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Optimizing multilayer structures is essential for improving magnetoimpedance
(MI) responses in low-frequency magnetic sensing applications. This study
investigates the effects of layer repetition number (N) and Cu spacer thickness
(x) on the magnetoimpedance (MI) response of [NiFe(600 nm)/Cu(x)/NiFe(600
nm)]N/Cu(200 nm)/[NiFe(600 nm)/Cu(x)/NiFe(600 nm)]N multilayer
structures electrodeposited onto Cu printed circuit board substrates with
meander patterns. The MI response was systematically evaluated at an operating
frequency of 100 kHz to determine the optimal multilayer configuration. The

results reveal that both layer repetition and Cu spacer thickness significantly
influence the MI ratio. The highest MI ratio of 2.07% was achieved at N =3 and
x = 100 nm, suggesting an optimal balance between magnetic permeability and
electrical conductivity. The sensing capability of the optimized multilayer
structure was further evaluated using cobalt ferrite nanoparticles. Changes in the
MI ratio of 0.32 and 0.64 were observed for nanoparticle masses of 0.1 and 0.3
g, respectively, indicating a mass-dependent sensor response. These findings
demonstrate the potential of electrodeposited NiFe/Cu multilayer structures as
low-frequency magnetoimpedance sensing platforms for magnetic nanoparticle
detection.
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1. INTRODUCTION

The magnetoimpedance (MI) effect, characterized by the dependence of the electrical
impedance of a magnetic conductor on an externally applied magnetic field, has attracted considerable
attention due to its potential for developing highly sensitive magnetic sensors. Early observations of
magnetic-field-dependent alternating-current impedance in high-permeability wires were reported in
early scientific investigations. Decades later, this principle enabled the development of early magnetic
field sensors utilizing amorphous ribbons. The modern era of magnetoimpedance (MI) research emerged
with the rediscovery of high MI responses in amorphous wire systems (Beach & Berkowitz, 1994;
Panina & Mohri, 1994). Building upon these foundational mechanisms, attention shifted toward planar
geometry and nanostructuring. In 2004, the concept of magnetic nanostructuring in permalloy films was
introduced and subsequently advanced across various thin-film system architectures, such as FeNi/Ag,
to optimize field sensitivity and domain structures (Kurlyandskaya et al., 2004). Recent research further
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examines the role of magnetic anisotropy and interlayer coupling in permalloy-based MI structures
(Chlenova et al., 2017; Kilic et al., 2018).

Among the various MI configurations, magnetic multilayers consisting of ferromagnetic and
nonmagnetic metallic layers have attracted increasing interest because their electrical and magnetic
properties can be controlled through layer thickness, interlayer coupling, and structural arrangement. In
particular, NiFe-based multilayers offer favorable soft-magnetic characteristics, while Cu interlayers
provide conductive pathways and influence magnetic interactions between adjacent ferromagnetic
layers. The incorporation of meander-patterned geometries further provides opportunities to increase
the effective sensing length within a compact device and modify its magnetic response (Sutomo et al.,
2023). Compared to single-layer structures, multilayer and meander architectures yield significantly
higher MI responses at high operating frequencies (Licarido et al., 2025). Proper optimization of
deposition parameters, geometry, layer thickness, and interlayer coupling can yield exceptionally high
MI ratios exceeding 100% and sensitivities reaching up to 300%/Oe (Garcia-Arribas et al., 2016). These
results highlight the importance of structural optimization in improving MI performance. Theoretical
and geometric studies show that multilayer symmetry and meander layout can modify current
distribution and field-dependent impedance (Buznikov & Kurlyandskaya, 2019; de Melo et al., 2020;
Kikuchi et al., 2020). Measurements of electrodeposited NiFe/Cu and meander sensing elements
demonstrate that structural arrangements and operating conditions affect the MI response (Oktaria et al.,
2020; Rusydan et al., 2021; Sayad et al., 2021). Electrodeposition conditions and associated mechanical
stress can also alter the magnetic and electrical response of NiFe/Cu elements (Vasam & Veeturi, 2022;
Tandon et al., 2023).

Beyond magnetic-field detection, MI-based sensors have demonstrated considerable potential
for detecting magnetic nanoparticles (MNPs), which are widely investigated as magnetic labels and
functional materials in biomedical and sensing applications. The feasibility of MI-based nanoparticle
detection was demonstrated in earlier research on magnetic nanoparticle sensing. Since these initial
demonstrations, MI biosensing has evolved through various structural formats, encompassing both wire-
based platforms and microfluidic integration for ferrofluid detection (Barrera et al., 2024), as well as
structured thin-film meander elements developed for investigating the response to magnetic particles.
To interpret the underlying sensing mechanism, theoretical models have been developed to simulate the
impedance response in the presence of magnetic media, such as ferrogels or tissue-embedded
nanoparticles, by assessing local magnetic flux perturbations and changes in effective permeability
(Buznikov et al., 2018). These developments demonstrate the versatility of MI-based sensing platforms
and emphasize the importance of optimizing sensor structures to obtain measurable responses to
magnetic nanoparticles. Recent particle-detection investigations and reviews demonstrate the
importance of stray fields, measurement geometry, and sensor calibration when assessing the
performance of MI sensing elements (Beato-Lopez et al., 2021; Melnikov et al., 2021; Jimenez et al.,
2022).

Despite these advances, optimizing the magnetoimpedance (MI) response at relatively low
operating frequencies remains a challenge for practical sensing applications. The MI response is
influenced by magnetic permeability, electrical conductivity, current distribution, and magnetic
interactions, which can be modified by the number of magnetic layers and the thickness of nonmagnetic
spacers. Although previous studies have demonstrated enhanced MI performance using multilayer and
meander configurations, the combined effects of layer repetition number and Cu spacer thickness on
symmetric NiFe/Cu multilayers fabricated on Cu printed circuit board (PCB) meander substrates remain
insufficiently explored, particularly at low frequencies. Furthermore, the relationship between
multilayer optimization and magnetic nanoparticle detection requires investigation (Beato-Lopez et al.,
2018). Cobalt ferrite nanoparticles provide a suitable model material for evaluating sensor performance
because their magnetic properties can modify the local magnetic environment and, consequently, the M1
response (Barrera et al., 2024). A systematic evaluation of these structural parameters and their influence
on nanoparticle-induced MI changes could provide valuable insights into the relationship between
multilayer design and sensing performance. Therefore, investigating both structural optimization and
nanoparticle-induced impedance changes is essential for assessing the potential of electrodeposited
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NiFe/Cu multilayers as low-frequency magnetic sensing platforms. Relevant studies on symmetry-
dependent multilayer MI and magnetostatic interactions provide a basis for evaluating the combined
effects of repetition number and Cu spacer thickness (Rusydan et al., 2022; Melnikov et al., 2024).

This study examines the influence of multilayered configuration parameters, namely the number
of layer repetitions (N) and the Cu spacer-layer thickness (x), on the magnetoimpedance (MI) ratio of a
symmetric permalloy multilayer system with the architecture of [NiFe(600 nm)/Cu(x)/NiFe(600
nm)]n/Cu (200 nm)/[NiFe(600 nm)/Cu(x)/NiFe(600 nm)]n. The structural and deposition parameters are
analyzed to evaluate the resulting MI response in the low-frequency regime (~kHz order), and the
optimized configuration is subsequently evaluated for magnetic nanoparticle sensing proof of concept.
The main contribution of this study is the combined evaluation of multilayer structural parameters and
preliminary magnetic nanoparticle sensing performance within a low-frequency MI platform, providing
insights into the design of electrodeposited NiFe/Cu multilayer sensing elements.

2. METHOD

The multilayer samples of [NiFe(600 nm)/Cu(x)/NiFe(600 nm)]n/Cu (200 nm)/[NiFe(600
nm)/Cu(x)/NiFe(600 nm)]x in this study were prepared using the electrodeposition method.
Electrodeposition was carried out at room temperature with a Pt electrode. A meander-patterned Cu
PCB substrate was employed for the experiment (meander width of 250 micrometers with a total path
length of 28.75 cm). Prior to use, the PCB substrate was ultrasonically cleaned in ethanol at 60°C for
two minutes. The NiFe and Cu layers were deposited individually, each with its own electrolyte solution.
Subsequently, the deposition was repeated to obtain the intended multilayer structure. The NiFe
electrolyte solution consisted of 0.099 M NiSO4-6H,O (Merck), 0.0012 M FeSO4-7H,O (Merck), 0.149
M H3;BOs (Merck), and 1 g/ CsHgO3 (Merck), while the Cu electrolyte solution contained 0.065 M
CuS0O4-5H>0 (Merck), 0.149 M H3;BO; (Merck), and 0.0036 M C¢HsOs (Merck). The NiFe layer was
deposited at a current density of 15.5 mA/cm?, and the Cu layer at 8.0 mA/cm?. The thickness of each
layer was estimated using the deposition rate, namely 1.71 nm/s for the NiFe layer and 2.79 nm/s for the
Cu layer. This rate calculation was performed at the beginning of the experiment. To modify the
magnetoimpedance ratio, the multilayer samples were fabricated with varying numbers of repetitions
(N =1, 2, 3, and 4) as well as the thickness of the Cu layer (x = 50 nm, 100 nm, 150 nm, and 200 nm).
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(a) PCB Cu meander patterned
(b) Multilayer [NiFe/Cu/NiFe]y/Cu/[NiFe/Cu/NiFe]y

Figure 1. Schematic of the magnetoimpedance measurement setup, showing (a) the Cu PCB meander and (b) the
multilayer architecture.

Magnetoimpedance measures the total impedance (Z = VR? + X?) of a sample under the
influence of an external magnetic field. Where Z is total electrical impedance, R is resistance, and X
(=XL-Xc) is the electrical reactance. Measurements were made at a current of 20 mA, at room
temperature, and a frequency of 100 kHz. Starting from the initial zero-field condition, the magnetic
field with orientation parallel to the film's surface is gradually increased until a maximum of £80 mT,
and the impedance value is measured using an LCR meter (GW Instek GPC 3030 DQ). Once the
impedance value becomes nearly constant, the magnetic field is then decreased back to zero, with the
total impedance being measured at each field value. Subsequently, the orientation of the magnetic field
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is reversed to the negative direction to obtain a complete cycle of the magnetoimpedance curve. The
magnetoimpedance ratio is then calculated using Equation (1):

AZ)Z(%) = 2 ZEma) o 10004 (1)
Z(Hmax)
where Z(H) is the measured impedance when a magnetic field H is applied, Z(Hmax) is the measured
impedance when the maximum field Hmax is applied, and Hmay is the external magnetic field.

Finally, the multilayer sample exhibiting the highest magnetoimpedance (MI) ratio was
subsequently assessed for its magnetic sensing performance in detecting cobalt ferrite nanoparticles at
quantities of 0.1 g and 0.3 g, respectively. The sensor performance was defined as the change in the MI
ratio measured before and after the presence of the nanoparticles. The nanoparticle samples used in this
study were self-synthesized La-doped cobalt ferrite, prepared via a co-precipitation method following a
previous study (Prasetya et al., 2023).

3. RESULTS AND DISCUSSION

The thickness of both the NiFe and Cu layers increases linearly with deposition time (Figure 2).
This linear relationship indicates that Faraday's law remains valid for deposition durations of up to 800
seconds for each layer. From the slope of the curves, the deposition rates were determined to be 1.71
nm/s for NiFe and 2.79 nm/s for Cu. By adjusting the deposition time based on these rates, the desired
thickness for each NiFe and Cu layer could be fairly achieved, ensuring the reproducibility and reliability
of the multilayer samples used in subsequent magnetoimpedance studies and sensor performance
evaluations.
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Figure 2. Layer thickness as a function of deposition time for (a) NiFe and (b) Cu. Dashed lines show linear fits.

Figure 3a shows a typical X-ray diffraction (XRD, Bruker D8 Advance, increment 0.02°)
pattern of the electrodeposited multilayer sample. The XRD pattern of the Cu substrate is also presented
for comparison. It is clearly observed that the deposited thin film exhibits an XRD spectral peak at a
diffraction angle (26) of 44.44°, which corresponds to the characteristic peak of permalloy (Kharmouche
& Cherrad, 2024). This finding confirms that the deposited sample is indeed permalloy. This qualitative
analytical result is supported by the X-ray fluorescence (XRF, PANalytical, Type: Minipal 4) analysis
presented in Figure 3b, which shows a Ni:Fe compositional ratio of 78.1:21.89. The close agreement
between the XRD peak identification and the XRF elemental ratio provides strong evidence for the
successful electrodeposition of permalloy layers. The presence of a single, well-defined permalloy peak
without additional impurity peaks suggests good crystallinity and phase purity of the deposited films.
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Furthermore, the Ni-rich composition, as revealed by XRF, is consistent with the typical permalloy
composition (Kharmouche & Taberkani, 2025).

Figure 4(a) shows the magnetic field dependence of the magnetoimpedance (MI) ratio for
various numbers of multilayer repetitions (N = 1 — 4), while Figure 4(b) summarizes the corresponding
peak MI ratios. As shown in Figure 4(b), the Ml ratio increases from 1.02% at N=1to 1.65% at N =2,
reaching a maximum value of 2.07% at N = 3. Beyond this optimal condition, the MI ratio declines to
1.78% for N = 4.
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Figure 3. (a) The typical X-ray diffraction (XRD) patterns of Cu substrate and multilayer structure [NiFe(600
nm)/Cu(100 nm)/NiFe(600 nm)]3/Cu (200 nm)/[NiFe(600 nm)/Cu(100 nm)/NiFe(600 nm)]s. (b). X-ray
fluorescence (XRF) spectrum of NiFe layer
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Figure 4 (a) shows the Ml ratio versus applied field for different N, (b) shows peak MI ratio versus N of
frequency at 100 kHz.

The initial enhancement of the MI ratio with an increasing number of multilayer repetitions
(N<3) is attributed to an improved flux closure effect and higher transverse permeability in the
multilayer structure (Phan & Peng, 2008; M. Liu et al., 2023). However, beyond a critical total film
thickness (N>3), the MI ratio degrades. This deterioration is likely caused by enhanced eddy current
shielding, an increased baseline impedance, and a degradation of soft magnetic properties induced by
higher surface roughness and grain growth during prolonged electrodeposition (Kurlyandskaya et al.,
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2004). Consequently, these results demonstrate that N= 3 represents the optimal configuration for the
tested sample series.

The effect of copper (Cu) layer thickness on the magnetoimpedance (MI) ratio of the
[NiFe(600)/Cu(x)/NiFe(600)]3/Cu/[NiFe(600)/Cu(x)/NiFe(600)]; multilayer structure was measured at
a frequency of 100 kHz as shown in Figure 5(a). The results indicate that variations in Cu layer thickness
modify the MI response of these structures.
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Figure 5 (a). Magnetoimpedance (MI) ratio versus applied magnetic field for different Cu layer thicknesses (x)
for the multilayer structure [NiFe(600 nm)/Cu(x)/NiFe(600 nm)]3/Cu(200 nm)/[NiFe(600 nm)/Cu(x)/NiFe(600
nm)]3, where x = 50 nm, 100 nm, 150 nm, and 200 nm. (b) is the peak MI ratio versus x.

As shown in Figure 5b, the MI ratio increases markedly from 1.90% to 2.07% as the Cu layer
thickness rises from 50 nm to 100 nm. This observation suggests that the Cu layer thickness plays a
crucial role in enhancing the MI response within this multilayer system. The enhancement may be
attributed to changes in the magnetic properties and electrical conductivity of the Cu layer with increased
thickness, which in turn promote the MI effect (Phan & Peng, 2008). However, it should be noted that
when the Cu layer thickness is further increased to 150 nm and 200 nm, the MI ratio decreases to 1.73%
and 1.31%, respectively. This trend indicates the existence of an optimal Cu layer thickness that yields
the maximum MI ratio, which in this study is observed at 100 nm.

The thickness of the Cu layer also affects the electrical conductivity of the structure. At a
thickness of 100 nm, the Cu layer likely provides a more efficient conduction path for electric current,
thereby increasing the MI ratio. As a result, changes in the external magnetic field produce greater
variations in the electrical resistance of the Cu layer. In addition to conductivity, the Cu layer thickness
influences its magnetic properties. The decline in MI response beyond 100 nm suggests that the optimal
thickness has been attained. At this point, the Cu layer exhibits the most suitable properties for
maximizing the MI effect, and further addition of Cu material leads to a reduction in response. Therefore,
optimizing the Cu layer thickness is a critical factor in the development of sensitive MI devices (Yiiziiak
et al., 2020).

Figure 6 presents the [NiFe(600 nm)/Cu(100 nm)/NiFe(600 nm)]s/Cu(200 nm)/[NiFe(600
nm)/Cu(100 nm)/NiFe(600 nm)]; multilayer magnetoimpedance (MI) sensor for detecting La-doped
cobalt ferrite magnetic nanoparticles. The results clearly demonstrate that the MI ratio decreases upon
introducing the magnetic nanoparticles to the sensor surface. Specifically, the peak MI ratio drops from
an initial value of 2.07% (without nanoparticles) to 1.75% and 1.43% in the presence of 0.1 gand 0.3 g
of nanoparticles, respectively. This noticeable reduction in the MI response with increasing nanoparticle
mass is attributed to the local stray dipole fields generated by the magnetized cobalt ferrite nanoparticles
(Buznikov et al., 2018). When positioned on the surface of the multilayer element, these ferromagnetic
particles produce stray magnetic fields that oppose and perturb the external magnetic field. This stray
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field induces local magnetic inhomogeneity, disrupts domain wall movement, and pins the transverse
magnetization within the soft magnetic NiFe layers. Consequently, the effective transverse permeability
of the multilayer structure degrades, which increases the skin depth and dampens the field-induced
impedance variation (Panina & Mohri, 2000; Buznikov et al., 2021). The progressive reduction in the
peak MI ratio with increasing nanoparticle mass further indicates that the sensor response is dependent
on the amount of magnetic material introduced onto its surface. This mass-dependent behavior provides
preliminary evidence of the potential applicability of the optimized multilayer structure for quantitative
magnetic nanoparticle sensing, although further calibration is required to establish its detection limit and
measurement reproducibility. The quantitative decrease in the peak MI ratio confirms that the multilayer
system exhibits high sensitivity to varying concentrations of magnetic nanoparticles, making it a suitable
candidate for magnetic sensing applications.
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Figure 6. Ml ratio versus applied magnetic field for the selected multilayer without nanoparticles and with the
verified cobalt ferrite masses; the right panel expands the low-field region.

4. CONCLUSION

The magnetoimpedance effect has been successfully observed in a multilayer system of
[NiFe(600 nm)/Cu(x)/NiFe(600 nm)]N/Cu (200 nm)/[NiFe(600 nm)/Cu(x)/NiFe(600 nm)]x permalloy
multilayer structures deposited on Cu PCB meander-patterned substrates via the electrodeposition
method. This study evaluates the effects of repetition number (N) and Cu spacer thickness (x) on the
magnetoimpedance (MI) ratio. At 100 kHz, the highest M1 ratio of 2.07% is achieved for N=3 and x=100
nm, attributed to an optimal balance between magnetic permeability and electrical conductivity.
Furthermore, the multilayer sensor effectively detects cobalt ferrite nanoparticles, with MI discrepancies
of 0.32 and 0.64 for 0.1 g and 0.3 g masses, respectively. These findings demonstrate a mass-
dependent MI response and highlight the importance of multilayer structural optimization in
developing magnetic sensing elements. The integration of electrodeposited NiFe/Cu multilayers
with meander-patterned substrates therefore provides a promising approach for low-frequency
magnetic nanoparticle detection. Further investigations focusing on sensor calibration,
reproducibility, and detection limits are recommended to establish its potential for quantitative

sensing applications.
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  Z =    R 2 +   X 2


  ∆ Z / Z ( % ) =   Z  ( H ) − Z (   H  m a x )  Z (   H  m a x ) × 100 %  

