical” state. These observations reveal
additional advantages of the multilayered design for GMI sensors, discussed in a number
of previous works [33–35].
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Figure 5. The examples of the microwave spectra of the one-layer films with the thickness 100 nm
(inset to Figure (a)) and 500 nm (f), and the multilayer film (Fe20Ni80/Cu)5 (b) measured at ϑH = 90◦.
The solid lines demonstrate the fitting curves of the angular dependences of the resonance fields of
the uniform modes fitted according to the Smit–Beljers. The resonance field of the single mode for the
100 nm film (a) and the resonance fields of the individual modes for the multilayer film (c–e) and for the
500 nm film (g–i) obtained from the fitting of the experimental curve are shown by different symbols.
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4. Conclusions

The characterization of magnetic anisotropy using magnetization curves and the
ferromagnetic resonance techniques of single-layered and multilayered thin film structures
based on a permalloy for magnetic field sensors was performed. It was demonstrated that
the proposed approaches allowed for not only the characterization of magnetic anisotropy
in the plane and perpendicular to the plane of the thin films, but also the study of their
inhomogeneity, which is important in the magnetic film sensor design. It is shown that the
quantitative data from the direct integral and local measurements of magnetic anisotropy
are consistent with the direct and indirect estimates based on the magnetization curve
processing. The example of estimating the perpendicular magnetic anisotropy constant
from the width of stripe domains in a film in the supercritical state is provided. The average
in-plane magnetic anisotropy of the single-layered Py (50, 100 and 500 nm) films prepared
by magnetron sputtering onto a Corning glass is uniform through the thickness of the
single-layer film. The inhomogeneity of the perpendicular anisotropy field for the 500 nm
film is greater than that for the 100 nm film, and the inhomogeneity of the multilayer film
(Fe20Ni80 (100 nm)/Cu (3 nm))5 is greater than that for the single-layer of the approximately
same thickness.
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Abstract: A detection system for magnetic inclusions of large bulk, such as that of a whole human
body, is proposed in this paper. The system consists of both a uniform magnetic field generating
apparatus capable of the insertion of a whole human body and also of a high-sensitivity magnetic
sensor array installed in the strong magnetic field. The system can detect the magnetic inclusion
simultaneously through its magnetization, which is advantageous for detecting low-remanence
magnetic materials, such as a cluster of nanoparticles. The thin-film magneto-impedance sensor was
reported to be capable of tolerating strong magnetic fields of more than 3000 Gauss (0.3 T) in the
substrate’s normal direction and can retain its sensitivity even in strong fields. Through a combination
of both uniformity of strength and the placement of its directionally aligned, static magnetic field
in a particular measurement area and its array of single-dimensional thin-film magneto-impedance
sensors, it was reported that it can estimate a magnetic sample’s 3D position by using a simple
equation. The aim of the system developed in this study is to nondestructively detect a cluster of
magnetic nanoparticles in a human body and also to detect the position and the concentration of the
clustered magnetic particles. In this paper, a prototype system consisting of a magnetic field generator
with an area of W500 mm × L400 mm × H210 mm and a uniform magnetic field of 370 Gauss (37 mT)
is reported. It also reported that the thin-film magneto-impedance sensor installed in the system
verified the detection of 2 mm × 1 mm small ellipsoidal magnetic chips at a distance of 27 mm from
the sensor element.

Keywords: magnetic thin film; magneto-impedance sensor; nondestructive inspection; human body

1. Introduction

A thin-film magneto-impedance sensor [1–6] is useful for detecting magnetic materials
in industrial and medical products [7–15]. The magneto-impedance sensor has the ability
to detect a cluster of magnetic nanoparticles from a particular distance [13,16–18]. A system
which can detect soft, small magnetic pieces using a thin-film magneto-impedance sensor
within a strong static field is proposed, and it can detect submillimeter-sized magnetic
particles nondestructively [19–23]. Such particles are detected by the sensor simultaneously
with magnetization using a particular magnetic structure installed with sensors. The thin-
film sensor is installed in a strong magnetic field and retained its sensitivity [21]. The reason
the sensor is able to detect a small particle in the strong magnetic field is the tolerance
against the surface normal field of the thin-film sensor, which is due to the demagnetizing
field along the thickness direction of the sensor. A system which can estimate the position
of a magnetic contaminant is proposed using a combination of a uniform vertical magnetic
field and an array of in-plane, single-directional magnetic field sensors [23]. It can estimate
both the 3D position and also the value of the magnetization. In the proposed system, the
sensing direction of the sensor, which is the in-plane direction of the thin-film sensor, is
set in the perpendicular direction to the applied strong magnetic field. Position and size
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estimation are carried out using the measured signal waveforms obtained by the nearer
two sensors while feeding the sample linearly to the measurement area.

In this study, a uniform and strong magnetic field generator for a particular large
volume applicable to a human body scan is proposed, in which both the position and the
volume of the magnetic concentration are possible to estimate. Recent progress in medical
technology utilizes magnetic nanoparticles that can be introduced into the human body.
Resovist®, a kind of super paramagnetic iron oxide (SPIO) nanoparticle, is well known
for its use in contrast-enhancement for magnetic resonance imaging (MRI). It consists of
a mixture of Fe2O3 and Fe3O4 nanoparticles having paramagnetic properties. It has a
bio-compatibility with the human body, thus many trials of medical applications using
iron oxide magnetic nanoparticles, such as those for magnetic separation [24], magnetic
drug delivery [25], magnetic targeting [26], and hyperthermia for cancer treatment [27],
have been undertaken recently. Detection of locally concentrated magnetic nanoparticles,
such as those present in a cancer or a lymph node, is becoming important for the purpose
of preoperative detection of cancer metastasis. A high-sensitivity magnetic field sensor
combined with such a field generator is a candidate for use in such a medical diagnostic test.

2. Concept of the Measurement System

In this section, a magnetic field generator which is capable of applying a whole human
body scan with a combination of a thin-film magneto-impedance sensor for detecting
the magnetic leakage field from a cluster of magnetic nanoparticles is proposed, and the
concept of this system is introduced.

Figure 1 shows a schematic image of the proposed inspection system. It consists of
a soft, rectangular magnetic core and magnets with opposite magnetic poles facing each
other from each inner side of the core. The magnetic core works as a closed-loop magnetic
field in order to make the inner magnetic field greater. On the inner surface of the magnets
there are magnetic flux homogenization plates that consist of soft magnetic material of
high-saturation magnetic flux density. Due to the effect of this homogenization plate, it
is possible to compose the magnet on one side of several separated magnets that make
a uniform magnetic field. After this, the proposed magnetic structure is able to make
a uniform field in strength and of a constant directional field in the space between the
upper and lower magnets. This measurement system was developed for the application
of a small-sized work piece [22], and we have also proposed a method for estimating the
position of a magnetic particle [23].

Figure 1. Schematic image of proposed inspection system. (The dotted arrow explains a generated
magnetic field).
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Figure 2 is an image of the measurement of a human body using the proposed in-
spection system. A cluster of magnetic particles is magnetized by the generated uniform
and constant directional field, and an array of magnetic sensors which are set inside the
magnetic field is able to detect the field coming from the magnetized particle cluster. This
system offers the advantage of detecting low-remanence magnetic particles due to the fact
that the sensor measures the magnetic particles simultaneously with the magnetization
inside the strong magnetic field. In this system, the magnetic sensor is a thin-film sensor
in which the sensing direction is along the direction of the film plane, and which sets it
in the uniform and constant directional strong magnetic field with the sensing direction
set perpendicular to the magnetic field. The sensor works by retaining high sensitivity
even in such a strong magnetic field due to the property of tolerance against the surface
of the normal magnetic field. Based on our previous study, the position estimation of the
small magnetic piece was realized using a measurement system which possesses the same
structure shown in Figure 2.

Figure 2. Image of the measurement of a human body using the proposed inspection system.

The study induced an analytical equation for estimating 3D position based on the
equation for a magnetic field generated by a magnetic dipole. The resultant estimation
shows that the height of the small piece, h, is calculated by the equation h = 2 × XSP when
the chips are run through just above the sensor, where XSP is a position of extreme value of
the measured magnetic waveform obtained by the sensor. Figure 3 explains the relationship
between the feeding height of the magnetic dipole and its measured waveform of magnetic
flux density obtained by the sensor, which is shown in Ref. [23]. The waveform indicates
variation as a function of the feeding position of the dipole at a particular height. It shows
that the relationship between the feeding height h and the position of extreme point XSP
is h = 2 × XSP. The position of extreme point XSP is an important parameter for position
estimation [23]. Then, the longitudinal dimensions of the measurement area must have a
larger value, which is the value of h’/2, where h’ is the height of the expected maximum
measurement area of a magnetic piece. In this study, the height of the measurement area
was assumed to be 225 mm, which is available from the human body. The average value of
the chest depth of a Japanese male is reported to be 212 mm [28]. Owing to the height of the
measurement area, the longitudinal dimension is assumed to be 112.5 mm as a minimum
value, which is based on the demands of the height estimation. The dimensions of the
prototype system were designed as 200 mm on each side, taking into consideration the
effect of the magnetic field expanding in the fringe area. Because this dimension is needed
for both the + and − directions, the actual longitudinal dimensions of the system were set
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at 400 mm and were in the feeding direction. In this study, the measurement area, which
has a uniform vertical magnetic field, was designed as W700 mm × L400 mm × H225 mm.
This longitudinal dimensions can be decreased when the sensor arrays are set on both
sides of the measurement area, especially when they are set on the surface of the lower and
upper sides of the magnetic homogenization plate.

Figure 3. Relationship between the feeding height of a magnetic dipole and the position of an extreme
point of measured magnetic flux density [23].

In our proposed system, the magnetic sensor is a thin-film magneto-impedance sensor
driven by 400 MHz high-frequency electric circuit [20]. The merit of this circuit was
introduced by our previous article. It has the ability to realize a high sensitivity for driving
the thin-film MI sensor, and also makes it possible to align the sensors in a suitable bias
field position in the strong magnetic field of the measurement area. The MI sensor needs
a particular value of the magnetic bias field, so it must be set by controlling the position
and azimuthal angle of the sensor element within the strong field of the system. In our
prototype system, a particular slight distribution of the vertical field, which has a partial
vector along the sensor’s sensing direction, is generated and makes it possible to control
the sensor bias point. The driver circuit was suitably designed for this purpose. An
electrically adjustable attenuator is set in our circuit and can switch the operation mode
from differential amplification to single-ended amplification by setting the attenuation
value to the maximum. In this case, the signal output of this circuit indicates the value of
the sensor impedance. This circuit is effectively used for adjusting the sensor position and
direction by monitoring the sensor impedance value for the purpose of adjusting the bias
point of the sensor operation.

Figure 4 shows a schematic explanation of the bias field adjustment. The sensor’s
driver circuit, in which the attenuator is set as the maximum attenuation, outputs a signal
that is negatively proportional to the sensor impedance. In this case, if the profile of the
magnetic field distribution is known in advance, then it is possible to set the sensor in a
suitable position. It is desirable to design the partial vector of the magnetic field to have a
slight variation along the sensor’s sensing direction. In this study, the direction is matched
to the feeding direction of the system. In this case, it is possible to adjust the sensor bias
point by controlling the sensor position mechanically in the feeding direction. It is well
known that high-frequency electric circuits which drive more than 100 MHz have difficulty
setting an electrical switch in the circuit due to the demand of impedance matching. The
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proposed driver circuit has the advantage of this function in addition to realizing a high-
sensitivity measurement using the MI sensor. The combination properties of an MI sensor
and a magnetic field generator are shown in the latter part of this article.

Figure 4. Schematic explanation of the bias field adjustment using a field distribution.

3. Experimental Results

In this section, an actual fabrication of the proposed system is shown. Verifications of
the structure of the generated magnetic field and also verification of the sensor installation
set in the strong magnetic field with the sensing direction perpendicular to the strong
magnetic field are shown here.

3.1. Experimental Apparatus

The structure of the magnetic field generating apparatus which was designed and
fabricated in this study is explained.

Figure 5 indicates the design layout of our proposed field generation apparatus. This
is a magnetic field generator which is made of square sections of NdFeB magnets and
magnetic homogenization plates. The left figure is of the side view and the right one is the
plan view of the apparatus. It consists of a pair of units having the upper and lower ones
with the opposite magnetic poles facing each other. One of the units has 18 magnets, with
the dimensions of each magnet being W100 mm × L100 mm × H20 mm, to form a magnet
array of 3 × 6 matrix layout. The magnet is a product that is being marketed. The magnetic
field homogenization plate has dimensions of W740 mm × L450 mm × H12 mm. It was
made of S45C soft magnetic steel. The distance between magnets was set as 20 mm width X
and 45 mm length Y. The middle law of the magnets in the three laws were directly fixed on
the homogenization plate, which is shown in the left side of Figure 5. The magnets laws on
both sides had a particular distance from the plate for the purpose of making the in-plane
directional bias field around the upper side of the directly fixed middle-law magnets. The
position of the sensor array was actually a particular distance from the central position
in order to control the sensor bias point at a suitable magnetic field value by controlling
the sensor longitudinal position. The magnets of each law were fixed on a base plate
made of S45C steel. This base plate has dimensions of W900 mm × L120 mm × H12 mm
and was fixed on magnets on another side of the homogenization plate. The base plates
were designed to be connected with the side steel walls of the apparatus to form a closed
magnetic structure, which is the same structure of the magnetic core in Figure 1. In this
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study, the distance between the two homogenization plates was designed as 225 mm, and a
uniform magnetic field with a slight distribution is generated between them.

Figure 5. Design layout of the proposed field generation apparatus. (Unit: mm).

Figure 6 shows a perspective photograph of the fabricated measurement system. This
system has a moving table for carrying the measured work piece, such as a human body
or industrial products. The materials used in this system were selected as non-magnetic
materials, such as SUS304, aluminum and thermosetting resins. An electrical actuator and
sliding rail units for feeding the carrying table were set just above the floor to minimize
the magnetic effect on the measurement sensors. In this photo, there is a gaussmeter
on the carrying table for verifying the generated magnetic field. A digital oscilloscope
for measuring and memorizing the distribution of the magnetic field was set beside the
apparatus. The measurement of the magnetic field profile was carried out using the
automatic feeding table by positioning the hall probe in various width and height positions.

Figure 6. Perspective view of the fabricated measurement system.
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3.2. Magnetic Field Distribution

An experimental confirmation of the fabricated magnetic field distribution was carried
out and reported here. It confirms the wide area uniformity of the magnetic field and also
that the magnetic field is at the sensor position which is suitable for sensor operation.

Figure 7 shows a schematic of the measurement procedure of the magnetic field profile.
In this measurement, magnetic flux density in Z-direction Bz was measured by the feeding
Hall probe at a constant speed of 100 mm/s. The original point of the measurement
coordinates was set in the middle of the surface of the lower homogenization plate. The
measurement area ranges from −300 mm to +300 mm in the feeding Y-direction, from
−500 mm to +500 mm in the width X-direction and from +38 mm to +174 mm in the vertical
Z-direction. The position on the carrying table in which the Hall probe was set just above
the surface was with z = 38 mm.

Figure 7. Schematic of the measurement procedure of the magnetic field profile. (Unit: mm).

From here, the measurement results of the generated magnetic field by our proposed
system are shown.

Figure 8 shows the measured magnetic field when the vertical position was z = 38 mm,
which is just above the upper surface of the carrying table. The Bz suddenly rose up almost
above the edge of the homogenization plate, which was y = ±225 mm, and there was an
almost flat Bz area above the plate. The value at the center of the plate was 370 G (37 mT).
The waving variation existed around the top of the table in which the variation range was
lower than 2%. In this case, the Bz was apparently constant as a function of transverse
position x.
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Figure 8. Measured magnetic field Bz at the vertical position z = 38 mm.

Figure 9 shows the case of z = 93 mm, which is 20 mm lower from the vertical middle
height. In this case, the value of the center position was the same value, Bz = 370 G (37 mT),
as the previous result. The field value gradually decreased as it got closer to the edge of
the homogenization plate. At the edge of the transverse range, x = ±300 mm, the value
was 330 G (33 mT), which was 11% decreased from the center value. This was expected
by the preliminarily carried out magnetic field simulation and was caused by the effect of
magnetic flux line expansion outward from the strong area.

Figure 9. Measured magnetic field Bz at the vertical position z = 93 mm.

Figure 10 is the overlapping expression of the field variation as a parameter of vertical
height z. The horizontal axis represents the feeding position Y, and the vertical axis
represents the flux density Bz. The transverse position was fixed at x = 0, which was on the
center line. The parameter z ranged from z = 38 mm to z = 174 mm, which was within the
distance between the homogenization plates, 225 mm. The result show that the vertical
flux density was almost the same value independent of the height position. Of special note,
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the value of the central position was a constant 370 G (37 mT). A slight difference existed at
around the fringe area of the homogenization plate. This result shows a verification that
our proposed structure is able to generate an almost constant vertical magnetic field of
370 G (37 mT) within a W500 mm × L400 mm × H210 mm area, with degradation in the
fringe area of less than 10% compared with the center value.

Figure 10. Overlapping expression of the field variation Bz on feeding position Y as a parameter of
vertical height Z. (Unit of z: mm).

From here the magnetic structure designed for controlling the bias field of the MI
sensor is explained. As shown in the previous explanation of this paper, the MI sensor
needs a particular bias field for operation. In the case of our sensor, which is made of
Co85Nb12Zr3 amorphous thin film, the bias field is roughly 17 Oe (1.35 kA/m). In order
to utilize a high-sensitivity magnetic sensor having a tolerance against the strong field
directed in the substrate’s surface normal direction of the thin-film MI sensor, the bias field
is indispensable. In this section, the concept of the formation of the bias field structure in
this system, which is suitable for a sensor array configuration having multiple sensors in a
line at intervals, is introduced.

The method of bias field adjustment was introduced in the previous section in this
paper, which was carried out using the sensor position controlling mechanism along
the tangential direction of the surface of the homogenization plate. The sensor driver
circuit in our proposal made it possible to adjust the sensor position mechanically in
the strong magnetic field, which is more than 20 times larger compared with the bias
field. The magnetic field generating apparatus was designed for this purpose. It has a
distributed vertical field just above the middle law of the magnet array. The distribution
has a partial vector along the Y-direction which changes as a function of the Y-position. If
this distribution has a particular range of magnetic field, the bias field control is realized.

For the purpose of verifying the bias field generation in this system, magnetic field
simulation was carried out due to the difficulty of the actual measurement of it inside the
vertical strong field.

Figure 11 shows the compared results of the measurement and simulation. This is
the profile of magnetic flux density Bz as a function of the feeding directional Y-position.
The measurement is the same result as is shown in Figure 10. It shows the cases with the
vertical positions z = 38 mm and z = 93 mm. The simulated results are shown by dashed
lines and the measurements are shown by solid lines. The simulation was carried out
using Maxwell 3D (ANSYS, Inc., Canonsburg, PA, USA). The results are in good agreement.
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Therefore, the simulation is a reliable estimate of the field distribution in the vicinity
of the homogenization plate. The sensor element is designed to be set at z = 5 mm in
this system due to a mechanical restriction, which is a 5 mm altitude from the surface
of the lower homogenization plate. A difficulty in the precise measurement of magnetic
flux density comes from the difficulty in accessing the Hall probe to the surface of the
homogenization plate in a strong magnetic field with a strict position arrangement against
the coordinate axis.

Figure 11. Comparison of measurement and simulation of Bz at different heights Z. (Unit of z: mm).

Figure 12 shows the simulated results of magnetic flux density at the sensor height of
z = 5 mm. The horizontal axis represents the Y-position, which is the feeding direction. The
original point is the central position of the homogenization plate. In this system, the sensor
is able to move mechanically, in parallel with the Y-axis, by keeping the sensing direction
in the Y-direction using a sliding plate onto which is mounted a sensor element. Figure 12
shows that the magnetic flux in the Y-direction linearly changes between y = −40 mm and
y = +40 mm, and the variation range corresponds to the bias field from By = −20 G (−2 mT)
to +20 G (+2 mT). It also shows that this controlling field is kept within the transversal
position range, with x = ±300 mm. Based on Figure 5, the parameter x = 0 corresponds
to the middle position between the plate magnets, the x = 150 mm corresponds to the
position 30 mm from the center of a plate magnet, and the x = 300 mm corresponds to
the position at the center of a plate magnet. This variation range for By is suitable for
applying the sensor bias field to our sensor element, having the bias point at about 17 Oe
(17 G (1.7 mT) in air circumstances). In this case, it is possible to set the bias field at a
suitable value when the position of the sensor element is set at about y = 30 mm. The
actual fabricated magnetic structure has the possibility to include material non-uniformity
and also to include dimensional and attachment mechanical error. Even in this case, our
proposed system can adjust the bias point by controlling the sensor position by monitoring
the sensor output signal that indicates sensor impedance.

Figure 13 shows the variations in flux density in the transverse X-direction with Bx, as
a function of the feeding Y-position in the range of the bias controlling line. The Bx field is
in the transverse direction to the sensing direction. If it is the in-plane transverse direction
of the thin-film element, then a particular weakness exists against the magnetic field in this
direction. Our sensor element is capable of tolerating transverse fields of more than 50 Oe
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(50 G (5mT) in air conditions). This simulated result shows that the sensor element is able
to set and work within the range x = ±300 mm.

Figure 12. Simulated variations in magnetic flux density By on Y-position at the sensor height
z = 5 mm as a parameter of transverse position X. (Unit of x: mm).

Figure 13. Simulated variations in transverse magnetic flux density Bx on Y-position at the sensor
height z = 5 mm as a parameter of transverse position X. (Unit of x: mm).

Based on the results in this section, the proposed magnetic field generation apparatus
is capable of applying a suitable bias field to the area of the sensor array installation. The
bias point can be set by controlling the Y-position of each element aiming at a particular,
suitable magnetic bias field by monitoring the sensor output. The range of the controlling
field is designed as a suitably larger value of the bias field in order to include the uncertainty
of the material’s non-uniformity and also dimensional and attachment errors.
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3.3. Verification of Sensor Performance

In this section, an experimental verification of the measurement system in this paper is
reported. A single thin-film magneto-impedance sensor was installed in the magnetic field
generating structure reported in this paper, and it confirmed the validity and operational
performance of the system.

The thin-film magneto-impedance sensor and driver circuit which were used in this
study were the same ones which were reported previously by us [22]. A single sensor
element was installed for the purpose of confirming the functional performance, although
the magnetic field generation system was designed for installing multiple-array sensors on
a particular bias field transversal line. We used this system to attempt to detect a millimeter-
sized steel chip mounted on the surface of the complex-shaped cast aluminum work piece.
Based on recent progress in medical technology, it is possible to now include conductive
metal materials in the human body which are used for replacing the functions of the human
body. Titanium has been used for this purpose due to its biocompatibility. Examples of
such applications are as follows: artificial joints and bone, surgical bone plates and bolts
and stents and implants. Although titanium possesses very slight paramagnetic properties,
it is regarded as a conductive non-magnetic material. A conventional metal detector is well
known to be strongly affected by conductive material. An alternating magnetic field is used
for this conventional method, and a small magnetization in the vicinity of the non-magnetic
conductive material causes difficulties due to the eddy currents in the conductive material.
The eddy current generates strong noise in the detection signal, although the system
proposed in this study can detect a magnetized piece in the vicinity of such conductive
material. In this study, in order to simulate a cluster of magnetic nanoparticles in the
vicinity of a complexly shaped piece artificial bone, we tried to detect a small magnetic
chip placed on the surface of an aluminum casting. This is an initial study of our proposed
detection system. Further study using an actual bio-medical sample will be carried out as
the next steps.

Figure 14 is a photo of the measured small steel chip. It has a 2 mm length and 1 mm
width and an ellipsoidal shape resembling the shape and size of a sesame seed. It was
mounted on the end-flange surface of a cast aluminum work piece, as is shown in Figure 15.
The work piece was fed through the measurement area using the feeding table of this
system. The distance between the sensor element and the steel chip was 27 mm in the
vertical direction, which was a just above nearest position between them during feeding.

Figure 14. Photograph of the measured small steel chip.
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Figure 15. Photograph of the small steel chip mounted on the end-flange of an aluminum casting
with a complex shape.

Figure 16 shows the photo of the measurement. The flange surface mounting the steel
chip was set as it was placed at the bottom of the work piece, and it was mounted on the
feeding table. The work piece was positioned such that the chip was ran through just above
the sensor element. The dimensions of the aluminum work piece were a height of 200 mm
and a width of 380 mm.

Figure 16. Photograph of the measurement using the fabricated unit.

Figure 17 is a typical measurement result without a magnetic chip. The aluminum
casting without the chip was mounted on the feeding table. The table started moving at the
time t = 0, where a step-up signal was detected, and it stopped at time t = 105 s, where a
step-down signal was detected. The feeding speed in this study was 10 mm/s. The sensor
can detect 1 mG in the feeding direction as 0.1 V output. The measured result in this figure
shows an increasing tendency as a function of time, and then as a function of the table
position. The reason for this increasing tendency was the existence of a steel plate at the
bottom of the feeding table that was used to fix it mechanically to the feeding actuator. The
variation range was almost 2.3 V of sensor output, corresponding to a 23 mG variation in
static magnetic field in the sensor’s sensing direction.
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Figure 17. Typical measurement result without magnetic chip. (Feeding speed: 10 mm/s).

Figure 18 shows the result when the small steel chip was set on the work piece. It
clearly detected the existence of the millimeter-sized small chip at a distance of 27 mm from
the sensor element using the proposed system in the study. The system can detect it even
in the vicinity of non-magnetic conductive bulk metal.

Figure 18. Measurement result when the small steel chip was set on the work piece, as shown in
Figure 15. The dotted circle indicates the signal of magnetic chip. (Feeding speed: 10 mm/s).

Figure 19 is a display hard-copy of the measured digital oscilloscope. Figure 18 is
a direct plot of its digitized and memorized sampling data. It is understood that the
detection was clearly carried out, even though there was no application of any post-filtering
procedures for eliminating noise from the measured signal. A consideration of the cause
and level of the noise in this measurement and the detection limit are explained in the
following discussion section.
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Figure 19. Display hard-copy of the measured digital oscilloscope, during the measurement of
Figure 18.

4. Discussion

In this section, the target specifications of the system developed for medical applica-
tions is discussed.

From the view point of sensor sensitivity, a prior study utilized a Hall probe which had
a sensitivity of 1 μT for detecting magnetic nanoparticle concentrations [29]. It achieved the
detection of 140 μg of iron which was contained in 5μL of a fluid of “superparamagnetic
iron oxide nanoparticles” at a distance of 10 mm. It was detected by applying a 50 mT
static magnetic field to magnetize the nanoparticles. It utilized a special magnetic structure
which could install the Hall probe at the magnetic null point. Based on this prior study,
the proposed system in this paper has an advantage in sensitivity. The applied static field
in this paper is 37 mT, about 3/4 of the prior study’s. In the measurement system which
detects magnetic particles using a magnetic sensor simultaneously with magnetization
in a static magnetic field, there is a relationship between the magnetization strength and
the detection sensitivity of the particle. Considering this effect, an improvement in the
sensitivity of the sensor is needed for our sensor system to put into practice the position
and size estimation. In order to improve the sensor’s sensitivity, noise reduction in the
sensor’s driver circuit is needed.

Regarding the size of the sensor element, the smaller element size has higher precision
in position and size estimation, especially when the detected particle is becoming nearer
to the sensor element. The reason is the spatial distribution of the detected magnetic
field coming from the magnetized particle. The 1 mm sensor element in this paper has a
disadvantage from this view point. A newly developed, small size magneto-impedance
sensor would be applicable [30]. Additionally, the development of an estimation method for
a precise magnetic field using a large sensor element would be considerable. The magneto-
impedance sensor has the ability to detect magnetic particles tens of microns in size [19],
which are feeding along in the vicinity of the element. There is a particular possibility for
developing a method which can estimate a magnetic field as if it were detected by a point
sensor using a magneto-impedance strip–shaped element.

From the view point of the realization of the sensor array using multiple sensors,
the development of a small unit of the sensor’s driver circuit having a low noise and
high-sensitivity is indispensable. A fundamental concept of the driver circuit was already
proposed, as shown in this paper, and thus an effort towards miniaturization is the point of
future development.
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The sensor’s driver circuit which was used in this experiment was the same one as
in the previous report [20–22]. The uncertainty of the measurement was discussed in the
previous paper, in which the circuit noise waveform was shown in Figure 16 in Section 3.
Discussion of Ref. [20]. A 0.2 V periodically repeated dipping noise was present with
the time interval of 0.67 s. The same figure is reposted in Figure 20 in this paper. This
noise is assumed to come from the 400 MHz oscillator, and would be erased by a more
sophisticated circuit design. The measurement noise, which is shown in the actual display
of the oscilloscope, as shown in Figure 19, was the same level as that in Figure 20. Therefore,
by refining our driver circuit, the detection level of the magnetic small piece is expected to
be well improved. It is the subject of a future study.

Figure 20. The 0.2 V periodical dipping noise of the sensor’s driver circuit [20].

The detection limit of this measurement system is discussed as the final aspect of
this paper. It is easily understood that the limit is determined by the sensor sensitivity
and also the strength of the magnetic dipole, with the latter having the same meaning as
the magnetic moment of the measured sample. The magnetic moment is derived from
a multiplication of the magnetization and the sample volume. It is also affected by the
distance between the magnetic moment and the sensor. With increasing distance, the
strength of the magnetic field coming from the magnetic moment at the sensor position
decreases. In order consider the system sensitivity, we have to consider three parameters:
sensor sensitivity, the magnitude of the magnetic moment and the detection distance. The
fundamental equation for this consideration is a simple one, which was already discussed
in our previous work [19,23]. Figure 21 is one of the reposts of this work [19]. It shows a
variation in magnetic flux density at the sensor element position as a function of feeding
height. The magnetization was assumed as 1 T, and the diameter of the sphere particle
was a parameter. Based on this consideration, a φ 20 μm magnetic sphere can be detected
by a sensor having a 10−8 T sensitivity at a distance of 3 mm. In order to expand the
consideration for the case of a cluster of nanoparticles, we have to consider the dispersed
magnetic particles in a particularly shaped volume. Dispersion of the particle concentration
inside the volume also needs to be considered, and these are expected as subjects of
future study.
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Figure 21. Variations in magnetic flux density at sensor element position as a function of feeding
height z [19]. (The magnetization of particle: 1 T. The diameter of the sphere particle φ: parameter.
The configuration of measurement system is the same as this paper).

5. Summary

A uniform and strong magnetic field generator was developed which is applicable
to a human body scan. A sensor system in combination with a uniform strong magnetic
field and also an array of thin-film magneto-impedance sensors within the strong magnetic
field was designed, fabricated, and experimentally evaluated. The magnetic field in the
measurement area was uniform in strength and was directionally aligned with a structure
having adequate volume to insert a human body. The thin-film sensor was set in the
vicinity of the magnet with its sensing direction perpendicular to the strong magnetic field.
This system has the ability to detect a stray field of magnetic particles and also to estimate
their 3D position and concentration. As a result, a prototype of a magnetic field generator
with an area of W500 mm × L400 mm × H210 mm and with a uniform magnetic field of
370 Gauss was developed, and a thin-film magneto-impedance sensor was installed in it.
Experimental verification showed that the 2 mm × 1 mm ellipsoidal small magnetic chip,
which generated about 1 mG (10−7 T) at the sensor, was detected at a distance 27 mm from
the sensor.
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Abstract: Magnetoimpedance (MI) biosensors for the detection of in-tissue incorporated magnetic
nanoparticles are a subject of special interest. The possibility of the detection of the ferrogel samples
mimicking the natural tissues with nanoparticles was proven previously for symmetric MI thin-film
multilayers. In this work, in order to describe the MI effect in non-symmetric multilayered elements
covered by ferrogel layer we propose an electromagnetic model based on a solution of the 4Maxwell
equations. The approach is based on the previous calculations of the distribution of electromagnetic
fields in the non-symmetric multilayers further developed for the case of the ferrogel covering. The
role of the asymmetry of the film on the MI response of the multilayer–ferrogel structure is analyzed
in the details. The MI field and frequency dependences, the concentration dependences of the MI for
fixed frequencies and the frequency dependence of the concentration sensitivities are obtained for
the detection process by both symmetric and non-symmetric MI structures.

Keywords: magnetic multilayers; magnetoimpedance; modeling; magnetic sensors; magnetic biosen-
sors; magnetizable nanoparticles; ferrogels

1. Introduction

Demands for fast development of small biomedical devices have increased the interest
in magnetic biosensors. They are compact analytical devices with magnetic physico-
chemical transducers for the evaluation of the concentration of components of interest [1,2].
In general, magnetic sensors can be divided into two groups: magnetic sensors for label-free
detection processes [3,4] and magnetic devices for detection of magnetic labels [1,2,5,6].
Although label-free magnetic detector prototypes were of special interest recently [7,8], a
major part of the studies is related to the possibility to detect magnetizable nanoparticle con-
centrations [9,10]. There are different solutions for the detection: in “in vitro” experimental
models [1,10–12], nanoparticles inside living cells [13,14], in continuous flow in medical
devices or in blood flow [15,16], as a part of the implants or embedded into a natural tissue
or artificial composites mimicking a natural tissue [5,17–19]. Many types of magnetic field
sensors were tested in a simple “laboratory” device configuration just to ensure the proof
of the concept. A recent overview might be useful for advanced reading on this subject [20].
The improved levels of sensitivity now available with respect to the applied magnetic field
allow one to propose very new applications of magnetic field sensors which would be
unthinkable at lower levels of sensitivity [21,22].

Magnetoimpedance (MI) is one of the effects ensuring very high sensitivity with
respect to magnetic field and detection of fields of the order of up to 10–8 Oe. The MI
phenomenon consists in the change of the total impedance of a ferromagnetic conductor in
the presence of an external magnetic field [23]. The interest in MI is related to the design of
small magnetic-field detectors for different application areas–from non-destructive testing
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and vehicle control to the magnetic detection of the signals closely related to the living
system functionality and magnetic marker detection [9,19,24]. The magnetoimpedance
phenomenon was previously observed and studied in different soft ferromagnets obtained
by rapid quenching, electrodeposition, magnetron sputtering and other methods [25].
However, from the point of view of the compatibility with existing semiconductor elec-
tronics and in view of specially requested packaging of sensor array and miniaturization,
multilayered film-based MI elements with the total thickness of magnetic layers are one
of the most suitable magnetic materials for magnetoimpedance applications [26]. The MI
effect was predicted to reach the highest value, theoretically described and experimentally
tested for three-layered structures in MI “sandwich” configuration (Figure 1a) for which
two ferromagnetic layers (F) of the equal thickness are separated by the conductive non-
ferromagnetic central layer (C) of the same thickness as the ferromagnetic layers [27,28]. In
this case, when the thickness of the top (FT) and the bottom (FB) ferromagnetic layers is
the same, the structure is called “symmetric” [29]. As the theory predicted the highest MI
value for symmetric structures, the non-symmetric structures (with FT �= FB, Figure 1b)
were not experimentally studied.

  
  

(a) (b) (c) (d) 

  
(e) (f) 

≠

He
d0

U U −iωt

d2
d1

w

d0

U U −iωt

d2
d1He

Figure 1. Schematic representation of the MI multilayered structures. Symmetric structures of “sandwich” type with
equal thicknesses of ferromagnetic and conductive layers (a). Non-symmetric structure of “sandwich” type with different
thicknesses of ferromagnetic top and bottom layers (b). Symmetric MI structure with equal thicknesses of top and bottom
identical multilayers consisting of ferromagnetic soft magnetic sub-layers separated by non-ferromagnetic spacers and
conductive central layer (c). Non-symmetric MI structures with different thicknesses of top and bottom multilayers
consisting of ferromagnetic soft magnetic sub-layers separated by non-ferromagnetic spacers and conductive central layer
(d). Studied non-symmetric multilayered films: the multilayer with ferrogel placed onto the surface of thin layer (e) and
onto the surface of thick layer (f).

In the case of permalloy thin films, the need of nanostructuring, i.e., substitution of
thick ferromagnetic FeNi layers by the multilayered structures of [F/X]m (Figure 1c) was
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rather carefully discussed in the literature [30,31]. This step is necessary due to the existence
of the transition into a “transcritical” state [31,32]. Non-symmetric multilayered structures
(Figure 1d) were studied experimentally and theoretically [26,29]. Non-symmetric MI struc-
tures with open magnetic flux can be obtained by sputtering deposition of top and bottom
ferromagnetic layers with different thickness [5,26]. However, there are no theoretical
studies for the case of magnetic nanoparticles (MNPs) detection by a magnetic biosensor
with non-symmetric MI elements (Figure 1d).

In the course of the development of MI thin-film-based prototypes for the detection
of MNPs embedded in natural tissue an intermediate solution was proposed. Synthetic
composites consisting of a polymer matrix with embedded MNPs–ferrogels substituted for
the biological tissues at the first stage of the development of the biosensor [5,17]. MNPs in
ferrogel are dispersed swollen in water forming an elastic cross-linked polymeric network.
The mobility of MNPs in a ferrogel depends on two parameters: the diameter of the MNPs
and the distance between adjacent crosslinks of the gel network. Ferrogels’ properties
in many senses can mimic the main properties of biological samples, being similar to
the cytoskeleton. Their structure in the simplest way can be described as a polymer
network with electric charges localized on macromolecule filaments of the network and free
counterions. The last are dispersed inside the polymeric network in the liquid phase [17,33].
Although ferrogels-covering detection by the MI symmetric structures was demonstrated
experimentally and a satisfactory model was proposed [5,34], the non-symmetric structures
for such detection were still not analyzed.

In this work, we propose a new model in order to describe the MI effect in non-
symmetric multilayered elements covered by a ferrogel layer. The theoretical approach
is based on the previous calculations of the distribution of electromagnetic fields in non-
symmetric multilayered films further developed for the case of the ferrogel covering. The
influence of the asymmetry of the film on the MI response of the multilayer–ferrogel
structure is analyzed.

2. Model

2.1. Field Disrtibution and MI in Multilayer–Ferrogel Structure

The studied [F/X]m/F/C/[F/X]n/F multilayered structure is a rectangular MI element
with transverse effective magnetic anisotropy. The induced magnetic anisotropy is formed
due to application of the technological magnetic field during multilayer deposition. The MI
element consists of a highly conductive non-ferromagnetic central layer C of a thickness 2d0
and two external multilayers: ferromagnetic top and bottom parts. The external multilayers
contain soft magnetic sub-layers F of thickness d2 separated by non-ferromagnetic spacers
X of thickness d1. The corresponding conductivities of the materials C, X and F are σ0, σ1
and σ2. The multilayered element length and width are l and w, respectively. The film
structure is non-symmetric, that is, the top external multilayer is either thicker than the
bottom one, m > n, either thinner than the bottom multilayer, m < n. The layer of ferrogel
with the thickness of d3 is placed on the top surface of the film structure (Figure 1e,f).
The driving voltage is used to feed the element: U = Udrexp (−iωt) (t is the time ω is the
angular frequency of the electromagnetic filed and i is the imaginary unit).

The driving voltage is applied to the MI element (Figure 1e) in the geometry of
longitudinal MI. the external magnetic field He is parallel to the long side of the element in
the flowing current direction. We assume the dependence of the electromagnetic fields on
the coordinate perpendicular to the film plane (x-coordinate) only. Such an assumption is
possible due to the fact that the length of the multilayer and its width are much higher than
the thickness of the multi-layered structure. That is it the one-dimensional approximation is
used. The Maxwell equations can be solved and the amplitudes of the longitudinal electric
ej and the transverse magnetic hj fields in the sub-layers can be written as follows [29]:

ej = (cpk/4πσk)[Aj cosh(pkx) + Bjsinh(pkx)], (1)

hj = Ajsinh(pkx) + Bj cosh(pkx). (2)
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Here j = 1, . . . 2 (m + n + 1) + 1 is the sub-layer number; subscript k = 0, 1 and 2
corresponds to the central conductive layer, spacer and magnetic sub-layer, respectively.
Aj and Bj are the constants; pk = (1 − i)/δk; δk = c/(2πωσkμk)1/2; c is the speed of light in
vacuum; σk and μk are the conductivity and the transverse permeability values for the
material k. For the non-ferromagmagnetic central layer and spacers we assume μ0 = μ1 = 1.

The distribution of the fields within ferrogel layer can be expressed as follows [35]:

eg = [Ag cosh(p3x) + Bgsinh(p3x)]/ε1/2, (3)

hg = Agsinh(p3x) + Bg cosh(p3x). (4)

Here eg and hg are the amplitudes of the electric and magnetic field in the ferrogel; Ag

and Bg are the constants; ε is the permittivity of the ferrogel and p3 = −iωε1/2/c.
In order to describe the distribution of the field outside the structure consisting of a MI

multilayered element and a ferrogel the approximate solution for the vector potential in the
previously obtained general form was used [36,37]. The corresponding field amplitudes in
the particular geometry for the external regions can be be expressed as follows:

eext,q = Cq
iωl
2cw

[
l

2w
ln
(

R + w
R − w

)
− 4x

l
arctan

(
wl

2Rx

)
+

w
l

ln
(

R + l
R − l

)]
, (5)

hext,q = Cq(2/w)arctan(wl/2Rx). (6)

Here the subscripts q = 1 and q = 2 correspond to the bottom and top external region,
respectively; Cq are the constants and R = (l2 + w2 + 4x2)1/2.

To describe completely the distribution of the electromagnetic fields within the studied
structure, the constants in Equations (1)–(6) should be found. The continuity conditions
for the amplitudes of the electric and magnetic fields at the interfaces between different
sub-layers of the film, j < 2 (m + n + 1), can be presented in the form:

ej = ej+1 , hj = hj+1. (7)

Additional restrictions for the values of the field amplitudes are obtained from the
excitation condition of the multilayered film. We should take into account that the driving
voltage is applied to the multilayer region −t1 < x < t2, where t1 = d0 + nd1 + (n + 1)d2
and t2 = d0 + md1 + (m + 1)d2. Then, the boundary conditions are given by the following
expressions:

eext,1(−t1) + Udr/l = e1(−t1) ,
hext,1(−t1) = h1(−t1 − d3) ,
e2(m+n+1)+1(t2) = eg(t2) + Udr/l ,
h2(m+n+1)+1(t2) = hg(t2) ,
eg(t2 + d3) = eext,2(t2 + d3) ,
hg(t2 + d3) = hext,2(t2 + d3) .

(8)

Equations (7) and (8) allow one to find all constants in Equations (1)–(6). After that,
the impedance Z of the multilayered structure can be obtained as a ratio of the applied
voltage to the total current flowing through the multilayer [33,34]:

Z = Udr

⎡
⎣w

t2∫
−t1

σ(x)e(x)dx

⎤
⎦
−1

=
4π

cw
× Udr

h2(m+n+1)+1(t2)− h1(−t1)
. (9)

2.2. Static Magnetization Distribution and Transverese Permeability

The field and frequency dependences of the MI response in the multilayered structure
are determined by the transverse permeability μ2 in the soft magnetic sub-layers. At rela-
tively high frequencies, the permeability μ2 is governed by the magnetization rotation [25].
It is assumed that all magnetic sub-layers have uniaxial in-plane magnetic anisotropy, and
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the angle ψ of deviation of the anisotropy axis from the transverse direction is relatively
small. The deviation of the anisotropy axis from the transverse direction in real multilayers
is related to the influence of different factors, in particular, the shape anisotropy and local
non-uniformities.

The influence of the ferrogel layer on the MI response is related to stray fields induced
by MNPs. The stray fields change the magnetization distribution in the soft magnetic sub-
layers and affect the transverse permeability μ2. To describe the influence of the stray fields
on the MI effect it is assumed that the ferrogel layer generates a spatially uniform effective
field Hp in the multilayer [34,35]. The value of Hp is proportional to the concentration of
MNPs in the ferrogel, since it was found that the ferrogel saturation magnetization Msat
increases linearly with the concentration of MNPs of iron oxide which are biocompatible
materials widely used in biomedical applications [34,36,38].

Following the approach developed previously [34], the dependence of the ferrogel
magnetization Mg on the external magnetic field is approximated by the following linear
function:

Mg = Msat(He − Hc)/(H1 − Hc). (10)

where Hc is the coercive force of the ferrogel and H1 is the value of the external magnetic
field close saturation, i.e., Mg ≈ Msat. By the assumption, the effective field Hp is oriented
in the opposite direction with respect to the magnetization vector in the layer of ferrogel.
To simplify calculations, we assume that the effective stray field Hp is proportional to the
ferrogel saturation magnetization Msat. In addition, we neglect the spatial distribution
of the field Hp over the multilayer thickness. Although the approach simplifies the real
distribution of the stray fields, it allows one to describe qualitatively the effect of the MNPs
on the MI response in the multilayer–ferrogel structure.

The magnetization distribution in the magnetic sub-layers can be calculated by the
minimization of the free energy. Because of the above described procedure [34] the follow-
ing equation for the equilibrium magnetization angle θ can be obtained:

Ha sin(θ − ψ) cos(θ − ψ)− Hp sin(θ − ϕ)− He cos θ = 0. (11)

Here Ha is the anisotropy field in the magnetic sub-layers and ϕ = arcsin(Mg/Msat).
Note that at He << H1, Equation (11) can be simplified since ϕ ≈ 0.

The transverse permeability μ2 in the soft magnetic sub-layers can be found by means
of solution of the linearized Landau–Lifshitz equation [25], which results in the following
expression [34]:

μ2 = 1 +
ωm[ωm + ω1 − iκω] sin2 θ

[ωm + ω1 − iκω][ω1 − γHa sin2(θ − ψ)− iκω]− ω2
. (12)

Here ωm = 4πγM, M is the saturation magnetization of the magnetic sub-layers, γ is
the gyromagnetic constant, κ is the Gilbert damping parameter and:

ω1 = γ[Ha cos2(θ − ψ)− Hp cos(θ − ϕ) + He sin θ]. (13)

3. Results

The proposed model allows one to analyze the MI effect of non-symmetric multilay-
ered elements with a ferrogel covering. The simulations were carried out for multilayered
films with a copper central layer, permalloy Fe20Ni80 magnetic sub-layers with close to
zero magnetostriction and titanium spacers.

Further, we use the following parameters of the permalloy sub-layers: the saturation
magnetization M = 750 G, the conductivity σ2 = 3·1016 s−1, the anisotropy field Ha = 6
Oe, the anisotropy axis deviation angle ψ = −0.1π and the Gilbert damping parameter
κ = 0.02. It is assumed that the thickness of the copper central layer 2d0 = 500 nm and the
conductivity σ0 = 5·1017 s−1. For the titanium spacers, we take d1 = 3 nm and σ1=5·1016 s−1.
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The length of the multilayers is 1 cm and their width is 0.2 mm. The ferrogel layer thickness
is 1 mm, and the permittivity of the ferrogel ε = 80.

To describe a relative variation of the impedance we introduce the MI ratio ΔZ/Z,
which is given by the following relation: ΔZ/Z = [Z(He) − Z(H0)]/Z(H0), where H0 = 100 Oe
is the external field sufficient for magnetic saturation of the multilayered structure. It was
found that for multilayers with the parameters mentioned above, the maximum val-
ues of the MI ratio are achieved within the frequency range from 50 to 100 MHz [29].
Figure 2 shows the field dependence of the MI ratio ΔZ/Z calculated at the frequency
f = ω/2π = 100 MHz for the non-symmetric multilayer without ferrogel and multilayer
with ferrogel for different values of the effective stray field Hp. The results are presented
only for the range of the positive fields, since the MI ratio is symmetric with respect to the
sign of the external field. The pure gel is a hydrogel without MNPs, for which stray fields
are equal to zero (Hp = 0) [34,35].

  
(a) (b) 

Figure 2. MI ratio ΔZ/Z as a function of the external field He at f = ω/2π = 100 MHz for the multilayered element with
ferrogel placed onto the surface of thin layer (m = 3, n = 4) (a) and onto the surface of thick layer (m = 4, n = 3) (b) (see also
Figure 1e,f). Curves 1, multilayered film without gel; curves 2, film with pure gel (hydrogel) (Hp = 0); curves 3, Hp = 0.25 Oe;
curves 4, Hp = 0.5 Oe; curves 5, Hp = 0.75 Oe. Parameters used for calculations are l = 1 cm, w = 0.2 mm, 2d0 = 500 nm,
d1 = 3 nm, d2 = 100 nm, M = 750 G, Ha = 6 Oe, ψ = −0.1π, σ0 = 5 × 1017 s−1, σ1 = 5 × 1016 s−1, σ2 = 3 × 1016 s−1, κ = 0.02,
d3 = 1 mm, Hc = 6.5 Oe, H1 = 750 Oe and ε = 80.

When the gel sample is placed onto the surface of the magnetoimpedance element
(Figure 1e,f) MI ratio increases due to high permittivity of the gel as it was observed
previously for the symmetric structures [33,34]. The effective stray field increases with
the concentration of MNPs in the ferrogel due to a growth of the ferrogel saturation
magnetization. As a result, the MI ratio decreases with an increase of the stray field Hp.
However, observed behavior (in the case of non-symmetric MI elements) is differ from the
results obtained for corresponding symmetric structures [34,35].

It follows from Figure 2 that the MI ratio ΔZ/Z is higher when the ferrogel layer is
placed onto the surface of the thin layer. The dependence of the MI ratio on the position
of the ferrogel layer is related to changes in the distribution of the electromagnetic fields
within the multilayer in the presence of the ferrogel. It was demonstrated that the MI ratio
is maximal for the symmetric multilayer without ferrogel at not too high frequencies [29].
Thus, the symmetric distribution of the electromagnetic fields within the multilayer is
preferable in order to achieve highest values of the MI ratio. In the case when the ferrogel
is placed onto the surface of the thin layer, the field distribution within the multilayer
becomes more symmetric. On the contrary, when the ferrogel is placed onto the surface of
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the thick layer, the asymmetry in the field distribution is enhanced, which results in the
decrease of the MI ratio (Figure 2).

To analyze the effect of the ferrogel layer positioning with respect to the magnetic
layers of the non-symmetric structure on the MI response, we use the maximum MI
ratio (ΔZ/Z)max, which corresponds to the maximum value of ΔZ/Z at a fixed frequency.
Figure 3 shows the frequency dependence of (ΔZ/Z)max calculated for the non-symmetric
multilayer with different positions of the pure gel (hydrogel) without MNPs. Within the
low frequency range, the application of the gel onto the surface of thin layer (Figure 1e)
allows one to obtain higher values of (ΔZ/Z)max.

Figure 3. Frequency dependence of maximum MI ratio (ΔZ/Z)max: curve 1, multilayered film
without gel; curve 2, multilayer with pure gel (hydrogel) placed onto the surface of thin layer (m = 3,
n = 4); curve 3, multilayer with pure gel placed onto the surface of thick layer (m = 4, n = 3) (see also
Figure 1e,f). Other parameters used for calculations are the same as in Figure 2.

There is a frequency range approximately from 25 to 50 MHz where the difference
between MI ratio for two positions under consideration exceeds 10% of (ΔZ/Z)max, which
is sizeable difference. At sufficiently high frequencies (above 150 MHz), the values of the
maximum MI ratio depend slightly on the gel position: whether it is placed onto the thin
or thick multilayer part (Figure 3).

The influence of the stray fields induced by MNPs on the frequency dependence of
the maximum MI ratio is illustrated in Figure 4. The presence of the stray fields results
in a decrease of (ΔZ/Z)max value with an increase of the concentration of MNPs in the
ferrogel [7,34]. This fact is due to a decrease of the transverse permeability in the magnetic
sub-layers under action of the stray fields. The dependences shown in Figure 4 describes
qualitatively experimental results obtained previously [5,7,20,34]. The calculated frequency
dependences of (ΔZ/Z)max are similar for both the positions of the ferrogel layer, however,
the maximum MI ratio is higher when the ferrogel is placed onto the surface of thin
multilayer (Figure 4).
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(a) (b) 

Figure 4. Frequency dependence of maximum MI ratio (ΔZ/Z)max for the multilayered sensitive element with ferrogel
placed onto the surface of thin layer (m = 3, n = 4) (a) or onto the surface of thick layer (m = 4, n = 3) (b) (see also Figure 1e,f).
Curves 1 correspond to the multilayered film without gel; curves 2, film with pure gel (hydrogel) (Hp = 0); curves 3
Hp = 0.25 Oe; curves 4, Hp = 0.5 Oe; curves 5, Hp = 0.75 Oe. Other parameters used for calculations are the same as in
Figure 2.

The MI response is sensitive to the stray field Hp created by the MNPs, and hence the
studied multilayer–ferrogel structure could be used to determine the concentration of the
MNPs in the ferrogel in a simple and reliable way by MI measurements. In order to simulate
the nanoparticle concentration dependence of the MI, the maximum MI ratio (ΔZ/Z)max as
a function of the stray fields intensity Hp is obtained. Figure 5 shows the dependence of
(ΔZ/Z)max on Hp calculated at different frequencies in a low and intermediate frequency
range. For both ferrogel layer possible positions (at the surface of the thin or thick layer,
see also Figure 1e,f), the dependence has a nearly-linear behavior for all frequencies, what
can be useful for practical purposes of the rapid definition of the concentration of MNPs.

  
(a) (b) 

Figure 5. Maximum MI ratio (ΔZ/Z)max as a function of the field Hp at different frequencies for the multilayer with ferrogel
placed onto the surface of thin layer (m = 3, n = 4) (a) and onto the surface of thick layer (m = 4, n = 3) (b) (see also Figure 1e,f).
Other parameters used for calculations are the same as in Figure 2.
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Let us introduce the concentration sensitivity of the MI response Sc, which is defined
as follows:

Sc = −∂(ΔZ/Z)max
∂Hp

. (14)

Figure 6 shows the frequency dependence of the concentration sensitivity calculated
for different multilayer–ferrogel structures at selected frequencies. In a low-frequency
range, maximum concentration sensitivity is achieved for symmetric multilayer. For the
non-symmetric multilayers, the sensitivity Sc is higher when the ferrogel is placed onto the
surface of the thin magnetic layer of the MI element. For three studied multilayered films,
the values of Sc become the same at the frequency of 150 MHz. At higher frequencies, the
concentration sensitivity drops and has higher values for the non-symmetric multilayers
(Figure 6).

Figure 6. Frequency dependence of the concentration sensitivity Sc: curve 1, symmetric multilayered
film (m = n = 4); curve 2, non-symmetric multilayer with ferrogel placed onto the surface of thin layer
(m = 3, n = 4); curve 3, non-symmetric multilayer with ferrogel placed onto the surface of thick layer
(m = 4, n = 3). Other parameters used for calculations are the same as in Figure 2.

4. Discussion

Magnetic biosensors for MNPs detection in natural tissues are a recent imaging area.
Although the possibility of the MNP detection inside living cells was demonstrated almost
15 years ago [13–15], the detection of the MNPs inside cells (typical sizes are 10–100 μm) is
quite similar to an “in vitro” detection of biomolecular labels [1,11,39]. The principle of the
magnetic label detection is an evaluation of the sum of the stray fields of all magnetizable
particles. The MI effect showed its capability for sensing stray fields of MNPs at relatively
large distances due to the very high sensitivity with respect to the applied magnetic
field. The low sensitivity was a reason why for a long time the development of magnetic
biosensors was no possible [39,40].

Recently we have reported w promising way for the detection of magnetic particles in
blood vessels in the course of model experiments with multilayered [FeNi (100 nm)/Cu
(3 nm)]5/Cu (500 nm)/[Cu (3 nm)/[FeNi (100 nm)]5 magnetoimpedance sensitive ele-
ments [41].

In addition, we discussed a hypothetical procedure in which the definition of the local
concentration of magnetic carriers could be also used for correct definition of the start time
for magnetic hyperthermia. Such an approach, i.e., combination of a number of functions
assigned to the magnetic nanoparticles is a very hot topic, indicating some new theranostic
directions [42].

Two asymmetric geometries for the detection of a flat ferrogel covering seem to be
more useful for regenerative medicine cases. However, one can think about controlled drug
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release, biocompatible valves and actuators controlled by development of a magnetic field,
or monitoring of the matrices for growing cells and tissues including growing conditions
in a magnetic field as it was previously discussed for symmetric multilayered MI-sensitive
elements [43]. In the case of controlled drug release it can be combined with magnetic
hyperthermia [42,44] and control of the local concentration of MNPs by a magnetic field
sensor.

As the next step, based on the model developed here, a module for commercial multi-
physics software could be built. Our previous experience with symmetric MI structures in
simpler cases was positive and fruitful [45]. Then, after verification, technology transfer to
the high-tech industry should become possible.

The distance between the sensor surface and the magnetic label is a critically important
parameter for the correct evaluation of the change in the output signal of a magnetic sensor.
Ideal magnetic labels for biomedical detection are identical spherical superparamagnetic
biocompatible MNPs, i.e., they all carry the same magnetic moments in an applied magnetic
field of a certain strength. In our previous work, we proposed treating the assay of identical
superparamagnetic labels as an additional layer of the multilayered structure [29]. Here,
because of the theoretical comparison of symmetric and non-symmetric multilayered
structures covered by a ferrogel layer we do observe the difference. The results obtained
can be useful for improving the magnetoimpedance biodetector sensitivity.

In the described model, we were based on the results of our previous experiments,
in which it was demonstrated that the magnetization of a polyacrylamide ferrogel with
iron oxide nanoparticles increases linearly with increasing particle concentration [5,34].
Accordingly, the model assumes that the stray fields generated by the ferrogel are also
proportional to the particle concentration. Moreover, the proportionality coefficient in the
linear dependence of the field Hp on the concentration has not been discussed anywhere,
since it cannot be determined from general considerations.

In principle, one can imagine a ferrogel in which the particles behave differently (for
example, some sort of ordering of the antiferromagnetic type can occur). In this case,
the dependence of the ferrogel magnetization on the concentration will indeed become
nonlinear, but in any case, the magnetization will increase with increasing concentration.
Qualitatively, the results of the model will not change for more complex magnetization
behaviour, it is only necessary to change the linear dependence for another increasing
function. However, the analysis of more complex dependences of the field Hp on the
particle concentration is beyond the scope of this work.

The number of layers in MI structure analyzed here was proposed based on previous
experimental and theoretical studies of FeNi-based multilayers [17,26,28]. High MI in a
frequency range below 100 MHz is observed for [F/X]m/F/C/[F/X]n/F with m ≈ n and
with the thickness of the [F/X]m multilayered structures of about 0.5 μm. This roughly
gives 20 < n, m < 3 for reasonable number of the sub-layers. A large m value results in the
increase of the contribution of the interfaces, lower m causes transition into a “transcritical”
state [30,31,46]–both causing the decay of MI effect value and sensitivity.

Special efforts for the development of MI biosensors is made both theoretical and
experimental development of new designs of low field sensors with enhanced sensitivity,
the possibility of magnetic noise reduction, simple design allowing the point-of-care usage,
devises, adapted to microfluidic technologies, lab-on-a-chip packaging and sensor array
design [47–49]. Magnetic biosensors are in their way of step-by-step replacement of many
current diagnostic systems in laboratories and medical care points.

5. Conclusions

In this work, a theoretical description of the MI effect in non-symmetric multilayered
elements covered by a ferrogel layer is developed. A model based on a solution of the
Maxwell equations in the one-dimensional approximation allows one to find the distri-
bution of electromagnetic fields in non-symmetric multilayers with ferrogel coverings.
The symmetric distribution of the electromagnetic fields within the multilayer insures the
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highest values of the MI ratio. In the case of non-symmetric MI multilayered structures
when the ferrogel is placed on the surface of the thin layer, the field distribution within the
multilayer becomes more symmetric. When the ferrogel is placed onto the thick layer, the
asymmetry in the field distribution is enhanced, resulting in the decrease of the MI ratio.

Within the low frequency range, placing the ferrogel onto the surface of thin layer
increases the maximum MI ratio (ΔZ/Z)max. At frequencies above 150 MHz, the values
of (ΔZ/Z)max depend only slightly on the ferrogel position (onto thin or thick multilayer
part). The presence of the stray fields results in a decrease of (ΔZ/Z)max value with an
increase of the concentration of MNPs in the ferrogel due to a decrease of the transverse
permeability in the magnetic sub-layers under action of the stray fields. The calculated
frequency dependences of (ΔZ/Z)max are similar for both the positions of the ferrogel layer.
However, the maximum MI ratio is higher when the ferrogel is placed onto the surface
of a thin layer. The studied multilayer–ferrogel structure could be used to determine the
concentration of the MNPs in the ferrogel by MI measurements, since the MI response is
sensitive to the stray field Hp. For both ferrogel layer positions (onto the surface of thin
or thick layer), the concentration dependence (ΔZ/Z)max(Hp) has a nearly linear behavior
for all frequencies. The sensitivity of the MI response for non-symmetric multilayers
calculated for different multilayer–ferrogel structures at selected frequencies is higher
when the ferrogel is placed onto the surface of a thin magnetic layer.
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Abstract: Multilayered [FeNi (100 nm)/Cu (3 nm)]5/Cu (500 nm)/[Cu (3 nm)/[FeNi (100 nm)]5

structures were used as sensitive elements of the magnetoimpedance (MI) sensor prototype for model
experiments of the detection of magnetic particles in blood vessel. Non-ferromagnetic cylindrical
polymer rod with a small magnetic inclusion was used as a sample mimicking thrombus in a blood
vessel. The polymer rod was made of epoxy resin with an inclusion of an epoxy composite containing
30% weight fraction of commercial magnetite microparticles. The position of the magnetic inclusion
mimicking thrombus in the blood vessel was detected by the measurements of the stray magnetic
fields of microparticles using MI element. Changes of the MI ratio in the presence of composite can be
characterized by the shift and the decrease of the maximum value of the MI. We were able to detect the
position of the magnetic composite sample mimicking thrombus in blood vessels. Comsol modeling
was successfully used for the analysis of the obtained experimental results and the understanding of
the origin the MI sensitivity in proposed configuration. We describe possible applications of studied
configuration of MI detection for biomedical applications in the field of thrombus state evaluation
and therapy.

Keywords: magnetic nanomaterials; magnetic multilayers; magnetic particles; magnetic composites;
magnetoimpedance; stray fields; biomedical applications; COMSOL modeling

1. Introduction

Nanostructured magnetic materials have become a subject of interest in the last
decades. In many senses, their popularity is based on the development of new fabrication
techniques and significant improvements of existing synthesis methods [1–3]. They attract
special attention from both the point of view fundamental physical and chemical properties
and variety of practical applications [3–5]. Among other systems magnetic nanoparticles
were in focus for their investigation in technical devices [6–8] and medical conditions [9,10].
Medical applications require the most strict protocol for nanomaterials and nanodrugs
processing [10]. The key point is evaluation of the same parameter by different techniques
and thorough characterization of nanodrugs at all stages of production, transportation and
diagnostics or therapy. A very special need in fabrication techniques with well controlled
conditions of elaboration of large batches become very clear [10,11]. The majority of the
methods of fabrication of magnetic nanoparticles (MNPs) are chemical techniques [12].
However, the electrophysical techniques of the electric explosion of wire or laser target
evaporation provide the largest single batches and green synthesis processing with low
amount of required solvents [11].

The second important type of magnetic nanostructures is thin films and multilayered
structures. They are most often used as sensitive parts of magnetic field sensors and biosen-
sors [13,14]. One of the reasons of special success of magnetic films for sensor applications
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is their compatibility with existing semiconductor electronics and high potential of packag-
ing [15]. There are different magnetic effects observed in thin film structures capable of
supporting the development of magnetic field sensors with sensitivity sufficient to detect
either biomagnetic fields or stray fields of magnetic nanoparticles used as biomolecular
labels [16]. Their efficiency and choice depend on particular conditions of the detection and
many parameters can contribute to the decision and device design. It might be a corrosion
stability in biological fluids, power consumption, optimum response in the temperature
range under consideration and many others. Importantly, in the case of small magnetic field
detectors the sensitivity with respect to applied magnetic field in the field range of a few
oersted is a key parameter [17,18]. Among others, magnetoimpedance effect (MI) observed
in different magnetic materials [19] was shown to be effective for magnetic biosensing both
biomagnetic fields and stray fields of magnetic particles [20].

One of important features of present day nanomaterials applications is their operation
in conditions when at least two magnetic components are involved in the technological
or biomedical process. The search for optimum conditions of the application (optimum
functional properties) becomes quite complex because the best conditions for one of the
materials might be far from being optimum for another one. It this case the whole system
optimization goes in a direction of the search for most favorable work interval in which
each one of the materials might be functioning not with the best but acceptable performance.
The simplest example of such system is a magnetic particle creating stray fields in the
external magnetic field and magnetic field sensor. Application of external magnetic field
increases the magnetic moment and the value of the stray fields created in the presence of
magnetic particles: there is an extended interval in which the rule “the higher the external
field the higher the stray fields” is correct. However, external magnetic field detector may
have the highest sensitivity with respect to the applied magnetic field in the field range
where the stray fields of the particle are still too small to be detected. In this case magnetic
label detection become impossible. Summarizing, in each particular application involving
two or more magnetic materials there is a goal to search for synergetic combinations in
order to reach the best performance.

Nowadays magnetic field sensors attract attention for a variety of applications related
to detection of biocomposites containing magnetic nano- or microparticles. The possibility
of the detection of superparamagnetic nanoparticles of iron oxide by MI multilayered sensi-
tive element was shown in the case of such biomimetic materials as ferrogels [18,21]. Those
measurements were made in close proximity mode: the ferrogel sample was placed directly
onto the surface of MI multilayered sensitive element. However, the sensitivity of MI detec-
tors should be sufficient for magnetic particles (MPs) detection at the distances of the order
of 100 microns including detection of the presence of aggregates of a complex geometry.

One of such applications is a detection of MPs agglomerates in the blood vessel.
A pathological blood clot that forms during the life of a patient in the lumen arteries or
veins is denominated as a thrombus. Diseases caused by thrombosis are from the list of the
leading causes of death. Thrombosis is currently being treated by surgery, which consists in
performing a complex operation with a high-risk complication. Another way is the therapy
with the use of thrombolytics medication, having many side effects. One of the ways to
reduce side effects is targeted drug delivery to a blood clot using MPs [22]. For example,
biocompatible MPs of magnetite can be employed [2,21]. During the therapy it is critically
important to determine the local concentration of magnetic particles in the thrombus region.
Here we propose the next step of the development of this interesting idea. The task of the
local concentration definition can be solved using a MI sensor, detecting stray fields of
magnetic particles forming agglomerates in the thrombus area.

The aim of this work is to study the effect of stray magnetic fields of microparticles
of iron oxide in a model geometry imitating a blood clot in a blood vessel. It is done by
experimental study of magnetoimpedance responses of multilayered sensitive elements
based on permalloy at different positions magnetic sample made of composite material
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(epoxy resin and magnetite particles). In addition, Comsol modeling of stray fields is used
for the analysis of the obtained experimental results.

2. Materials and Methods

2.1. Materials

For magnetoimpedance sensitive element, we selected configuration with open mag-
netic flux (Figure 1) [21]. It consisted of a number of layers of the same width and length
deposited onto the glass substrate one on the top of the other (Figure 1). Metallic masks
were used during the magnetron sputtering deposition of the layers. The MI element was
deposited through the mask with the shape of the stripe (0.5 × 10 mm) by dc magnetron
sputtering onto a glass substrate. The deposition was prepared with a background pressure
of 3 × 10−7 mbar and a working Ar pressure of 3.8 × 10−3 mbar. During the deposition
process an in-plane constant magnetic field Hd = 100 Oe was applied along the short
side of the MI elements for inducing a transverse uniaxial in-plane magnetic anisotropy.
Therefore, the direction parallel to the short side of the rectangular stripe along which
the technological magnetic field was oriented during film deposition was expected to be
an easy magnetization axis (EMA). The direction along the long side of the rectangular
MI element was expected to be the hard magnetization axis (HMA). The deposition rates
for each part of the multilayered structure (copper and permalloy) were calculated in
previous calibrations. As it was proposed in previous works [21,23–25] the magnetic layers
of permalloy before and after the Cu-lead were nanostructured by Cu-spacers in order to
avoid the transition into a “transcritical” state [26–28].

Figure 1. Scheme of multilayered [FeNi (100 nm)/Cu (3 nm)]5/Cu (500 nm)/[Cu (3 nm)/[FeNi
(100 nm)]5 MI sensitive element. EMA—easy magnetization axis; HMA—hard magnetization axis;
Iac—high frequency alternating current flowing along the rectangular MI element; H—external mag-
netic field applied during magnetic measurements. Technological magnetic field during deposition
was applied along the short side of the MI element.

Figure 1 shows the general arrangement of the layers of magnetoimpedance [Fe21Ni79
(100 nm)/Cu (3 nm)]5/Cu (500 nm)/[Cu (3 nm)/[Fe21Ni79 (100 nm)]5 elements with a
copper conductive central lead. One can see that the used configuration is a symmetric
MI structure.

In addition, despite the complexity of the structure it consists of the magnetic layers
of two compositions: Cu and FeNi. For their deposition pure Cu and alloyed FeNi targets
were used. Although in our previous works discussing both experimental and theoretical
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results for FeNi/Ti and FeNi/Cu based systems the higher MI variations were found for
FeNi/Ti based multilayered element [21,29], FeNi/Cu based elements are much easier
to fabricate.

Cylindrical polymer rod with the diameter of about 5.1 mm and approximately 54 mm
length was used for model experiments. The sample mimicking thrombus in a blood
vessel was made of epoxy polymer, and it was combined of three sections along its length.
Both end sections (25 mm each) were non-ferromagnetic epoxy polymer, the central section
(4 mm) was a ferromagnetic inclusion. It was made of a filled epoxy composite containing
30% weight fraction of commercial (Alfa Aesar, Ward Hill, MA, USA) magnetite submicron
sized particles (Fe3O4 phase—94 weight%; Fe2O3 phase—1 weight%; FeO(OH) phase—
5 weight%). According to SEM microphotographs the particles were quasi-spherical and
their caliper diameter fall within 0.05–0.50 micron with a median value 0.30 μm. Saturation
magnetization of magnetite particles was 84 emu/g, remnant magnetization was 6.6 emu/g,
and coercivity was 78 Oe.

The model sample was prepared with the epoxy resin KDA (Chimex Ltd., St. Pe-
tersburg, RF) as a polymer matrix. Epoxy resin was mixed with a tri(ethyl)-tetra(amine)
hardener (Epital, Moscow, Russia) in a 6:1 weight ratio. Magnetite particles were vigor-
ously mixed with liquid epoxy resin at 25 ◦C for 10 min in order to obtain a homogeneous
mixture. The curing of the combined model sample was performed in a polyethylene
tube in a stepwise manner. At the first step the blank epoxy composition was cured in
the tube, which was vertically positioned, then the filled epoxy composition was cured on
top of the blank epoxy polymer, and finally the blank epoxy composition was placed and
cured on top of the magnetic central section. Each curing step was done for 2 h at 70 ◦C.
The control sample (control) was also prepared by curing the blank epoxy resin cylinder
without magnetic particles (0.0% concentration composite).

2.2. Experimental Methods

The average grain size of the microparticles and their shapes were evaluated by
scanning electron microscopy, SEM (JEOL JSM-7000 F, Japan) for the set of the particles
spread onto carbon conductive tape. The magnetic properties of the multilayered sensitive
elements were studied using magneto-optical Kerr-microscopy (MOKE). Both magnetic do-
mains and magnetic hysteresis loops were studied using Kerr-microscope (Evico Magnetics
GmbH, Dresden, Germany). The magnetic hysteresis loops of epoxy resin and magnetic
filled composite were measured at room temperature by a vibration sample magnetometer
7407 VSM (Lake Shore Cryotronics, Westerville, OH, USA).

The longitudinal MI effect was measured, i.e., external applied magnetic field (H) and
the high frequency alternating flowing current (AC) were parallel to each other (Figure 2).
MI measurements were made by the automatic system based on Agilent HP E 4991 An
impedance analyzer (Agilent, Santa Clara, CA, USA) at room temperature in an external
magnetic field created by Helmholtz coils. The in-plane magnetic field in the range of
±150 Oe was applied along the long side of the MI element in the direction of the alternating
current flow for the currents in the frequency range of 1–400 MHz. This frequency range
was selected taking into account both the length of the MI element and its expected
sensitivity with respect to an applied field [21]. As before, the system was carefully
calibrated for the extraction of the intrinsic impedance values [15,21].

The experimental detection of the magnetic insert mimicking thrombus in blood
vessels was carried out as a model experiment as follows. The MI element was incorporated
into a “microstripe” line using silver paint. The impedance of the MI element was measured
at various positions of the center of the magnetic inset with respect to a center of the MI
element. The magnetic insert inside the non-ferromagnetic tube was placed at a distance
of 1.1 ± 0.2 (mm) above the MI element surface (Figure 2). The tube was parallel to the
surface of the MI element and its axis was perpendicular to the long side of the element.
The tube and the magnetic insert can be displaced along the axis perpendicular to the long
side of the MI element (along the OX axis).
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Figure 2. Scheme of the model experiment for detection of magnetic insert mimicking thrombus in the blood vessel by a
magnetoimpedance multilayered sensitive element (a). Scheme of Comsol modeling of the stray fields of the cylindrical
sample of magnetic composite. Positions at the distances of 0, 1, 2, and 4 mm along the OX direction are shown as different
rectangular elements for obtaining a visual effect. Magnetization value M = 2.5 G (b).

Magnetic composite inset was previously magnetized in a high external magnetic field
up to 10 kOe, resulting in the remnant magnetization of the sample due to the magnetic
hysteresis [30]. During the experiment, the remnant magnetization (Mr = 2.5 G) of the inset
was directed along the OY axis and remained constant in the external field range. The zero
position (an origin) was considered to be the center of the MI element (Figure 2).

For the MI response description, we used the magnetoimpedance ratio (MI ratio) (1),
the MI ratio sensitivity (2) and the MI response (3) which were calculated as follows:

ΔZ/Z = 100 × Z(H)− Z(Hmax)

Z(Hmax)
(1)

S(ΔZ/Z) =
δ(ΔZ/Z)

δH
(2)

Δ(ΔZ/Z) = ΔZ/Zcontrol − ΔZ/Zposition (3)

where Hmax = 100 Oe and δ(ΔZ/Z) is the change MI ratio for the total impedance at the
change of the magnetic field δH = 0.1 Oe, ΔZ/Zcontrol is the total impedance MI ratio
with the control; ΔZ/Zposition is the total impedance MI ratio with the magnetic insert
located in the certain position. For MI frequency dependence analysis, the change of the
maximum value of the total impedance ΔZ/Zmax was provided. The experimental error in
the impedance determination was within 1%. To estimate the random error in the setting
of the magnetic insert position, the experiment was carried out three times on different
days. Random error was estimated as follows:

.
Δ(ΔZ/Z) = σ × t (4)

where σ—standard deviation of ΔZ/Z, t = 4.3—Student coefficient of t-distribution for n = 3 [31].

2.3. Magnetic Stray Field Distribution Modeling

Nowadays computer modeling becomes more and more requested in the cases when
magnetic filled composites are involved in the detection process. Among other reasons
of usefulness of them we would like to mention the fact that the existing techniques of
the structural evaluation of magnetic materials based on magnetic nanoparticles in many
senses are still under development [32,33]. The magnetic stray field distribution of the
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magnetic insert on the surface of the MI multilayered sensitive element was modeled in
Comsol MultiPhysics (AC/DC Module) (Comsol LLC, Switzerland, License № 17074991).
In the Comsol model, y—the component of the magnetic field Hy along the long side of the
MI element and x—the component of the magnetic field Hx along the short side of the MI
element in XY plane were calculated. The geometries of MI element (0.5 mm × 10.0 mm)
and the magnetic insert diameter 5.0 mm were taken to be the same as in the experimental
MI measurements. The origin was set in a center of the magnetic insert and coordinates
of the MI element center defined the position of the MI element. The magnetic distribu-
tion was calculated at different MI element positions along the OX axis (0.0, 1.0, 2.0 and
4.0 mm—these positions are shown as different rectangular elements for obtaining a visual
effect), the OY coordinate 0.0 mm, the OZ coordinate 1.1 mm (Figure 2b).

The magnetization of the magnetic insert (M) was directed along the OY axis and
according to the experimental data for hysteresis loop measurements M(H) it was about
2.5 G in the zero field (remnant magnetization). The detailed discussion of the magnetic
properties of the filled composite sample will be given in Section 3.

3. Results

3.1. Structure and Magnetic Properties

Figure 3 shows the hysteresis loops and selected examples of magnetic domain
structure of multilayered [FeNi (100 nm)/Cu (3 nm)]5/Cu (500 nm)/[Cu (3 nm)/[FeNi
(100 nm)]5 MI sensitive element measured along EMA and HMA. It is clearly seen that
deposition in an external magnetic field resulted in formation of well-defined uniaxial
induced magnetic anisotropy along the short side of the rectangular stripe. The shapes of
the hysteresis loops are in accordance with magnetic domain structures and special features
of magnetization processes for magnetization along EMA and HMA. Magnetic domains
in zero applied field (after saturation) are typical for soft ferromagnet bar domains with
in-plain orientation of magnetization corresponding to opposite directions in “white” and
“black” patterns. Closure domains near the borders of the MI element were shown to have
complex structure [34] but this point is not under consideration in the present work. Mag-
netization process along the short side was characterized by domain wall displacements,
coercive force defined for the top layer was of the order of 9 Oe (Figure 4b).

It is worth mentioning that magnetooptical signal passes to the permalloy for at
most 40 nm. Taking into account direct and return pass, we obtained 20 nm information
length [30]. For HMA the magnetization process occurs by the pure rotation for a magnetic
field applied along the long side of the MI element. Thus, multilayered nanostructures
have induced in-plane uniaxial magnetic anisotropy along the short side of the element
and the anisotropy field of about 5 Oe. This ensures the work interval of the magnetic field
sensor in the range below 5 Oe being quite convenient for applications.

Figure 4a shows SEM images of iron oxide nanoparticles that were used for fabrication
of epoxy composites. Despite the fact that the shape of the microparticles varies, in a most
general description we can say that they tend to be quasi-spherical and their average caliper
size is about 300 nm. As a result of the analysis of the magnetic hysteresis loops the magnetic
properties of the epoxy composite can be described as follows: coercivity Hc = 85 Oe,
specific saturation magnetic moment ms = 23 emu/g, residual specific magnetic moment
mr = 1.8 emu/g (Figure 3a), saturation magnetization Ms = 29 G, remnant magnetization
Mr = 2.5 G (Figure 4b,c).

The specific magnetic moment of the control composite (without magnetic particles)
can be described as weak diamagnetic response, which was four orders of magnitude
smaller than a magnetic response of the magnetic composite itself. The specific magnetic
moment of saturation of magnetic microparticles, calculated from magnetic measurements
of the composite and in accordance with the direct measurements of the NPs is of the order
of 65 emu/g, which is in accordance with the values for magnetic particles of magnetite of
such a size [35].
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Figure 3. Magnetic hysteresis loops and selected examples of magnetic domain structures of MI element measured by
Kerr–microscopy. (a,b) Along the short side of the MI element (EMA) or (c,d) long side of MI element (EMA). Surface
magnetic domain images for the MI element: magnetic field of 9 Oe (coercive force) applied along the EMA (b); magnetic
field of 5 Oe (approaching the anisotropy field) or close to zero applied along the HMA.

Figure 4. General view of magnetic particles used as a filler for fabrication of the epoxy composites—SEM (a). Magnetic
properties of the magnetic composite: (b) specific magnetic moment; (c) magnetization.

3.2. Detection by MI Sensitive Element

Figure 5 shows MI responses (maximum MI ratio) of multilayered sensitive element as
a function of the frequency of the driving current. For the whole magnetization cycle of the
MI element there are “up” (from −150 Oe to 150 Oe) and “down” (from 150 Oe to −150 Oe)
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branches of the MI curves. Inset for Figure 5a shows the field dependences of the MI ratios
for the total impedance. One can see that the field dependence of the MI ratio “up” and
“down” curves are “mirror-symmetric” with respect to each other. However, each one
of them is not symmetric with respect to the H = 0 axis. Such a behavior was previously
observed many times and for each particular MI material and sensitive element the reason
or a number of reasons causing such a behavior can be different. We will briefly mention
some of the reasons—high order type of effective magnetic anisotropy, longitudinal static
magnetic hysteresis, insufficient value of the applied field, etc. [36–38] but their discussion
is also not considered for the present work.

Figure 5. (a) Frequency dependence of the maximum value of the MI ratio. In the insert the field dependence of the MI ratio
at 85 MHz high-frequency current. (b) “Down” curves of field dependence of the MI ratio at 85 and 337 MHz of the driving
current frequency.

The maximum MI ratio (close to 160%) observed at the frequency of 85 MHz also cor-
responds to a maximum of the magnetic field sensitivity (41%/Oe). We define the working
interval of magnetic sensor as the field range corresponding to maximum sensitivity: here
it is 3–5 Oe. After 87 MHz as the driving current frequency increases, the MI ratio decreases,
and the sensitivity and the maximum value of the MI ratio also are decreasing (Figure 5b).
Magnetoimpedance is a spectroscopic technique—the measurements can be done and
evaluated for a number of the frequencies of the interest. We therefore selected two values
of the driving current frequency for the analysis: the frequency for the highest sensitivity
with respect to the applied field and high frequency for which dielectric contributions are
high but the magnetic field sensitivity of the multilayered element is still sufficient for the
detection process.

Earlier we have investigated the MI responses of the multilayered film sensitive ele-
ments in the presence of micro- and nanoparticles on their surface or using polyacrylamide
gel coverings [15,18]. Gels and ferrogels contain a large amount of water in their structures,
contributing to MI signals due to high dielectric constant, which is especially strong at high
frequencies. This circumstance defines strict conditions for the quality of the gel or ferrogel
samples: their shape and weight must be controlled thoroughly. We therefore decided
at the first stage of the development of the model experiments for thrombus detection to
use composites with low dielectric response of the matrix. Epoxy resin dielectric constant
(ε = 3.49 at 25 ◦C) is low in comparison with dielectric constant of liquid water being
around 78.4 for low frequency ranges below 100 kHz. In a MHz range such a difference
becomes even higher. With this selection of the matrix MI measurements become less
demanding to the deviation of the weight and the shape of the samples of the composites,
the dielectric effect can be neglected as making very small contribution.
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Further, for simplicity we consider the “down” MI ratio curves only. As the magnetic
field composite sample approaches the MI element, the stray magnetic fields of the magnetic
particles affecting the surface of the MI element increase. It leads to the MI ratio decreases
and MI curves peaks become shifted along the H axis (Figure 6). According to the existing
theoretical approaches [21,37,38] such a behavior in the longitudinal MI geometry can be
explained as follows. The shift of the MI ratio curves is due to the appearance of the parallel
component of the effective magnetic field directed along the long side of the MI element.
The decrease in the maximum MI ratio value is due to the perpendicular component of the
magnetic field directed perpendicular to the long side of the MI element. The shift of the
MI curves without the strong change of the maximum MI ratio (−4 and 4 mm) is similar to
the case of an additional shift field opposite to the external magnetic field along the long
side of the element. The largest decrease in the maximum value of the MI ratio corresponds
to the position when the center of the magnetic filled composite sample is situated just
above the center of the MI element.

Figure 6. Field dependences of the MI ratio at the driving current frequencies of 85 (a) and 337 MHz (b) for different
positions of epoxy composite samples (see also Figure 2a). MI responses of multilayered [FeNi (100 nm)/Cu (3 nm)]5/Cu
(500 nm)/[Cu (3 nm)/[FeNi (100 nm)]5 MI sensitive element itself and epoxy resin sample without magnetic particles are also
given. Numbers indicate displacements in mm of the center of the cylindrical composite from zero position corresponding
to the point just above the center of the MI element being elevated by 1.2 mm from the free side of the element.

Maximum variations of the MI ratio in course of the change of the position of the filled
composite were observed at the driving current frequency of 85 MHz corresponding to
the maximum MI sensitivity with respect to external magnetic field (Figure 6a). In some
cases, MI curves related to the symmetric positions of the magnetic composite sample
(for example, −3 and 3 mm) do not match to each other. One of the reasons is possible
magnetic heterogeneity of the composite as for the filling rather large particles were used.
Another reason could be an experimental error in the displacement definition. Despite this
uncertainty, the results are very clear. The position of the magnetic filled composite sample
was well detected based on the analysis of the maximum value of the MI ratio.

For the analysis of the maximum MI value, the maximum response of the MI element
was observed at the position when the center of the composite was above the center of the
MI element: the MI response is almost zero at the magnetic composite position (−4 and
4 mm) (Figure 7a). However, the ΔZ/Z(H) curve maximum is quite wide. For practical
reasons, the detection of the maximum is not always the optimum procedure (it requires
some iteration measurements for the definition of peak position).
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Figure 7. GMI response at the different positions of the magnetic insert: maximum MI ratio (a), in the sensitive range of the
magnetic field (b). Arrows point to the points that correspond to the magnetic insert boundaries.

Let us select the sensitive range of the external magnetic field and analyze MI responses
for H = 4.1 Oe. At the magnetic composite position (−4 mm, 4 mm) ΔZ/Z(H = 4.1 Oe)
ratio value was about 30%. It indicates that, although, magnetic composite is situated
far from the center of MI element, even the magnetic stray fields can be easily detected.
However, the MI response at the central position of the magnetic insert (0 mm) corresponds
to a local minimum and ΔZ/Z(H = 4.1 Oe) was weaker than in the cases for ΔZ/Zmax
(Figure 7b). The reason can be that the stray magnetic field shifts effective external field
point (4.1 Oe) from the sensitive range as the effective field is a superposition of the external
field and stray field strength corresponding to each particular space point. Moreover,
the perpendicular to the long side of the MI element magnetic stray field component
can reduce the working interval of magnetic sensor as well. Therefore, the next step in
understanding of the results of the composite detection was made in the direction of the
calculation of the geometry of the stray fields of the cylindrical composite.

3.3. Magnetic Modeling

According to the Comsol-based modeling, the stray magnetic field distribution is
uniform throughout the thickness of thin film element, thus we consider stray magnetic
field on the surface of the MI element. As the position of the center of magnetic composite
sample approaches the position just above the center of the MI element, the Hy stray
magnetic field component increases. At the position of the magnetic composite just above
the center of the MI element (OX = 0 mm), the stray magnetic field value was as high as
about 3 Oe. It was concentrated in the central region of the MI element (±2 mm along OY
axis) and it had the opposite sign with respect to the Y coordinate. At the edges of the
MI element, stray magnetic fields had the same direction as the OY axis being about 1 Oe.
When the magnetic composite position changes away from the center of the MI element,
magnetic field concentration region is expanded and the stray magnetic field strength
decreases (Figure 8a).

The Hx stray magnetic field component is almost zero at the position OX = 0 mm.
At the other positions (OX: 1, 2 and 4 mm) stray magnetic field strength was about 1 Oe.
It was oriented in opposite directions with respect to the OX axis in symmetric regions
around the OY = 0 mm position (Figure 8b). In the presence of the stray magnetic field along
the long side of the MI element (along the OY axis) without component along the short
side (along the OX axis), the MI curves just shift along the field axis and the maximum
MI ratio does not change. In the model magnetic fields distribution at the magnetic
composite position just above the MI element Hx value is almost zero. However, the MI
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measurements show the largest decrease in the MI ratio (Figure 6). The reason for this is
that the magnetic composite consists of relatively large magnetic particles each of which
has an individual magnetic anisotropy axis. Thus, an effective magnetic anisotropy axis
for the whole magnetic composite sample is affected by the distribution of the individual
axes of the particles. Additionally, as the magnetic composite has a cylindrical form,
demagnetization factors contribute to the position of the effective magnetic anisotropy axis
as well. Unfortunately, in such circumstances we cannot calculate exact parameters for the
direction of the magnetization in the magnetic composite. However, we can suggest some
deviation of the cylindrical magnetic composite sample magnetization from the OY axis in
the XY plane and describe the result qualitatively.

Figure 8. Stray magnetic fields distribution on the surface of the MI multilayered element for different positions of the
magnetic composite sample placed at a distance of 1.2 mm from the surface of the MI element. Magnetic composite
magnetization is directed along the OY axis: Hy stray magnetic field component along the long side of the MI element (a);
Hx stray magnetic field component along the short side of the GMI element (b). Mr—the magnetization direction of the
magnetic composite in XY plane.

Let us consider that the magnetic composite sample magnetization is directed at
an angle of 15◦ with respect to the OY axis. The Hy stray magnetic fields component
distribution is almost the same as in the case without magnetization deviation (Figure 9a).
However, the Hx stray magnetic fields component distribution is significantly different.
The Hx stray magnetic fields component is about −1 Oe and oriented in the opposite
direction with respect to the OX axis throughout the MI element length at the position
of the magnetic insert is above the GMI element (OX = 0 mm). At the other positions
(OX: 1 mm, 2 mm, 4 mm), magnetic field distribution can be described by selection of two
characteristic regions. The magnetic stray field in these regions is oriented in opposite
directions along the OX axis (as in the case without magnetization deviation), but these
regions have different areas and stray magnetic field strengths. An exception is the position
at 4 mm displacement where magnetic field distribution is close to the case without
magnetization deviation (Figure 9b).

Since the described theory [21] includes the model with uniformly distributed stray
magnetic fields on the surface of the MI element in contrast to our case, it cannot be fully
applied there. The results of the magnetic model with the GMI measurements can be
interpreted as follows. The maximum MI ratio depends on Hx component. If the total field
contribution of the Hx component is zero, then the maximum MI ratio does not change.
For example, at the position OX = 4 mm there are two regions of magnetic field with
opposite directions along the OX axis (Figure 9b) and the MI ratio curves just shift due
to the Hy stray magnetic field component without decrease of the maximum MI ratio.
As the magnetic composite approaches the MI element, one of these regions is expanded
in area and magnetic field strength in this region increases. This leads to the rise in the

169



Sensors 2021, 21, 3621

total field contribution of the Hx component, thus the maximum of the MI ratio decreases.
At the position OX = 0 mm the maximum value of the Hx component of the stray magnetic
field is weaker than in position OX: 1 and 2 mm, however it has one direction throughout
the MI element length (Figure 9b) and largest decrease in maximum MI ratio is observed
(Figure 6a). If there is no Hx component of magnetic field in this position, no change in the
maximum of the MI ratio will be observed.

Figure 9. Stray magnetic field distribution on the surface of the GMI element at the different positions of the magnetic insert,
the magnetic insert magnetization is directed at an angle 15◦ related to the OY axis: Hy stray magnetic field component
along the long side of the GMI element (a); Hx stray magnetic field component along the short side of the GMI element (b).
Mr—the magnetic insert magnetization direction in the XY plane.

4. Discussion

In the previous section, we experimentally demonstrated the validity of proposed
approach for detection of the position of magnetic composite by MI magnetic field sensitive
element and developed a simple model for understanding of contributions of the stray
fields of magnetic particles of the composite at its different positions.

Now we would like to discuss some possible directions for future applications of MI
sensors for thrombus state evaluation and thrombosis treatment. As it was mentioned in the
introduction, there is a visible progress in the therapy with thrombolytic medication, which
includes targeted drug delivery to a blood clot using MPs [22]. Figure 10a in schematic way
describes the normal blood flow in a vein and Figure 10b part shows the region affected by
thrombosis with irregular blood flow. The therapy involving the magnetic nanoparticles
allows significantly increased local concentration of the thrombolytic drug immobilized
onto their surface by directing them into the thrombosis region by the gradient magnetic
field. It is also important to mention that such a procedure results in significant reduction
of the time between the intravenous magnetic particles injection and their actuation time.
The last means a greater number of the particles not localized by the microphages before
their arrival to the actuation point. The main advantage of the whole procedure is a
reduction of the side effects.

However, it is very difficult to evaluate the efficiency of the drug delivery without
direct measurement of the number of magnetic particles at the therapy action point. There-
fore, we propose to evaluate the amount of the particles there by the measurements of the
superposition of their stray fields by magnetic field MI sensor (Figure 10c). Here all results
described in the previous section become useful. As soon as the concentration of magnetic
particles delivered by applied gradient magnetic field becomes non-zero at the point of
therapy the MI sensor can define both the blood clot geometry and particles concentration.
To make this possible the scanning procedure must be considered, i.e., one should measure
the MI sensor responses at different positions of the device. Exactly as it was demonstrated
above in the model experiments with filled composite samples. As it is critically important
to determine the local concentration of magnetic particles in the thrombus region during
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the therapy, after definition of a central point of the blood clot the MI measurements can be
periodically made at fixed position corresponding to a center.

Figure 10. Schematic description of the normal blood flow in a vein (a) and blood flow near thrombo-
sis affected vessel (b). Intravenous injection of magnetic particles carried on thrombotic drug and
directed toward the therapy zone (indicated by vertical dashed lines) by gradient magnetic field (c).
Magnetic field sensor evaluates the stray fields of magnetic particles accumulating in the therapy
zone in a series of displacements measurements, which can be extended by periodic measurements
of the response for evaluation of the particles concentration near the blood clot center (d). End of the
therapy and particles removal (e).
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Once the therapy has ended and magnetic particles are removed from the blood vessel
previously hosting the blood clot, the magnetic field sensor can confirm that the stray field
strength (concentration of magnetic particles) becomes very small. On one hand, we should
mention the difference between large magnetic particles used for model experiments here
and magnetic nanoparticles of the iron oxide usually designed for biomedical applica-
tions [5,11,39]. On the other hand, the only difference here would be the smaller value of
the stray fields created by nanoparticles. This would require the higher sensitivity of the
magnetic field sensor and its operation in shielded environments but such conditions are
achievable and become standards of present day applications.

The idea of the addition of the iron oxide MPs to the blood stream is widely discussed in
the literature and it is under current investigation for many purposes of theranostics [10,40–42].
There are many ways to make magnetic particles useful from magnetic imaging and drug
delivery through hyperthermia toward regenerative medicine [39,43–46]. In this particular
study, we just discussed one of possible directions of such applications combining a
previously proposed way of the treatment of thrombosis affected vessel [22] with the
help of magnetic particles delivering thrombosis drugs. The better way of the treatment
control can be achieved by the MI sensor implication. The future will answer the question
to what extent this particular approach is realistic and to what extent it can be used for
the detection of clusters (agglomerates) of artificially introduced magnetic nanoparticles
formed because of specific uptake or magnetic hyperthermia/thermal ablation. It seems
to be difficult but possible. The tendency of incorporation of biosensors is increasing [20]
and demanding additional efforts for the development of compact analytical devices for
therapies and diagnostics.

In addition, it should be mentioned that appearance of nonuniform distribution of the
magnetic deposits inside the living system is a quite typical situation. It can be connected
with internal biological structures [47] or reflect of the changes of morphology related to
the development of particular disease [48,49]. In any case, the technique to define the
morphology of such cluster (agglomerate) is highly desired for correct diagnostics.

The idea to use MI effect for the detection of the stray field of magnetic nanoparticles was
introduced and proven in 2003 [50] and its validity was confirmed by many studies [51–53].
The pico-Tesla MI sensor based on amorphous wire for biomagnetic measurements without
magnetic shielding at room temperature was described in 2012 [54]. However, thin film
based prototype is the most compatible and requested for existing production techniques,
especially for the case of magnetic label or clusters detection [17]. Despite the fact that thin
film based MI sensitive elements were intensively studied in the last 10 years and very
high sensitivities of the order of 300%/Oe were obtained [55], promising approaches are
under development. For example, a new type of MI multilayered structures with a high MI
sensitivity has been proposed recently [56]. The multilayer structure consists of a highly
conductive central layer and two outer ferromagnetic layers located below and above the
conductive layer. The upper layer is a periodic structure, of N-multilayered elements and
N + 1-regions, in which multilayered elements are absent (the upper layer is profiled). It is
shown that for a profiled structure with a decrease in the deviation angle of the effective
magnetic anisotropy axis from the transverse direction, the magnetic permeability of the
upper layer increases, which leads to an increase in the skin effect and an increase in the
MI effect. The progress in the development of the MNPs with lower size distribution and
improved properties is continuous [18,44,45]. Both increase of the magnetic field detector
sensitivity and enhanced quality of magnetic carriers contribute to the hope that proposed
model experiments become a reality soon.

5. Conclusions

Magnetic multilayered [FeNi (100 nm)/Cu (3 nm)]5/Cu (500 nm)/[Cu (3 nm)/[FeNi
(100 nm)]5 MI sensitive element was prepared by magnetron sputtering deposition in
the external magnetic field in order to create well defined induced magnetic anisotropy.
Magnetic properties, magnetization process peculiarities and magnetoimpedance effect
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were carefully analyzed. For model experiments non-ferromagnetic polymer tube was
used to design the sample mimicking thrombus in a blood vessel. Cylinder sample was
made from epoxy resin with a magnetic insert placed in the center part-filled composite
type material containing 30% weight concentration of commercial magnetic iron oxide mi-
croparticles. The detection of the position of the magnetic composite mimicking thrombus
in the blood vessel was carried out by the measurements of the stray magnetic fields of
iron oxide microparticles using magnetoimpedance sensitive element. Changes of the MI
ratio in the presence of composite can be characterized by the shift and the decrease of
the maximum value of the MI. The magnetic field sensitivity of the longitudinal MI effect
strongly depends on the value of the external field. The longitudinal component of the field
can shift working point from the sensitive range of the field and transverse component can
decrease sensitivity. We were able to detect the position of the magnetic composite sample
mimicking thrombus in blood vessels. Comsol modeling of stray fields was successfully
used for the analysis of the obtained experimental results. Although the model is rather
simple, it provides good understanding of the origin the MI sensitivity in the proposed
configuration. We describe a possible use of MI sensors for biomedical applications in the
field of thrombus state evaluation and therapy.
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