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Abstract. This study investigates the correlation between direct current (DC)-assisted adjust-
ments to transversal magnetic anisotropy and enhancements in the magnetoimpedance (MI) effect
in straight microwires fabricated from amorphous Fe-based ribbons. Using a combination of wet
chemical etching and laser ablation, microwires with dimensions of approximately 80 um width
and 9 mm length were prepared and characterized via vibrating sample magnetometry, vector net-
work analysis, and infrared thermal imaging. Micromagnetic simulations with MuMax® software
complemented the experiments to elucidate underlying magnetization dynamics. Results reveal
that applying DC bias currents induces a circumferential magnetic field, promoting transversal
magnetization and competing with shape anisotropy. In magnetoimpedance characterizations,
without bias current, the maximum MI ratio reached 10.1% at a magnetic field orientation of @
= 45° relative to the microwire axis, compared to 4.8% at ¢ = 0° and minimal response at ¢ =
90°.Introducing a 30 mA bias current enhanced the MI ratio by a factor of 1.3 at ¢ = 0° (t0 6.15%)
and to 13.5% at ¢ = 45°, with the peak MI field shifting from 60 Oe to 35 Oe. This corresponded
to a 3°C temperature rise due to Joule heating, contributing nearly 35% to the MI increase. MI
sensitivity peaked at 0.72 %/Oe for @ = 45° at 30 mA, before declining with higher currents.
These findings, supported by simulations showing increased transverse magnetization near the
surface, demonstrate how current-induced anisotropy optimizes MI performance, paving the way
for advanced, high-sensitivity magnetic sensors in applications like biomedical diagnostics and
industrial monitoring.


https://doi.org/10.15625/0868-3166/22650

366  Correlation between Current-Assisted Transversal Anisotropy Adjustment and Magnetoimpedance Enhancement . ..

Keywords: magnetization; magnetoimpedance; soft magnetic materials; magnetic properties.
Classification numbers: 75.30.Gw; 75.47.-m; 75.50.Kj.

1. Introduction

The rapid advancement of science and technology has driven widespread adoption of intel-
ligent automatic control systems, which in turn has fueled significant interest in sensor technolo-
gies, particularly those based on magnetic sensing principles. Among the diverse classes of mag-
netic sensors, with each optimized for specific measurement ranges, sensitivities, resolutions, and
operational modalities, the magnetoimpedance (MI) effect-based sensors have garnered consid-
erable attention due to their outstanding features, including high sensitivity, excellent resolution,
and wide operational bandwidth [1-3]. The MI effect is defined as the variation of the electrical
impedance of a magnetic conductor when subjected to an external magnetic field [4]. Originally
discovered in the 1930s [5, 6], this phenomenon has since become a focal point for research, with
extensive efforts devoted to understanding, optimizing, and commercializing MI-based devices.

The core of the MI effect lies the skin depth phenomenon [7], whereby alternating current
(AC) induces a frequency-dependent penetration depth of electromagnetic fields in the conductor.
Variations in external magnetic fields alter the transverse magnetic permeability of the material,
which in turn modulates the skin depth and consequently the overall impedance of the conduc-
tor. Enhancing the MI response has therefore become a primary objective in sensor development,
achieved through systematic optimization of multiple parameters including material composition
and microstructure, fabrication processes (e.g., heat treatments, deposition techniques), device
geometry (shape and dimensions), operational conditions (frequency, current amplitude, temper-
ature), and auxiliary stimuli such as applied direct current (DC) or mechanical stress [2, 3, 8, 9].
Notably, applying DC bias currents can induce reconfiguration of vortex-like magnetic domain
structures surrounding the conductor, effectively amplifying the MI response [10, 11].

Among magnetic materials, amorphous alloys have emerged as superior candidates for MI
sensor applications owing to their inherently soft magnetic characteristics and enhanced ductil-
ity. These properties are rooted in their liquid-like atomic arrangement, which lacks long-range
crystalline order and thereby suppresses magnetocrystalline anisotropy. In particular, FeCSi-based
amorphous alloys exhibit exceptional magnetic softness, low coercivity, linear magnetic responses,
high permeability, and high Curie temperature of 1000 K, significantly exceeding that of ferrites
and permalloys [3, 8, 12]. These characteristics enable extraordinarily high sensitivity and fast
response to external magnetic fields, surpassing many conventional crystalline or alloyed counter-
parts. Furthermore, their unique atomic disorder fosters reduced magnetic losses, making FeCSi
alloys ideal for developing ultra-sensitive, miniaturized MI sensors with superior performance in
diverse fields such as biomedical diagnostics, security, and industrial monitoring.

Despite these advancements, prior studies have predominantly focused on either isolated
experimental characterizations [13, 14] or theoretical modeling [10, 15-18] without fully integrat-
ing these approaches into a comprehensive framework that combines simulation, experimental
validation, and performance evaluation. To address this gap, the present study provides a system-
atic investigation of MI behavior in straight micro-scale conductors fabricated from amorphous
soft magnetic FeCSi ribbons. Specifically, this work (i) examines the influence of key external pa-
rameters, including magnetic field orientation and strength, electrical current amplitude, and Joule
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heating effects on the MI response, and (ii) employs micromagnetic simulations to elucidate the
fundamental physical mechanisms driving these phenomena. By bridging experimental insights
and computational modeling, this research advances the understanding of MI sensor behavior and
informs the design of optimized devices. The outcomes of this study lay the groundwork for prac-
tical implementations of MI-based magnetic field sensors and contribute to the development of
highly sensitive, robust devices tailored for diverse real-world scenarios.

2. Methodology
2.1. Sample preparation

Prior to sensor characterization and subsequent correlation with micromagnetic simulations
aimed at elucidating the underlying physical mechanisms, the microwires were fabricated through
a combination of wet chemical etching and laser ablation techniques. The overall fabrication pro-
cess, starting from a continuous FeCSi ribbon, is schematically illustrated in Fig. 1. Initially, a
commercially available amorphous FeCSi ribbon, 20 um in thickness, was firmly bonded onto
a polymethyl methacrylate substrate to provide mechanical support and stability throughout the
patterning process. Following substrate bonding, a polymer thin film was coated onto the ribbon
surface via spin-coating, resulting in a uniform coating with a thickness on the order of several
tens of micrometers, as depicted in Fig. 1al. Subsequently, the polymer layer was microstruc-
tured with high precision into an array of well-defined, straight microwires by employing a pulsed
laser source with a wavelength of 355 nm. This laser ablation process (Figs. 1a2 and a3) selec-
tively patterned the polymer film, exposing discrete regions of the underlying FeCSi ribbon while
preserving the integrity of the microwire design.

Following laser patterning, the exposed FeCSi regions were subjected to a carefully con-
trolled wet chemical etching process, utilizing a specialized etchant solution for a duration of up to
ten minutes (Fig. 1a4) [3,8]. This etching step effectively removed the unprotected FeCSi material,
thereby defining the microwire geometry. After the etching process was completed, the remaining
polymer layer was fully stripped away, revealing the free-standing microwire array (Fig. 1a5). A
schematic illustration presenting the fabricated microwires along with their principal dimensional
parameters is provided in Fig. 1a5 and a6. Importantly, prior investigations have demonstrated that
this fabrication procedure does not induce any detectable changes in the amorphous structure or el-
emental composition of FeCSi microwires with nominal composition Feg, 9¢C3 5Si3 ¢, thereby pre-
serving the intrinsic material properties critical for magneto-functional performance [8]. Fig. 1b
presents optical microscopy images of the fabricated microwires (Fig. 1bl, b2). The resulting
microwires exhibit an approximate width of 80 um and a length of 9 mm. To facilitate future MI
characterizations, the developed microwires were integrated onto a printed circuit board equipped
with a pair of subminiature version A connectors to form a complete MI sensor, as shown in
Fig. 1b3.

2.2. Experiment

After fabrication, the sensors were first subjected to global magnetic characterization using
a vibrating sample magnetometer (VSM, Lakeshore 7400 series) at room temperature. To investi-
gate the impact of DC current, measurements were performed under varying DC currents supplied
by a Keithley 236 high-current source through the straight micro-sized conductor configuration.
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Fig. 1. Overview of the fabrication process for the MI sensor, transforming a continuous
FeCSi ribbon into a straight microwire and subsequently integrating it with connectors
to complete the sensor assembly. (a) Schematic illustration of the microwire fabrication
procedure combining laser ablation and wet chemical etching techniques applied to the
continuous FeCSi ribbon; and (b) optical microscope image of the fabricated microwire
(bl), photographic image of the microwire after fabrication (b2), microwire mounted
and electrically connected to a printed circuit board with electrodes, prepared for MI
measurements (b3).

The MI response of the sample was evaluated using a ZNB20 Vector Network Analyzer. Mea-
surements were conducted across variable frequencies up to 3 GHz and under DC magnetic fields
of up to 400 Oe, generated by a Helmholtz coil, together with different supplied DC currents.

To assess thermal effects induced by current heating, the temperature increase was charac-
terized with an infrared thermal imaging camera, ensuring high accuracy of £2°C (Fluke Ti300+,
USA). This comprehensive experimental setup enabled precise characterization of the MI response
and thermal behavior of the sensors under varying operational conditions, providing critical in-
sights into their performance and optimization for practical applications.

2.3. Computational simulation

MuMax? software is utilized in this study to investigate the influence of DC current on the
magnetic properties of microwires. This GPU-accelerated micromagnetic simulation tool employs
the Finite Difference Method (FDM), dividing the simulation model into uniformly sized cubic
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cells [19]. These cell dimensions are 2 nm in each direction and smaller than the exchange length
of FeSiC ribbons [20], ensuring validity of the simulation [19]. In the MuMax? simulation, the
typical magnetic parameters are saturation magnetization of M = 1074 kA/m, exchange stiffness
constant of A, = 5 pJ/m [3, 8]. The software solves the Landau-Lifshitz-Gilbert (LLG) equation
to compute the magnetization evolution (), given as:

%:fymxHeﬁﬁLamx%, (D)
where y represents the gyromagnetic ratio, & is the damping parameter, and H,y denotes the
effective field. The effective field incorporates contributions from internal fields (magnetostatic
(Hy), exchange interaction (H,,;), magnetocrystalline anisotropy (H_s), and thermal fluctuation

(Hjherm)) and external fields (H,,;):
Heﬁ‘ = Hext + Hy + Hexen + Hanis + Hierm- (2)

To simulate the behavior of microwires under DC current, an additional term /4, is intro-
duced into the external magnetic field. This term represents the circumferential field induced by
current flow. The longitudinal axis of the model aligns with the z-axis, while the cross-section lies
in the xOy plane. The external field for each FDM cell is expressed as:

Hext = (Hx + hbvay + hbya Hz)a (3)
where hp = (hpy, hpy, 0). The magnitude of Apscales linearly with r, which is a vector originating
from the center of the cross-section to each cell, and its direction is tangential to r.

3. Results and discussion

3.1. Magnetic characterization

The magnetization behavior of the sample under varying external magnetic field orienta-
tions is depicted in Fig. 2. When the magnetic field is parallel to the microwire length (¢ = 0°),
the magnetization followed in the M-H loop rapidly reaches saturation at a relatively low magnetic
field strength, approximately 100 Oe. However, as the orientation angle (¢) increases, saturation
becomes progressively more difficult to achieve. At ¢ = 90°, corresponding to the hard axis (HA),
the magnetization process does not reach saturation even under high magnetic fields up to 5000
Oe or 0.5 T. This phenomenon arises from the interplay between Zeemann energy (U,) under the
external magnetic field (H,,) and shape anisotropy energy (Uy;), described by [21,22]:

_ Ho [
U= 52 / MH v, (4)

o 2
w=—to [Nmtav,
Uy 2V/N v 5)

where V represents the sample volume, M is the magnetization, and N is the demagnetization fac-
tor. The value of N, ranging between 0 and 1, depends on the sample’s shape, size, and orientation
relative to the external field [23]. For a rectangular cross-section microwire with dimensions L, W,
and ¢, N is calculated as 1.8 x 1073 and 2 x 10!, as the external magnetic field is in-plane, parallel
and perpendicular to the longitudinal axis of the microwire, respectively. The substantial increase
in N explains the dramatic changes observed in the magnetization curves as ¢ transitions from 0°
(easy axis, EA) to 90° (HA). Based on experimental saturation magnetization values of My = 1.34
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T, the external field strengths required for full saturation are extrapolated at approximately 0.25 T
for ¢ = 0° and around 2.4 T for ¢ = 90°.
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Fig. 2. (Color online) The magnetization dependence of the microwire as a function of
the external magnetic field at various ¢-angle orientation respect to the microwire’s lon-
gitudinal axis at high (a) and low (b) magnetic field ranges.
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Fig. 3. (Color online) The magnetic hysteresis loop as the magnetic field parallel with
the microwire’s longitudinal axis under an excited current flow of I, = 0 and 90 mA (a),
the magnetic susceptibility and magnetic coercive field plotted as a function of excited
current (b).

The influence of electric current on magnetic anisotropy was further investigated by measur-
ing M(H) loops under varying currents (I, = 0 — 90 mA) through the microwire length at ¢ = 0°.
Results presented in Fig. 3 indicate that increasing current weakens magnetization, highlighting
a deterioration in magnetic anisotropy. Magnetic susceptibility, derived from the slope of M (H)
loops (Fig. 3b), decreases almost linearly from 29.4 to 19.5 (a reduction of approximately 1.5
times) as I, increases from 0 to 90 mA. Additionally, coercive field values decrease by a factor of

2.5, from 0.25 Oe to 0.1 Oe (Fig. 3c¢).
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The presence of current generates an internal circumferential bias magnetic field (H,), cre-
ating artificial anisotropy that manifests as helical splines around the microwire [24]. The strength
of this anisotropy depends on the distance (r) from the microwire’s axis and can be calculated
using Ampere’s Law [25]:

rl
H, = . 6
b oxiw ©)
This bias field introduces intrinsic magnetostatic energy (Uy), expressed by:
Ho / —>ﬁ
Uy=—— | MH,dV. 7
b G b (N

The interplay between (Uyy), (Up), and (U,) plays a crucial role in determining the mag-
netization behavior of microwires. While Uy, aligns magnetization along the microwire’s length,
U, tends to orient it transversely due to the bias DC current, and U, aligns the magnetic moment
with the applied field. This energy competition is evident in magnetization curves that depend on
the external field’s strength and direction, as well as the current magnitude flowing through the
sample.
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Fig. 4. (Color online) The magnetic hysteresis loops characterized as the magnetic field
is parallel with the microwire’s longitudinal axis at ¢-angles 45° (a) and 90° (b) with
various excited current flow from 0 to 90 mA.

To experimentally analyze the Uj, the magnetic energy density was calculated from M(H)
loops by ¥ = féw HdM. The difference in energy density A¥Y = W¥(I,) — ¥(0) between loops at
I, =0 and 90 mA in the low field range (0 to 25 Oe) revealed that U, contributes approximately 10
% compared to U,. Although small, this U, contribution effectively controls the initial anisotropy
from longitudinal to transversal axes by using current flow-assisted methods [26]. Similar trends
are observed for M(H) loops at different ¢-angle orientations, as shown in Fig. 4. Notably, the
presence of current perturbs the magnetization at ¢ = 90°, potentially due to thermal fluctuations
from Joule heating, at which a current / flowing through a resistor with a resistance R in a time
interval ¢:

0 =IRr. ®)
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To quantify thermal energy contributions, infrared thermal imaging was used to measure
temperature increases when current flows through the microwire. Results in Fig. 5 show signifi-
cant temperature rises only at currents above 50 mA, with a AT =20°C at 90 mA. This temperature
increase is far from the Curie temperature of the FeCSi alloy and becomes significant only when
comparable to other magnetostatic energies (U, and U,) and anisotropy energy (Uy;,). Low mag-
netization, or low magnetic energies, makes thermal energy dominant at high currents, weakening
thermal stability in the low-field range along the HA (¢ = 90°). In contrast, M(H) loops at other
¢-angles show no fluctuations up to I, = 90 mA, indicating good thermal stability.
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Fig. 5. The infrared thermal images (a) and temperature dependence (b) as a function of
excited current flow ranging from 0 to 90 mA.

3.2. Computational micromagnetic simulation

Micromagnetic simulations, as shown in Fig. 6a and 6b, demonstrate good agreement with
experimental results for different orientations and DC current flows. As depicted in the 3D mag-
netization distribution image (Fig. 6¢), the coordinate system is defined at the center of the mi-
crowire, with the x-, y-, and z-axes corresponding to the microwire’s width, thickness, and length,
respectively. The magnetic field is aligned parallel to the z-axis, while the current flows along
the microwire’s length. The magnetization component along the magnetic field direction (M) is
shown in Fig. 6d1 for H = 0 and I = 0, revealing the formation of strip domains throughout the
sample. These domains, predominantly aligned with the magnetic field, occupy most of the sample
volume, a phenomenon attributed to shape anisotropy. This anisotropy establishes the microwire’s
easy axis along its length, facilitating domain formation.

The magnetic domain structure was further analyzed in the xz-plane at both the middle
(Fig. 6d1-d8, top) and top positions (Fig. 6d1-d8, bottom) under varying magnetic fields (H = 0
and 50 Oe) and currents (0 to 50 mA). In the absence of current (d1 and d5), there is minimal
variation in magnetic domains across xy planes from the center to the top. However, significant
differences emerge when current is applied. The magnetization along the z-axis diminishes with
increasing distance from the middle plane due to the magnetizing effect of the bias magnetic field
generated by the current. This field increases linearly with distance from the center to minimize
magnetostatic energy (Uy) and potential energy of magnetic moments (U,), as described by Eq. (7)
and Eq. (4), respectively.
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Fig. 6. The computational magnetic properties estimated from micromagnetic simula-
tion of microwire depending on applied magnetic field at various excited current flows.
Parts of normalized hysteresis loops at different ¢ angles (a), at various excited current
flows (b), schematic of 3D magnetization distribution (c), and magnetic moment distribu-
tion in xz plane (d).
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Fig. 7. The computational domain properties of the microwire at different excited
current flows: magnetic domain distribution in a block parallel to xy plane in the case
of without (a) and with magnetic field applied in ¢ = 0° (b) and ¢ = 45° orientation
(c), the dependence of the magnetic transversal component M, calculated for the entire
microwire (d) and in different planes parallel to xz plane (el-e4) at various excited
current flows.

The sharp reduction in M, near the surface regions correlates with a substantial increase in
transverse magnetization (M,,), which is perpendicular to the current flow. Figs. 7a-c illustrates
M,, and magnetic moment distributions in the xy-plane. In the absence of an external magnetic
field, M,, appears only minimally in domain wall regions (Fig. 7al) but disappears entirely under
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a certain applied field (Fig. 7bl-c1). With current flowing through the microwire, M,, increases
significantly, particularly near surface regions (Fig. 7b2,b3), and persists even under external fields
up to 50 Oe (Fig. 7c2,c3). The vortex-like structure of magnetic moments around the current is
strongest at the surface but weakens towards the center. This behavior agrees with the internal
bias field (Hp) generated by electric current, enabling control over anisotropy from longitudinal to
transverse axes.

Numerical simulations further analyze M,, responses to current across different sample
planes, including PO (center) and planes closer to the surface (P1-P3). Results in Figs. 7d,e for
@ = 0° and @ = 45° reveal that M,, contributes more prominently at ¢ = 45°, especially near
surface planes P2 and P3. Saturation occurs at lower currents for ¢ = 45° (30 mA) compared to
¢ = 0° (60 mA). This difference arises from the contributions of horizontal components of ex-
ternal magnetic fields at tilted orientations, reducing required current levels. The findings suggest
that optimizing current flow and external field orientation can enhance transverse magnetization re-
sponses, thereby improving MI effects. The MI effect is driven by transverse permeability changes
induced by alternating currents, particularly near surfaces due to skin depth effects [27,28]. These
insights provide a pathway for enhancing MI sensor performance through precise control of mag-
netization dynamics.

3.3. Magnetoimpedance characterizations

Figure 8a-c presents the magnetic field dependence of MI loops measured under varying
bias currents (I, = 0 to 90 mA) and different orientations of the applied magnetic field relative
to the microwire axis (¢ = 0° to 90°). In the absence of any applied current, the MI response
demonstrates a pronounced dependence on the angle between the magnetic field and the microwire
length. Specifically, the maximum MI ratio of approximately 10.1% is recorded at an intermediate
angle of @ =45°, which is more than twice the response of 4.8% measured at ¢ = 0°, while the MI
response is minimal at the perpendicular orientation (¢ = 90°). This angular sensitivity demon-
strates the anisotropic magnetic behavior inherent to the microwire geometry and magnetization
configuration.

Upon application of a bias current, a substantial enhancement in the MI effect is observed.
At ¢ = 0°, increasing the current from O to 30 mA results in an increase in the MI ratio by a factor
of 1.3, from 4.8% to 6.15%. A similar current increment at ¢ = 45° further elevates the MI ratio
from 10.1% to a notable 13.5%. Notably, the magnetic field corresponding to the peak MI ratio
shifts to lower values, decreasing approximately twofold from 60 Oe to 35 Oe. This shift indicates
a modification in the effective magnetic anisotropy and magnetization dynamics caused by the
current-induced magnetic field and Joule heating effects.

Thermal characterization, detailed in Fig. 5, reveals that increasing the DC bias current
from O to 70 mA raises the microwire temperature from approximately 30 °C to 40 °C. Notably, a
current increment of 30 mA leads to a temperature rise of around 3°C (from 30 °C to 33 °C), which
correlates with an approximate 35% increase in the maximum MI ratio. This strong interplay
between temperature and MI response is consistent with previous literature reports, where similar
trends in temperature-dependent MI variation have been documented for amorphous and glass-
coated microwires. For instance, studies have reported the following temperature-induced MI
ratio changes: (i) an increase of approximately 22% for Co-rich glass-coated microwires upon
heating from room temperature to 100 °C [29], (ii) a modest rise of 6.6% over a temperature range
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of 0 °C to 100 °C for Co—Fe-Si-B amorphous microwires [30], and (iii) a pronounced change of
up to 71% in Corg sFe4 5SijsB1g amorphous microwires as the temperature varies from —23 °C to
127 °C [31]. These comparisons highlight the significant dependence of the MI eftect on thermal
variations, which must be carefully considered in device design and operation for practical sensing
applications.
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Fig. 8. (Color online) The MI ratio with respect to the applied magnetic field character-
ized at various current flow and different magnetic field orientation ¢ = 0° (a), 45° (b),
90° (c), and current dependence of MI susceptibility extracted from the MI curves (d)

The MI sensitivity, defined as Sy = %, is evaluated from the slope of these MI curves.
Fig. 8d illustrates the sensitivity as a function of current at different orientation angles. The tilt
angle ¢ = 45° is optimal for both the MI ratio and sensitivity. Initially, sensitivity increases
rapidly with current from 0.39 %/Oe at I, = 0 mA to a maximum of 0.72 %/Oe at I, = 30 mA,
then decreases slowly with further current increases. At ¢ = 0°, sensitivity also increases with
current, reaching a maximum at 70 mA. These values are in good agreement with the current
range for M,, saturated as indicated in the previous discussion.

These findings highlight the advantage of the inclined direction at 45° from the EA axis,
where transversal magnetic anisotropy contributes significantly to the high MI response. The
addition of a 30 mA DC current enhances this transversal magnetization contribution, leading to
improved MI ratios and sensitivities. The experimental results, combined with micromagnetic
simulation, demonstrate how controlling transversal magnetic anisotropy via DC current injection
explains the observed trends in MI behavior.
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4. Conclusions

This study elucidates the role of competing energy mechanisms in enhancing the MI ef-
fect in magnetic microwires. The magnetostatic energy generated by the circumferential magnetic
field, induced by electric current, significantly enhances the transversal magnetization component,
particularly at a 45-degree tilt angle relative to the easy axis. Under these conditions, the MI effect
improves by a factor of 1.3, and MI sensitivity increases 3.5-fold compared to scenarios without
current and with the field aligned parallel to the microwire length. The improvements in MI perfor-
mance arise from the interaction between current-induced anisotropy and external field orientation,
which modifies the local energy landscape to promote stronger transverse magnetic anisotropy.
This optimization enhances both the MI ratio and sensitivity, especially at intermediate tilt an-
gles where longitudinal and transverse components are balanced. By leveraging current-induced
anisotropy, this work opens new avenues for designing advanced magnetic sensors with improved
resolution and detection capabilities, aligning well with micromagnetic simulation and providing
a robust framework for future studies on optimizing MI effects in soft magnetic materials.
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