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Giant magnetoimpedance (GMI) sensors are increasingly employed in modern magnetic sensing technologies. How-
ever, improving the GMI performance of magnetic cores remains challenging due to intrinsic limitations in material proper-
ties and structural stability. In this work, we explore the use of Joule heating to enhance the GMI response of FeygNigy/Cu
composite wires. By applying a current of 1.8 A for 10 min, notable improvements in magnetic domain uniformity and a
reduction in domain spacing are observed. Under these conditions, GMI ratios reach 1870% in the non-diagonal mode and
1147% in the diagonal mode, respectively, highlighting their potential for applications in high-precision weak magnetic

field sensing.
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1. Introduction

With the advent of novel magneto-sensitive materi-
als, the giant magneto-impedance effect (GMI) has gar-
nered widespread attention for applications in magnetic sen-
sors, weak magnetic field detection, and high-frequency
components.'!=# Permalloy, due to its excellent soft magnetic
properties such as high magnetic permeability, low coercivity,
and a low magnetostrictive coefficient, has been widely used
in various applications. In particular, for FeNi/Cu compos-
ite structural wires, the magnetic layer exhibits a circumfer-
ential domain structure, while the non-magnetic core region
helps reduce eddy current losses, thereby improving the GMI
response. >~71

The GMI effect is typically measured in two configu-
rations: diagonal and non-diagonal modes (Fig. 1(a)). In
the diagonal mode, the magnetic core functions simultane-
ously as the input for the AC excitation and the output for
the impedance variation. In contrast, the non-diagonal mode
employs the magnetic core as the AC signal input, while
the pick-up coil wound around the core serves as the out-
put terminal for the induced impedance signal. By utiliz-
ing the mutual inductance between the core and the coil, the
non-diagonal mode achieves signal amplification and a sig-
nificantly enhanced impedance response. This configuration

is particularly advantageous for magnetic field sensing ap-

TCorresponding author. E-mail: gaodq@1lzu.edu.cn

CSTR: 32038.14.CPB.adfebd

plications requiring a broad dynamic range and high sensi-
tivity, and has therefore attracted considerable attention in
GMlI-related composite material research.[®! Interestingly, the
non-diagonal mode is structurally consistent with the probe
design commonly employed in contemporary GMI sensor

9-11 1ts magnetic field response arises from both

architectures. !
permeability variations and core—coil mutual inductance cou-
pling, thereby enhancing the GMI effect. For instance, Man
et al."?! prepared FeCo-based amorphous bands with a GMI
ratio of 1936.2% in the non-diagonal mode. Wang et al.!'3! in-
vestigated the magnetoimpedance characteristics of Fe-based
nanocrystalline bands, which exhibited a GMI ratio of 1200%
in the non-diagonal mode.

While the non-diagonal GMI effect has been widely stud-
ied, its response in permalloy composite wires, particularly in
relation to microstructural evolution under Joule heating an-
nealing (JHA), has yet to be fully elucidated. Notably, JHA
not only reduces internal stress in the magnetic core but also
induces circumferential magnetic anisotropy and optimizes the
domain structure. Optimized JHA parameters exhibit signif-
icant noise suppression capabilities through microstructural
refinement.!'*) Notably, the FeyoNigy layer in the core—layer
structure usually undergoes significant changes in grain struc-
ture, magnetic domain dynamics, and magnetic permeability
under JHA, leading to variations in the non-diagonal GMI
response.!1>] Therefore, systematically studying the effects of
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JHA on microstructural evolution and non-diagonal GMI be-
havior is the focus of the present work.

This study aims to treat Fe;gNigp/Cu composite wires
under various JHA conditions and systematically investigate
their coercivity, magnetic domain structure, and circumferen-
tial hysteresis loops. Through a comprehensive analysis, we
correlate the circumferential dynamic hysteresis loops with
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domain characteristics and the GMI response, thereby elu-
cidating the mechanisms by which different JHA conditions
affect GMI performance. These findings provide an exper-
imental foundation for the design and development of high-
performance magnetic sensors and functional magnetic de-

vices.
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Fig. 1. (a) Diagonal mode (blue circuit) and non-diagonal mode (black circuit) test schematics; (b) comparison of GMI ratios for different
materials reported in the literature; (¢) GMI ratio under different treatment times at 1.8 A; (d) GMI ratio under different current magnitudes for
10 min, where the GMI value of the 1.8 A—10 min sample reaches 1870%.

2. Methods
2.1. Sample preparation

In this experiment, copper wires with a diameter of
100 um were used as the substrate. A permalloy (FeyoNigg)
coating was deposited on the surface of the copper wire
by electrochemical deposition.['®) The electrolyte compo-
sition included NiSO4-7H,O (0.1 mol/L), FeSO4-7H,0
(0.01 mol/L), H3BO3 (0.3 mol/L), saccharin (2 g/L), ascorbic
acid (5 g/L), and glycine (1 g/L). The deposition conditions
were as follows: a current density of 2 A/dm?, a water bath
temperature of 55 °C, a pH value of 2.6, and a deposition time
of 4500 s. The resulting permalloy (FepoNigg) coating had a
uniform thickness of approximately 12 um with good adhe-

sion.

2.2. Magnetic tuning process

To optimize the magnetic properties of the material, the
samples were subjected to direct current (DC) treatment under
different conditions. The applied currents were 1.2 A, 1.8 A,
and 2.0 A, with durations of 5 min, 10 min, and 15 min, re-
spectively. The samples were then allowed to cool naturally to

room temperature.

2.3. Characterization and testing methods

Magnetic force microscopy (MFM, Bruker Dimension
Icon) imaging was used to investigate the magnetic domain
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structures and domain wall characteristics under different
treatment conditions. A BH-loop analyzer was employed to
measure the coercivity (H.) of the samples, evaluating the im-
pact of JHA on the magnetic properties. Changes in mag-
netic permeability were calculated by fitting the initial magne-
tization curves obtained from circumferential hysteresis loops.
The GMI effect was tested in the non-diagonal mode using
an impedance analyzer (Keysight E4990A) over a frequency
range of 0-8 MHz. A sinusoidal AC signal with a frequency
of 200 kHz, an amplitude of 3.8 V},;,, and a bias of 2.0 V (which
may vary depending on the excitation conditions of the sam-
ple) was applied using a Keysight 33600A pulse function arbi-
trary waveform generator as the signal source. The GMI ratio
was measured over a frequency range of 0-8 MHz, with the
peak maximum concentrated at approximately 400 kHz in the
non-diagonal mode and at approximately 40 kHz in the diag-
onal mode.

3. Experimental results and discussion

The GMI effect of Fe,yoNigyp/Cu composite wires under
different JHA conditions was measured in the non-diagonal
mode. The GMI response can be expressed by the impedance
change formula

%Z = —'Z(H; (Higm”” % 100%. (1)
Here, Z(H) represents the impedance at a given magnetic
field, Z(Hmax) represents the impedance under the maxi-
mum applied magnetic field, and AZ/Z denotes the maximum
impedance change ratio. A higher GMI ratio indicates greater
impedance sensitivity to magnetic field changes, which cor-
relates with the dynamic motion of domain walls under the
applied field. Figures 1(c) and 1(d) show that the GMI value
exhibits a nonlinear dependence on the treatment current and
time, which is closely related to domain structure rearrange-
ment and changes in pinning barriers. It can be seen that the
GMI ratio gradually increases and then decreases with increas-
ing treatment time and current, reaching a maximum value
of 1870% at 1.8 A—10 min. The GMI ratios for other treat-
ment conditions of FeyoNigog/Cu are shown in Fig. S1. Impor-
tantly, the GMI properties obtained in this study are superior
to those of Co-based and Fe-based amorphous materials in di-
agonal mode (d-Co/Fe-based), previously reported permalloy
composite structural wires, and Fe-based amorphous materi-
als in non-diagonal mode (n-Fe-based), as indicated by the
red five-pointed star in Fig. 1(b).['”*! The composite struc-
ture is therefore considered one of the most promising high-
performance GMI materials for industrial applications, ow-
ing to the significantly higher conductivity of the inner sub-
strate compared with the plating layer, which effectively re-
duces eddy current losses. Furthermore, its simple fabrication

process facilitates mass production at lower cost, further en-
hancing its industrial applicability.

The GMI ratio measured in the diagonal mode is shown
in Fig. S2. Similarly, the GMI ratio of 1147% achieved under
the optimal JHA conditions is also competitive compared with
previously reported diagonal-mode data shown in Fig. 1(b)
(this plot compares only reported GMI ratios on the Y-axis,
while the X-axis represents different studies without quanti-
tative meaning). Importantly, under identical conditions, the
GMI ratio in the non-diagonal mode is approximately 1.6
times that in the diagonal mode. This enhancement arises
from the mutual inductance between the magnetic core and
the pick-up coil. The magnetic signal variations in the core
collected by the copper coil are amplified in the non-diagonal
mode, enabling more sensitive signal output through a con-
ventional probe structure, particularly for weak magnetic field
detection. To further clarify these advantages from a mate-
rial physics perspective, FeyoNigo exhibits near-zero magne-
tostriction (A ~ 0),[4>~*41 which significantly suppresses mag-
netic property fluctuations caused by residual stresses com-
pared with stress-sensitive Co-based amorphous alloys. Its
relatively high conductivity (1.5 x 10 S/m)3! enables a shal-
lower skin depth and enhanced induced electric fields at equiv-
alent frequencies, thereby boosting the magneto-impedance
response while reducing power consumption. The compos-
ite structure is therefore regarded as a promising candidate
for high-performance GMI applications, because the excita-
tion current primarily flows through the copper core owing to
its much higher conductivity than that of the plating layer. This
efficient current distribution enhances the utilization of the ex-
citation signal, in contrast to Co-based amorphous alloys, in
which the current is mainly confined to the surface, leading to
insufficient excitation of the internal region.

To investigate the underlying mechanisms behind these
remarkable changes, a series of experiments were conducted.
As shown in Figs. 2(a) and 2(b), analysis of the hysteresis
loops shows that H, initially decreases and then increases with
changes in the treatment current conditions. The as-prepared
sample exhibits higher internal stresses, resulting in a stronger
pinning effect on domain walls and thus a higher coercivity
(1.2 Oe). Under the optimal conditions (1.8 A for 10 min), the
coercivity reaches its minimum value (0.6 Oe), indicating that
internal stresses are effectively released, domain wall motion
is least hindered, and the magnetization process is easiest. !
Under excessive treatment conditions, grain coarsening and
the reintroduction of internal stresses lead to an increase in
coercivity. [47]

To further validate the internal stress release behavior dur-
ing heat treatment, we compared the XRD diffraction peak
position variations of samples in different states, as shown
in Fig. S3. The untreated sample exhibits a leftward shift
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of approximately 0.1° in the diffraction peaks corresponding
to the (111), (200), and (220) crystal planes compared with
the treated samples, indicating relatively larger lattice spac-
ing and suggesting the presence of a certain degree of ten-
sile stress.[*3591 After annealing treatment at 1.8 A—10 min,
the peak positions shift rightward overall, approaching the
standard 20 positions of stress-free crystals. This behavior
demonstrates that lattice distortion tends to recover and resid-
ual stresses are effectively released. The consistent diffraction
peak shifts across multiple crystal planes provide clear quali-
tative evidence for the evolution of internal stresses.

Further analysis of domain imaging data provides deeper
insights into the mechanism by which domain structure opti-
mization affects the GMI effect. The images show the domain
structures under different treatment conditions (Figs. 3(a)—

(2) 1.0F 0 min
5 min
0.5k 10 min
15 min
=
=
—0.5F
—1.0 [
—100 —50 0 50 100
H (Oe)

3(f)), as well as the corresponding magnetic signal amplitude
distribution curves as a function of position under various con-
ditions (Figs. 3(g) and 3(h)). By optimizing the treatment con-
ditions, the stability of domain wall motion and the magnetic
response characteristics of the samples can be effectively en-
hanced. For the as-prepared sample (0 min—0 A), the domain
structure is disordered, exhibiting chaotic stripe orientations.
This uneven distribution results from high internal stress and
microscopic defects (such as grain boundaries and pores) in-
troduced during the electrochemical deposition process, lead-
ing to a strong pinning effect on domain walls and hindering

151 Under treatment conditions of 1.8 A

their free movement.
for 5 min and 10 min, the domain structure gradually adopts a

regular stripe-like distribution, indicating that JHA effectively

releases internal stress and reduces the pinning barrier. 5231
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Fig. 2. (a) Effect of different treatment times (at 1.8 A) on coercivity; (b) effect of different current magnitudes (at 10 min) on coercivity, where

the 1.8 A—10 min sample exhibits the smallest coercivity.
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Fig. 3. Variation of domain structure and domain spacing. (a)-(d) Magnetic domain structures under different treatment times; (e)—(f) magnetic
domain structures under different treatment current magnitudes; (g)—(h) distribution curves of magnetic signal amplitude as a function of position
under different conditions, where the domain structure of the 1.8 A—10 min sample is sharper and the domain spacing is smaller (the blue arrows

indicate the direction of decreasing domain spacing).
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Under the optimal JHA conditions, the domain structure
tends to become more ordered, and the continuity of domain
walls and the uniformity of domain sizes are significantly im-
proved. This indicates that internal stress has been effec-
tively released, allowing domain wall motion to become freer,
thereby enhancing permeability sensitivity. The optimal bal-
ance between stress optimization and avoidance of excessive
JHA has been achieved. According to equation in Ref. [54],
AE, = %kuz, k is the elastic coefficient associated with inter-
nal stress, and u represents the displacement of the domain
wall from its equilibrium position. A comparison between
Figs. 3(e) and 3(f) shows that moderate current intensity and
treatment time (1.8 A—10 min) significantly reduce k and u,
making the domain walls easier to move. Treatment at a lower
current intensity (1.2 A) further promotes a regular distribution
of domain walls, whereas higher currents (2 A) cause partial
domain distortion due to excessive heating.

Figures 3(g) and 3(h) show the distribution of signal am-
plitude as a function of length for samples treated under dif-
ferent JHA conditions. As shown in the figures, the peak posi-
tions of the signal gradually shift, reflecting the dynamic evo-
lution of the domain structure. As the treatment time increases,
the waveform becomes more regular, and the domain spacing
d becomes homogenized and decreases in the direction indi-
cated by the blue arrow. To quantify this trend, the domain
spacing distributions were collated, as shown in Tables S1 and
S2. Analysis of the data shows that the domain spacing is in-
versely proportional to the GMI ratio. For the 1.8 A-10 min
sample, the regularity of the signal waveform reaches its max-
imum, with the domain spacing becoming nearly uniform and
minimized, indicating a significant reduction in the domain
wall pinning effect. Since the magnetic permeability (1) is in-
versely proportional to the domain spacing (d), the optimized
JHA conditions lead to a maximum permeability by minimiz-
ing d. This is one of the key reasons for the most significant
GMI effect observed in this sample.

Fourier transform analysis is used to examine the period-
icity of the domain structure in Figs. 3(g) and 3(h). As shown
in Fig. 4, short-duration annealing at low current results in a
disordered distribution of magnetic domain spacing. The pri-
mary peak in the Fourier spectrum is weak, and the GMI ra-
tio is low, indicating limited domain wall motion and minimal
changes in permeability. At 1.8 A—10 min, the magnetic do-
main structure becomes highly uniform, and the primary peak
in the Fourier spectrum is sharp and well defined. Domain wall
motion becomes synchronized, and permeability variations are
more uniform. As a result, the magneto-impedance effect is
optimized, leading to the highest GMI ratio. A double-peak
feature appears in the Fourier spectrum, which may be caused
by resonant behavior of domain walls, further enhancing per-
meability. When the current increases to 2 A or the annealing

time extends to 15 min, the periodicity of the magnetic do-
main structure deteriorates, and higher-order harmonic com-
ponents appear in the Fourier spectrum. This behavior sug-
gests stronger disturbances in domain wall motion. Excessive
oscillations destabilize the magnetic material and reduce the
GMI ratio.
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Fig. 4. Analysis of the structural periodicity of magnetic domains using
Fourier analysis. (a) different treatment times at 1.8 A; (b) different cur-
rent magnitudes for 10 min, where the 1.8 A—10 min sample exhibits the
most pronounced primary spectral peak with a relatively single distribu-
tion, indicating the most uniform magnetic domain spacing.
At the same time, the slope (£) of the GMI curve can be
defined as the magnetic field sensitivity near zero magnetic
field, and the calculation method is shown in Fig. S4, with the

following formula:

d AZ

&(%/08) = =

@

where & represents the derivative of the GMI with respect to
the external magnetic field Hey, corresponding to the slope at
the half-peak width of the GMI curve and reflecting the accu-
racy and sensitivity of the component. Figures 1(c) and 1(d)
describe the variation trends of the GMI effect under differ-
ent treatment times, while Figs. 5(c) and 5(d) summarize the
sensitivity under each condition. For the unprocessed sample
(0 min), the GMI peak value is relatively low (938%), with
a low sensitivity & (89%/Oe). For the 5 min treated sample,
the GMI peak value increases significantly (1349%), and the
sensitivity also increases (113%/Oe). After applying 1.8 A for
10 min, the GMI reaches its maximum peak value (1870%),
and the sensitivity also reaches its maximum (322%/Oe). The
curve becomes more symmetric, and the peak width increases.
After 15 min of treatment, the GMI peak slightly decreases
(1640%), and the sensitivity also decreases (132%/Oe).

The same trend is observed with varying current intensi-
ties. As the current intensity increases, the GMI effect gradu-
ally strengthens. For the 1.2 A sample, the GMI peak increases
(1156%), and the sensitivity slightly increases (130%/Oe).
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Under the 1.8 A treatment condition, the GMI reaches the
maximum peak value (1870%), with a sensitivity of 322%/Oe.
When the current intensity is further increased to 2 A during
treatment, the GMI peak decreases (1580%), and the sensi-
tivity drops to 175%/Oe. In addition, error bars are included,
as shown in Tables S3 and S4. Under small magnetic fields,
as shown in Fig. S5, the overall trend remains consistent,
with the 1.8 A—10 min condition still exhibiting the maximum

GMI response. In the low-field range of 20-30 Oe, the GMI
curve shows an approximately linear decrease, indicating that
the composite structure exhibits a predictable response under
weak magnetic fields. Further calculations show that the resid-
ual ratio, GM1%(30 Oe)/GMI%(20 Oe), is approximately 0.3—
0.5. This stable near-linear behavior is of significant impor-
tance for low-field sensitivity calibration and sensor applica-
tions.
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Fig. 5. (a) Circumferential dynamic hysteresis loop and initial magnetization curve of the untreated sample; (b) circumferential dynamic hystere-
sis loop and initial magnetization curve of the sample under 1.8 A—10 min; (c) schematic diagram of fitting the slope (1, on the circumferential
dynamic hysteresis loop; (d) slope comparison between 1.8 A—10 min and untreated samples, where the slope of 1.8 A—10 min is significantly
greater than that of the untreated sample; (e)—(f) comparison of the GMI ratio, sensitivity, and the slope of the initial magnetization curve for
different samples. After comparison, the 1.8 A—10 min sample exhibits the best performance.

Furthermore, we separately tested the circumferential dy-
namic hysteresis loops of the samples under different JHA
conditions. The circumferential hysteresis loop describes the
relationship between magnetization intensity (M) and the ap-
plied magnetic field (H) under the influence of the circumfer-
ential magnetic field (i.e., the magnetic field along the ma-
terial’s circumference), which is a critical characteristic for
studying filamentous materials.!>>°! As shown in Fig. 6, the

signal generator used for loop measurements is the Keysight
81160A, and the oscilloscope is the Siglent SDS2104X Plus.
In the constructed test circuit, a resistor Ry is used to convert
the current signal into a voltage signal, which is then captured
by the oscilloscope to generate Lissajous figures. The final cir-
cumferential AC hysteresis loops were obtained through data
processing. To accurately determine the induced voltage, the
voltage across the wire’s ends is corrected by multiplying the
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wire’s DC resistance by the current. The induced voltage is
obtained by subtracting the calibrated voltage from the mea-
sured voltage, and the circumferential magnetic flux density is
derived from the following equation:

b 1 1
B_X_X/Vidt—g/(V—IRo)dt, 3)

where A denotes the magnetic flux area within the material, V;
represents the induced voltage, V is the measured voltage, and
I and Ry denote the current flowing through the wire and its
DC resistance, respectively.

Consider a cylindrical conductor with radius R and length
L. When a current flows through the conductor, Jy and J; are
Bessel functions, and the internal magnetic flux (&) can be
calculated as

R [Aruci _; R
/ HyLdr = —i-const- Le*“’”L/ Jy (kr) dr
0 o 0
[amuci .. 1
= j-const- ﬂgcz e_‘“”L% (Jo (kR) —1)

iéconst-L(Jg (kR) — 1) e i@, @)

o)

The time derivative of the magnetic flux is then

8&—? = c-const-L(Jy (kR) —1) e 1, 3)

The voltage measured across the ends of the wire is approxi-
mated as

V = E_.L ~ const-Jy (kR) e 1", (6)

Under quasi-static conditions, considering only the material’s
DC resistance, the voltage drop (R;) across its ends is

R; = IRy = const- e ¢, 7

From the above, we have

aa—(fwc(V—Ri)NV—RiNVb ®)

This provides a theoretical basis for the measurement of dy-
namic hysteresis loops, showing that the loop of a magnetic
microwire can be derived by simply measuring the voltage
across the wire and the current in the loop.

The raw test data are shown in Figs. 5(a), 5(b), S6 and

S7, and its key characteristics include the circumferential ini-

JB
ﬁ —

tracted by linear fitting of the initial slope of the B—H curve

tial magnetic permeability L, defined as u = (ex-
near H — 0). The initial magnetic permeability of the circum-
ferential dynamic hysteresis loop was fitted, as shown by the
black dotted data in Figs. 5(a) and 5(b). As shown in Fig. 5(c),
the slope fitting diagram is given for the central magnified por-
tion of Figs. 5(a) and 5(b), and the difference of sample loops
before and after treatment is compared in Fig. 5(d), showing

that the slope of 1.8 A—10 min is significantly higher than that
of the untreated sample, indicating a substantial increase in
permeability. Additional fitted slope data are shown in Fig. S8,
with the fitted slopes tabulated separately and error bars added
in Tables S5 and S6. We compiled the slope values under vari-
ous JHA conditions, summarized in the green data in Figs. 5(e)
and 5(f). It was found that changes in the slope generally fol-
low the same trend as the GMI effect ratio. Specifically, the
maximum slope of the hysteresis return line was obtained un-
der the 1.8 A-10 min treatment, which is consistent with the
magnetic domain behavior shown in Fig. 3, where the sample
exhibits the smallest domain spacing and the most regular pe-
riodicity. Both features indicate the conditions for achieving
the highest GMI effect.

Oscillograph
Signal generator

D © © ®

0]
®

Composite structural
wires

[

Fig. 6. Schematic diagram of the experimental setup for dynamic hys-
teresis loop measurement.

Without treated current, the sample exhibits significant
internal stress in the magnetic domain structure, leading to
strong domain wall pinning effects and lower circumferential
magnetic permeability (. As a result, the change in i, is min-
imal, leading to a low GMI peak. As the annealing time and
current increase, the circumferential hysteresis loops become
progressively steeper (see Figs. S5 and S6)) and the coerciv-
ity decreases significantly, while the slope value increases (see
Tables S7 and S8). This indicates that the effective loop-wise
magnetic anisotropy of the material increases, and the mag-
netization process occurs more easily. Correspondingly, the
magnetic domain images and statistics (see Tables S1 and S2)
show a more homogeneous width and reduced spacing of the
magnetic domains, indicating a more refined and ordered mag-
netic structure. This optimization of the magnetic structure
through annealing-induced stress release and atomic structure
rearrangement contributes to the enhancement of loop perme-
ability and the freedom of motion of the magnetic domain
walls, which ultimately manifests in higher GMI effectiveness
and sensitivity. All data of regular changes are shown in Ta-
bles S7 and S8. At the same time, the increase in hysteresis
loop slope also indicates that the material exhibits higher loop
magnetization, which is an important characterization of im-
proved performance.
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4. Conclusion

Based on these results, the magnetic properties of
FeyoNigo/Cu composite wires under different JHA conditions
are systematically analyzed, and the relationship between co-
ercivity, domain structure, circumferential permeability, and
GMI effect is revealed. The experimental results show that
under the optimal JHA condition (1.8 A, 10 min), the com-
posite structure conductor exhibits the lowest coercivity, ex-
cellent soft magnetic performance, the highest circumferential
permeability slope, and significantly enhanced GMI effect and
sensitivity, reaching 1870% and 322%/Oe, respectively. The
improvement of magnetic properties is attributed to the JHA
process, which effectively releases internal stress, promotes
reduction of domain spacing, and reduces the domain wall pin-
ning effect. This research demonstrates high-sensitivity and
high-GMI performance, with significant application potential
in weak magnetic field detection, intelligent sensors, and high-
frequency magnetic devices.
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