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Abstract

A detection platform based on non-linear Giant Magnetoimpedance Effect was analyzed for the
design of a contactless and low-cost detector of magnetic nanoparticles. The sensor consists of
two soft magnetic amorphous wires (CoggFe;Si13B15Cr4, 1.5 cm in length) placed in parallel
and connected electrically in series. Initially, a simple voltage divider was employed to
characterize the variations of the first, 1y and second harmonic, V¢, voltages. Their response
was analyzed under the effect of the remnant magnetic field generated by different amounts of
Fe;0, nanoparticles (mean diameter 140 nm) as a function of an external magnetic field, H. Due
to the larger relative variations showed by V3, the second harmonic was chosen for the final
prototype development. An electronic interface was designed for both current excitation and
V>, detection. The designed detection platform, characterized by high detection sensitivity, low-
cost, portable, and reusable features, can be employed to efficiently detect magnetic
nanoparticles.

Keywords: Giant Magnetoimpedance, magnetic sensors, magnetic nanoparticles, contactless
detection platform, electronic interface, sensitivity.

1. Introduction

Nanomaterials have attracted the attention of the technological and scientific sectors during the
last decades. This interest relies on the variation of the chemical and physical properties with
respect to the bulk material as a result of the diminution of their size [1]. In this sense, magnetic
nanoparticles (MNPs) have turned a very attractive tool as a result of the combination of their
excellent properties (small size, physicochemical stability, biocompatibility, low toxicity,
environmental friendly response, and low cost of production [2]—-[4] ) and the interaction with
external magnetic fields that enables their remote control through the induction of translations,
rotations, or even the generation of heat [5]. This remarkable combination of properties allows
their potential use in relevant fields, namely biomedicine (magnetic biosensing, magnetic
imaging, drug and gene delivery, magnetic resonance imaging, hyperthermia) [6] environmental
applications (pollutant removal, toxicity mitigation) [7], [8], catalysis [9] and data storage [10]
among others. Besides, the magnetic nature of these particles enables their detection and/or
guantification through the use of magnetic sensors [11]. As a consequence of this wide use, the
necessity of designing low-cost, fast time response and high sensitive MNPs detectors is getting
more and more relevant.



Different techniques have been proposed for the design of high-sensitivity MNPs detectors,
explicitly inductive sensors [12], [13], magnetoresistive sensors (MR) [14]—[17], Hall sensors [18],
[19], spin-valve sensors [20], superconducting quantum interference devices (SQUID) [21], etc.
Special attention must be paid in the biosensing field, where the most exigent conditions take
place due to the low concentrations of the detectable target, usually composed of a composite
(analyte or biological agent specifically bound to the ad-hoc functionalized MNPs’ surface [22]).
In this sense, SQUID-based devices exhibit the largest sensitivity. However, the drawbacks
related to the necessity of employing cryogenic liquids (helium and/or nitrogen) hinder their
massive use [18]. At this point, the Giant Magnetoimpedance effect (GMI) has been revealed as
a useful tool for the design of highly sensitive MNPs detectors and biosensors because of their
quick response, smaller size, higher stability, low cost [23], and especially the larger sensitivity
to low magnetic fields [24] when compared to the techniques previously indicated.

The GMI effect can be defined as the huge variations experimented by the high-frequency
electrical impedance, Z, of a ferromagnetic conductor under the effect of an external DC
magnetic field, H [25]. These variations can be understood within the framework of the classic
electrodynamics theory, where the impedance changes can be correlated to the variations
experimented by the skin depth, 6 =d6(u) = 1/7Tfac,u (u is the magnetic permeability, o, is
the conductivity of the material and f the driving frequency) through its functional dependence
with u. So, the application of an external magnetic field modifies u and consequently 6(u)
leading to measurable changes in Z. Under this principle, high-sensitive magnetic detectors have
been already proposed in the bibliography [23], [26], [27].

Different GMI MNPs detectors have been proposed based on amorphous ribbons [24], wires
[28], microwires [29] and thin-film layers [30], [31]. More recently, some devices for the remote
detection of MNPs have also been proposed to explore the possibility of in vivo applications.
This step requires larger sensitivities than usually are accompanied by more complex prototypes
and/or signal processing [32]. Thus, sensors capable of detecting distant MNPs embedded in
ferrofluids [33], or solid structures [32] have been proposed. In general, the application of an
external field is required to partially magnetize the detectable target, causing a decrease in the
detection capacity of the sensing element. In the context of the continuous searching of larger
sensitivity devices, previous works have explored the possibility of the higher capacity of
detection of the non-linear GMI effect. Generally speaking, when low amplitude current
intensities are applied, the GMI response remains linear. However, at larger intensities, a
nonlinear response may appear, leading to the existence of higher harmonics in the GMI voltage.
Focusing on the second harmonic voltage, V3, a larger sensitivity respecting the fundamental
or first harmonic voltage, Vs has been reported in the vicinity of zero external DC magnetic
field [34], [35]. These second harmonic GMI devices are based on the asymmetrical
magnetization process experienced by a high permeability ferromagnetic core. Although this
working principle is similar to (coil-less) fluxgate sensors [36], some differences can be stated
between them. Coil-less fluxgate sensors usually work under lower frequency than those based
on the GMI effect [37], giving, as a result, a negligible role of the resistance in the fluxgate sensor
output [38] in contrast with the relevance exhibited in the GMI sensors. Anyway, we previously
analyzed the Vf detection capacity for the superparamagnetic MNPs detection (Fe304) [39],
[40] where the larger detection capacity of V/; was demonstrated. Nevertheless, the detection
of these nanoparticles required the application of high magnetic fields, H, during the detection
process causing a noticeable diminution in the sensitivity of the sensor itself. As a result, a direct
contact nanoparticle-sensor was required, hindering a contactless detection procedure.



Although these superparamagnetic Fe-based particles (1-50 nm) play an important role in the
sensing field, larger MNPs in size (100- 500 nm) are also successfully employed in the
development of high sensitivity sensors and biosensors [41] [42], [43].

Accordingly, the present work aims to analyze whether the reported better performance of V¢
could be extended to larger ferrimagnetic Fe;0, (non-superparamagnetic) particles,
characterized by magnetic hysteresis and remnant magnetization. In this way, when the external
H field is removed, a remnant magnetic field, B,.n, remains, enabling the detection (and
quantification) of the MNPs even in absence of H. So, a direct comparison of Virand V;r MPNs
detection capacity is performed for its potential application in the design of new magnetic
sensors and biosensors with enhanced sensitivity. A GMI sensor composed of two soft magnetic
amorphous wires (CoggFe,Si13B15CT4, 1.5 cm in length) were submitted to the remnant field
generated by different amounts of Fe;0, nanoparticles (mean diameter 140 nm) fixed on glass
substrates. The employed configuration enabled the analysis of V1 ¢(H) and V¢(H) as a function
of the mean distance MNPs-sensor. The results confirm the highest MNPs sensitivity of the V.
The superior detection capacity was further analyzed to design a high sensitivity MNPs detection
platform capable to detect and quantify low amounts of MNPs at large distances (order of mm)
under the principles of low cost, simple design (the external magnetic field is not required),
single-step measurement process, and reusability, easing the detection process. So, the
proposed sensor enables the detection process respecting others GMI detectors at the time that
offers a larger spatial resolution where MNPs can be detected.

2. Materials and Methods

2.1 Magnetic nanoparticles

Commercial Iron Oxide, Fe304, magnetic nanoparticles (MNPs) were employed as the
detectable magnetic target (Sigma Aldrich company, 637106-25G). The particle average size
estimation has been obtained from the Transmission Electron Microscopy (TEM) measurements
performed in an “FEI TECNAI T20” microscope. A mean diameter of 140 + 50 nm was obtained
(Figure 1a). Initially, different masses, m, of magnetic nanoparticles, ranging from 1 to 15 mg
were diluted in 0.2 mL of distilled water. Then, every solution was deposited onto a square-
shaped cover glass (in the following holder) with a = 12 mm side and doy = 0.2 mm thickness.
Thus, a set of MNPs supported on the glass holders was prepared for their detection. Table 1
summarizes the characteristics for each prepared sample, where the superficial density, o =

m . .
/S' was introduced since the samples were spread over the whole holder area (S = a?).

Table 1. Set of MNPs samples prepared for detection: MNP mass, m, and superficial density, o.

Sample S1 S2 S3 sS4
m (mg) 1 3 5 15
o(™9 /mmz) 0.007 0.021 0.035 0.104

During the evaporation of water solvent, a constant DC magnetic field of Hejec = 0.4 T generated
by an electromagnet (Applied Magnetics Laboratory, 4H2-45), was applied to favor the
alignment of the magnetic nanoparticles. After the total evaporation of the aqueous solution,
the MNPs displayed a remnant magnetic field, Brem = oM, (M,: remnant magnetization)



Counts

although the removal of Hgpec. Figure 1b shows the hysteresis loop measured with a SQUID
magnetometer (MPMS-XL, Quantum Design) under a maximum applied field of 0.4 T. The non-
zero value of the remnant magnetization is clearly visible as a consequence of the large mean
nanoparticle size (above the superparamagnetic critical size). The presence of Brem would
enable the detection of the MNPs through the changes underwent by the electrical impedance,
Z, of the Giant Magnetoimpedance (GMI) sensor.
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Figure 1: a) TEM micrographs and size distribution of MNPs. b) Room temperature hysteresis loop (M-H) of the
magnetic nanoparticles. As the inset shows, the maximum applied magnetic field was 0.4T.

2.2 Sensor design

The sensing element configuration is schematically shown in Figure 2. Two parallel amorphous
wires obtained by the in-rotating-water quenching technique [44] (composition CoggFe;Si13B 15
Cry), 1.5 cm in length and 90 um of diameter, were fixed on a flat plastic substrate and
connected electrically in series through copper (Cu) connecting terminals. Such configuration
enables the enlargement of the effective detecting surface of MNPs in comparison to a single
wire element. Two supports identical to the one used for nanoparticle deposition were attached
to both sides of the wires. Thus, the MNPs samples could be placed over the magnetic wires at
a controlled distance, d (see Figure 2).

Cu connecting
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( | )
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Cu connecting
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Figure 2. a) Top and b) cross-view of the detection configuration.



2.3 Sensor characterization and MNPs detection
Since the principle of detection is based on the GMI effect, the first step was to establish the

conditions to optimize it. Thus, the sensor was placed at the center of a pair of Helmholtz coils
Am~t

that generates a uniform DC magnetic field, H, (H = (583 y) )I(A); I: electric current coil of

radius R = 4.5cm) along the axis of the wires. Simultaneously, the sensor was excited employing
a standard signal generator (Standford Research Systems DS 345) with a sinusoidal AC signal
whose amplitude was measured with an AC current probe (Tektronix P6021). The variations of

Z(Hyax) — Z(H = 0)
iy x100), in the

absence and presence of a magnetic field Hy4x = 3.8 kA/m, were registered with a commercial
lock-in amplifier (Standford Research Systems SR 844) as a function of the exciting current
frequency (ranging from 100 kHz to 1 MHz) using a voltage divider configuration (Figure 3a).

AZ
impedance, Z, namely impedance variation ratio (5 (%) =

AZ
Optimal conditions (maximum —-(%) ratios) were found for f =100 kHz and I, = 15 mA.

These conditions remained constant during the MNPs detection experiments.

Regarding MNPs detection procedure, the variations of the first, V¢, and the second harmonic,
V5 components of the GMI voltage of the sensor were evaluated as a function of H employing
the described voltage divider configuration (under sinusoidal or triangular current excitation).
The changes in Vi and V5 were analyzed as a function of the amount of nanoparticles on the
glass substrate (Table 1) and for different values of d. The minimum distance (0.31 mm)
corresponds to the situation shown in Figure 2b. From this minimum distance, empty glass
holders were intercalated between the sensing wires and the MNPs, increasing d in an integer
multiple value of dy = 0.2 mm. Furthermore, both V1f and V5 were comparatively analyzed
submitting the holder to a rotation of 180°. Under this rotation (@ = 180°), B¢, reverses its
direction with respect to the intial non rotated state (a = 0°).

GM| sensor (Zsens)

(a) Lock-in amplifier (b) VD Cout
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Figure 3. Functional block diagram of the employed electronics: (a) Voltage divider configuration for laboratory sensor
characterization and (b) Proposed electronic design for the sensor.

2.4 Electronics

In the designed electronic interface (see Figure 3b), a triangular excitation current is applied to
the sensor, which is placed in the feedback loop of a transimpedance amplifier. In contrast to
the inherent non-linear response of the voltage divider configuration where Vgens = VinZsens/(



V.
Zsens +R), the transimpedance amplifier of Figure 3b leads to a voltage signal Vens = ( m/R)

Zens linear with the sensor impedance (Z = Zsens), also increasing the sensitivity significantly
(see section 3. Results and discussion for more details). Finally, an implemented “two-phase lock-
in amplifier” provides two output DC voltages which are proportional to the phase and
quadrature components of the second harmonic voltage V;s respectively. The proposed
electronics was employed for the MNPs detection at null magnetic field and to characterize the
spatial range, d where they where detecteable.

3. Results and discussion
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Figure 4. Variation of the first harmonic voltage, V1f with the applied magnetic field, H, for the set of MNPs samples,
m

S1,S2,S3,and S4 (0' =0.007,0.0021, 0.0035 and 0.104 g/mmz respectively) for a rotation ang|e (a) a=0° and

(b) @ =180°; (c) Hs field for maximum V1 under both configurations. Inset: (a) Vi versus H for the sensor and

m
under the presence of 54 sample, o = 0.104 ‘g/mmz.

Firstly, the evolution of V1 as a function of H under the effect of the set of MNPs samples (see
Table 1) was examined. As an example, the inset of Figure 4a shows the evolution of V1 with H

for the sensor (without MNPs) and in the presence of S4 sample (o = 0.104mg/mm2). The

sensor response displays the characteristic GMI curve of soft magnetic nearly zero
magnetostrictive wires, where the lack of a clear intrinsic magnetoelastic anisotropy has
associated a not well-defined domain structure of the wires. This situation leads to a single peak
behavior at the excitation frequency, 100 kHz, around H = 0 (maximum impedance) and a sharp
decreasein V1ras Hincreases, up to reach an almost constant (saturation) voltage. The presence
of the MNPs gives rise to a shift in the curve towards negative H values, reaching V1 a maximum
value for the S4 sample at H ~ -63 A/m. The shift in the curves can be clearly seen in Figure 4a,
where V1¢(H) is plotted in the low H region for the set of analyzed MNPs. As ¢ increases, the
displacement towards negative H values is enhanced. A symmetrical behavior was found when
the sample holder (and thus the aligned MNPS) was rotated at an angle «=180°. That is, similar
shifts but in opposite direction (towards positive H) were produced when the sensor was under
the effect of rotated MNPs (see Figure 4b). The curve shifts can be easily quantified by the
change of the H field (Hs) at which the voltage V1 shows the maximum value. As can be seen in
Figure 4c, Hg linearly depends on o, leading to analogous slope values under both configurations

_4Am

-1
—6.8+0.3x10™* and 6.4 + 0.4x10 /mg for ¢ = 0° (non-rotated) and 180°,

respectively. This fact indicates that the sensor is not only sensitive to the intensity of the
magnetic field generated by the MNPs but also to its direction. No less important is the
circumstance that the shifts take place in the whole H interval and maintaining almost constant

AZ
the relative variation of impedance, 7(%), in all cases. Consequently, this behavior can be

attributed to the effect of a constant magnetic field acting on the sensor associated with the
remnant magnetic field generated by the MPNs, B,.n. Thus, the sensor performance can be
analyzed in terms of an effective magnetic field, Heff, Herf = H £ Hynps, where Hynps X



Brem
Ho
be subtracted or added depending on the rotation angle (« = 0° and 180°, respectively). So, for

Herr = 0, maximum and minimum values in V 15 and Vyy, correspondingly, are achieved
for Hs=— Hunps, (@¢=0°)and Hs = Hynps (o = 180°). At this point, it must be noted that

is the magnetic field associated to the remnant magnetization of the MNPs and it must

A
the sensor response (without MNPs) displays the maximum value at ~6 /m' This fact may be

attributed to the effect of small parasitic magnetic fields (i.e Earth magnetic field) during the
acquisition of the measurements.
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Figure 5. Variation of the second harmonic voltage, V2 with the applied magnetic field, H for the set of MNPs S1, S2,

$3, and 54 (¢ = 0.007,0.0021,0.0035 and 0.104"9/

field at minimum V2f under both configurations. The insets show (a) the curves obtained for the sensor and S4 in the
whole H interval and (b) V2r versus H for rotated @ = 180° MNPs.

2 respectively), (a) at a rotation angle @ =0° and (b) Hs



Regarding the second harmonic response, Figure 5 exhibits the evolution of V;f as a function of
H under the effect of increasing o. Equally, the inset in this figure shows V,¢(H) for the sensor

(without nanoparticles) and under the effect of the S4 sample (o0 = 0.104mg/mm2). As it has

been previously reported [45], [46] V> displays a minimum value when H,sr = 0. Analogously
to Vs, Vaf shifts towards negative and positive H values for a = 0° (Figure 5a) and 180° (Inset of
Figure 5b), respectively, under the presence of MNPs. Furthermore, as Figure 5b displays, a
similar linear trend with ois found in the applied magnetic field at which V3 is minimum, Hs,

-1
with slopes (—7.440.4)x10~* and (7.410.6)x10_4Am /mg for a = 0° and 180°,

respectively. Also, in this case, a non-zero Hs value is detected for o=0. These results are further
confirmed in Figure 6, where direct comparison of the Hs values for both Vs and V¢ are plotted
as a function of o for non-rotated MNPs (« = 0°). Besides, the curves obtained reveals the linear
relationship between Hyyps and the amount of MNPs, indicating the negligible formation of
MNPs clusters or aggregates within the analyzed interval.

Nevertheless, regarding practical purposes, the determination of Hs does not enable the design
of a simple MNPs detection procedure. Conversely, the voltage changes can be employed to
easily characterize the presence of MNPs. To determine the optimum harmonic (higher
sensitivity), the variations of V1r and V¢ at null applied magnetic field (H = 0) were analyzed
as a function of g and d respectively. The results are shown in Figure 7a and Figure 7b where
the rotated MNPs voltages were not plotted for the sake of clarity due to the similarity with the
non-rotated values. In both cases, a non-linear trend is obtained for both harmonics, preventing
the calculation of the sensitivity. Nevertheless, the estimation of the capacity of detection was
performed from the calculation of the relative variations underwent by every harmonic,
‘(Vif(x) - Vif(xmax)/
%4

. 4o _ mg
if(xmax))xwo‘, where i =1,2; x =0 or d, gy = 0.104 /mm2 and

dmax = 37 do. V2 exhibits a clear enhancement with almost one order of magnitude higher
relative variations (74% and 68%) in comparison with V1£(8% and 5%) for o and d respectively.
Accordingly, V5 was considered for the subsequent studies and the development of the final
detection device. However, it is important to stress that both harmonics have demonstrated
their capability to detect MNPs without any physical contact between the sensor and the MNPs,
enabling the reuse of the detection platform.
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fixed distance d = dg), and (b) d under the effect of the S4 sample.

For practical purposes (electronic interface), the response of V5 was equivalently studied but

being excited with a triangular signal. No relevant differences were observed with respect to the

sinusoidal excitation (even for V1 not shown in the figure). As can be observed in Figure 6 and
Am™1

Figure 7a, similar sensitivity with o (—7.1 + 0.1)x10 ~* /mg) and maximum relative

variation of V¢ (68%) at H = 0 were obtained, validating so the use of the triangular signal in
the final electronic interface.
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Figure 8. Schematic of the proposed electronic design.

Figure 8 shows the schematic of the developed electronic design for the MNPs detection device.
The circuit is feed using a single voltage supply of 5V and a signal ground at 2.5V. The principle
of operation of the circuit is as follows: a 400 kHz square-wave oscillator drives a two-phase
frequency divider based on D-type flip-flops, generating two 200 kHz square signals with a phase
difference of 90° that will be used as reference signals by the “implemented lock-in amplifiers”.
One of these signals is again frequency-divided and subsequently integrated to obtain the 100

V.
kHz triangular excitation signal V;,,, so an excitation current m/RZ flows through the GMI sensor

V,
placed in the feedback loop of a transimpedance amplifier. Thus, a voltage V1 = ( m/RZ)Zsens

is obtained at the output of the amplifier A2, where Zg.psis the impedance of the sensor. It is
worth remarking that the voltage /1 contains all the spectral components of the triangular
waveform, whose amplitudes are significantly larger than the small voltage variations
introduced by the Z.,,s changes. For this reason, the additional branch corresponding to the
amplifier A3 and an opamp-based subtractor with a gain G has been introduced to enhance the
sensitivity to Zgens variations. Note that when the variable resistor Rvar is adjusted to the
resistive value of the GMI sensor in absence of excitation, a voltage V2 only differing from V1 in
the non-linearities introduced by the sensor is obtained. Hence, the voltage V3 =G(V{—V3)
will be majorly determined by the Z ., variations. Next, band-pass filtering around the interest
frequency of 200 kHz is performed. The resulting signal is applied to a pair of switch-based
multiplicators, which introduce a gain factor of #(R4/R3) whose sign is controlled by the
reference signals Vcontroll and Vcontrol2 respectively. Finally, very low-frequency low-pass
filters are employed to obtain the output DC voltages VDCout/0° and VDCout[90°, whose root
mean square Vo=V = \/(VDCout|0°)2 + (VDCout|90°)2 is proportional to the magnitude
of the second harmonic generated by the GMI sensor.
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Figure 9. Variation of the second harmonic voltage, Vo measured by the electronic design at H = 0, for varying amount
of MNPs, g, over the sensor.



The first step in the electronic interface implementation was to characterize the capacity of
detection of the MNPs through the variations of V, at H =0 (shown in Figure 9). A linear
functional dependence among V;r and o is obtained. In this sense, the proposed electronic
interface employs a transimpedance amplifier configuration that ensures a constant current

V.
amplitude ( m/Rz) driving the sensor, due to the virtual ground generated at the negative input

of A2. In consequence, the sensitivity that relates V¢ and g, can be easily calculated from the
slope of the curves. As in the previous cases, the similitude in the values of the sensitivity (in

absolute value) non-rotated (—11.0 + 0.4)V/mg mm =2 and under 180° rotation, (11.5

Vv
+0.2) / _», validates the accuracy of the measurements.
mg mm

In addition, the proposed prototype must offer an enhancement in the sensitivity of detection.
In this sense, the performance of both experimental setups was compared under similar stimuli,
that is, analyzing the distance, d where a fixed amount of MNPs given by ¢ = 0.007 and 0.104

m
g/ 2 were detectable.
mm
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Figure 10. Detected variations of Vo (second harmonic-electronic interface), as a function of distance d at null
_ mg L -
magnetic field and 0 = 0.104 /mmz' (m = 15mg) for (-) the electronic interface and (=) V25 voltage divider. Inset:

Zoom of the V2 variations for large d values region (electronic interface).

Initially, the highest MNPs density 0 = O.104m‘g/mm2 was analyzed. As expected, when the

distance between MNPs and sensing wires is increased, Vs decreases towards the value
exhibited in the absence of MNPs, depicted in Figure 10 by the respective dashed lines. A clear
enlargement of the spatial range of detection (characterized by larger d) is obtained when the
electronic interface was employed. The results show a maximum detectable distance close to
13 and 40 mm for the voltage divider and electronic interface, respectively (see inset in Figure
10). Since both systems have been submitted to the same effect of the MNPs (B;enm), the
improvement in the spatial range of detection can be ascribed to the ad-hoc electronics
performance. This conclusion is reinforced when the lowest amount of MNPs, o = 0.007

m . . . .
g/ 2, Was examined. In this case it was not possible to detect the MNPs under the voltage
mm



divider configuration for distances larger than 2dy, while a maximum range of detection close
to 5 mm (slightly lower than 25d) was found when the electronic interface was used (see Figure
11).

260 T T T T T T T T T T T

o =0.007 mg/mm’

2.58
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V,(V)

2.52
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Figure 11. Variations of Vo (second harmonic-electronic interface) as a function of distance d at null magnetic field

m
and g = 0.007 g/mmz, (m = 1mg) for the electronic interface.

Although the bibliography of MNPs sensors is extensive some comparisons can be established
with the proposed sensor. The suggested device is capable to detect micrograms of MNPs,

%4
showing the output signal a variation of around 80 m /mg (from the slopes of Figure 9). The

lowest analyzed amount (1 mg) was detectable at a maximum distance close to 5 mm, larger
than other reported as far as we are concerned. Generally, larger capacities of detection are
reported in the bibliography for “on-chip” GMI biosensors [26], [23] [47]. However, these
devices are highly specific to the detectable target, hindering their reuse for multipurpose
detection. Besides, the complexity of the constituent sensing elements and their experimental
setup led to intricate measurement procedures and signal conditioning stages. Similar capacities
of detection, are found when compared with other “non-contact systems” [32], [33].
Nevertheless, those systems in general, require more complex device assembly (application of
external fields) and signal conditioning systems accompanied by a lower spatial resolution than
the proposed device. Thus, the suggested sensor is a trade-off between the large capacity of
detection, simple assembly, large spatial resolution, fast and single-step measurement
procedure, and low cost of the device from a double perspective, explicitly, the employed
sensing element and the substitution of sophisticated measurements systems such as network
analyzers, or lock-in amplifiers by a cheap and portable ad-hoc electronics.

4. Conclusions

A contactless sensor capable of the detection and quantification of magnetic nanoparticles has
been designed. The working principle is based on the variations experimented by the first, Vy,
and second harmonic, V,;, voltages of a GMI element composed of two soft magnetic wires (
CogeFe;Si13B15Cry, 1.5 cm) in the presence of Fe;0, nanoparticles (mean diameter 140 nm). A



shift of the voltage curves versus the applied DC field, H, towards negative or positive H values
is detected depending on the intensity and direction of the remnant magnetic field (stray fields)
associated with the magnetic nanoparticles.

At null external magnetic field, V. experimented relative variations in presence of the MNPs
nearly one order of magnitude higher than V;swhen both responses were analyzed as a function
of o and d.

An electronic device is proposed for addressing the MNPs detection in a potential final
prototype. The proposed electronic interface enables the design of a low-cost and portable
device, at the time that enhances the sensitivity of detection displayed by V.. It can be seen how
the spatial range (d) where a fixed amount of MNPs (o) could be detected was clearly enlarged.
The analyzed sensing platform additionally enables the non-contact MNPs detection and thus
its reuse for multiple nanoparticle characterization.
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Figure 1: a) TEM micrographs and size distribution of MNPs. b) Room temperature hysteresis loop (M-H) of the
magnetic nanoparticles. As the inset shows, the maximum applied magnetic field was 0.4T.

Figure 2. a) Top and b) cross-view of the detection configuration.

Figure 3. Functional block diagram of the employed electronics: (a) Voltage divider configuration for laboratory sensor
characterization and (b) Proposed electronic design for the sensor.

Figure 4. Variation of the first harmonic voltage, V1 with the applied magnetic field, H, for the set of MNPs samples,

$1, 2,3, and 54 (0 = 0.007, 0.0021, 0.0035 and 0-104m‘g/ 2 respectively) for a rotation angle (a) @ = 0° and

mm



(b) @ = 180°; (c) Hs field for maximum V1s under both configurations. Inset: (a) Vif versus H for the sensor and

m
under the presence of $4 sample, o = 0.104 g/mmz.

Figure5. Variation of the second harmonic voltage, V25 with the applied magnetic field, H for the set of MNPs S1, S2,
$3, and 54 (¢ = 0.007,0.0021,0.0035 and 0.104"9/

field at minimum V2f under both configurations. The insets show (a) the curves obtained for the sensor and S4 in the
whole H interval and (b) V2r versus H for rotated @ = 180° MNPs.

2 respectively), (a) at a rotation angle @ =0° and (b) Hs

Figure 6. Magnetic field, Hs, for the maximum and minimum in V15 and V25, respectively, as a function of @ for non-
rotated MNPs. In the case of V25 the response was also analyzed under a triangular signal excitation.

Figure 7. Variation of the first harmonic, V1, and second harmonic voltage, V25 at H=0 as a function of (a) o (for a
fixed distance d = dg), and (b) d under the effect of the S4 sample.

Figure 8. Schematic of the proposed electronic design.

Figure 9. Variation of the second harmonic voltage, Vo measured by the electronic design at H =0, for varying
amount of MNPs, g, over the sensor.

Figure 10. Detected variations of Vo (second harmonic-electronic interface), as a function of distance d at null
. mg . .
magnetic field and 0 = 0.104 /mmz' (m = 15mg) for (-) the electronic interface and (=) V25 voltage divider. Inset:

Zoom of the Vzy variations for large d values region (electronic interface).

Figure 11. Variations of Vo (second harmonic-electronic interface) as a function of distance d at null magnetic field

ando = 0-007mg/mmz, (m = 1mg) for the electronic interface.

Tables

Table 1. Set of MNPs samples prepared for detection: MNP mass, m, and superficial density, o.
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Highlights
e Analysis of the contactless detection procedure of magnetic (Fe;0,) nanoparticles.
e Non-linear GMI effect (first and second harmonic) as detection principle.
e Higher sensitivity displayed by the second harmonic voltage.
e Development of high sensitivity, low-cost, and contactless detection platform.
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