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Abstract: Co-based amorphous wires (Co-AWs) are functional materials renowned for their
high impedance change rate in magnetic fields and a pronounced giant magnetoimpedance
(GMI) effect. In this study, magnetron sputtering (MS) and dip-coating (DC) techniques
were employed to fabricate carbon-based nanocoatings aimed at modulating the GMI
properties of Co-AWs. The magnetic properties and GMI responses of the composite Co-
AWs with carbon-based coatings were comparatively analyzed. The results demonstrate
that both methods effectively enhanced the GMI properties of the coated Co-AWs. The DC
method emerged as a rapid and efficient approach for forming the coated film, achieving
a modest enhancement in GMI performance (10% enhancement). In contrast, the MS
technique proved more effective in improving the GMI effect, yielding superior results. Co-
AWs coated via Ms exhibited smoother surfaces and reduced coercivity. Notably, the GMI
effect increased with the thickness of the sputtered carbon coatings, reaching a maximum
GMI effect of 522% (a remarkable 357% enhancement) and a sensitivity of 33.8%/QOe at
a coating thickness of 334 nm. The observed trend in the GMI effect with carbon layer
thickness corresponded closely to variations in transverse permeability, as determined by
vibrating sample magnetometry (VSM). Furthermore, the carbon coating induced changes
in the initial quenching stress on the surface of the Co-AWs, leading to alterations in
impedance and a significant reduction in the characteristic frequency of the Co-AWs. Our
findings provide valuable insights into the modulation of GMI properties in Co-AWs,
paving the way for their optimized application in advanced magnetic sensor technologies.

Keywords: GMI effect; Co-based amorphous wires; carbon-based nanocoatings

1. Introduction

The GMI effect refers to the phenomenon that the impedance of magnetic materials
changes significantly with the change in external magnetic field under the excitation of
alternating current [1]. As an important physical effect, the GMI effect has a wide range of
applications in the fields of high-performance magnetic sensors, magnetic field detection,
and so on. The continuous advancement of science, technology, and industry has led
to a growing demand for cost-effective functional materials with controllable properties.
Magnetic materials are one of the important functional materials [2]. Low cost magnetic
materials with improved magnetic properties are needed in many fields such as magnetic
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sensors, medicine, aerospace, etc. Among magnetic materials, soft magnetic materials have
attracted the attention of researchers because of their ability to respond quickly to changes
in the external magnetic field and their advantages of high permeability, low coercivity, etc.
Soft magnetic materials such as thin films, amorphous ribbons, and amorphous wires play
an important role in the preparation of GMI sensors [3]. Amorphous wires with unique
magnetic domain structures have many excellent properties, and, initially, researchers
focused on the spontaneous magnetic bistability of amorphous wires with rectangular
hysteresis loop features [4]. Another property of amorphous wires, the GMI effect, was
later discovered and has since renewed the interest of researchers in amorphous wires [5-8].

Significant advances have been made in GMI sensor technology, including the devel-
opment of new amorphous materials, optimization of sensor structures and processes, and
integration with microelectronics. Current sensors, magnetoelastic sensors, stress sensors,
curvature sensors, etc., have been fabricated based on amorphous wires [9-12]. These
sensors are extensively utilized in various fields, such as the automotive and aviation in-
dustries, magnetic data storage, electronic compasses, drone control and indoor navigation,
among others. Especially in the detection of weaker biomagnetic fields, amorphous wire
sensors are widely used for cancer biomarker detection due to their high sensitivity. For
example, Zhu et al. achieved an ultrasensitive detection of AFP antigen using CoFeSiB
amorphous wire combined with a microfluidic chip with a lower limit of detection of
100 fg/mL [13]. This ultrasensitive GMI biosensor provides an effective method for cancer
biomarker detection. Meanwhile, Qin et al. fabricated a magnetically induced pressure sen-
sor using glass-coated amorphous wires to enable the monitoring of hand rehabilitation in
hemiplegic stroke patients [14]. GMI sensors also play an important role in non-destructive
testing, such as monitoring and diagnosing pipeline conveyor belts [15]. Flexible magnetic
sensors are also expected to play a greater role in emerging areas such as the Internet of
Things and wearable electronics [16].

In recent years, researchers have investigated the GMI effect of amorphous wires from
various perspectives. In order to facilitate the normal operation of amorphous wire sensors
in low magnetic fields or some harsh environments, it is crucial to improve their sensitivity
and GMI effect. The influence of annealing on the GMI effect in amorphous wires has
been a topic to explore [17-20]. The results show that adjusting the distance between
two amorphous wires and changing the structure of amorphous wires can effectively
enhance the GMI effect [21-23]. During the melt extraction of the microwires, the magnetic
domain structure, surface roughness, and GMI effect of the microwires are modified by
the substitution of B by Zr [24]. A more comprehensive report on post-processing tools for
optimizing the GMI effect was presented by Zhukov et al., which suggests a reasonable
solution for sensor preparation [25].

Studies show that the GMI effect in amorphous ribbon can be improved by thin film
coating. The surface roughness of ribbons can be reduced, interlayer stress can be weakened,
and stray fields can be decreased with the appropriate thickness of coating [26-28]. Similar
results have been found for microwires [29-32]. The magnetic properties and GMI effects
of microwires can be affected by the coating of magnetic, conductive, or insulating layers
on the sample [33-37]. Due to high strength flexibility, thermal conductivity and electrical
conductivity, and optical properties, graphene has a very wide range of applications and
has attracted researchers attention [38-42]. Exposure to toluene results in the formation of
graphene-like carbon layers in amorphous wires, a surface modification that significantly
alters their effective magnetic anisotropy [43]. Electrodeposition methodology is utilized
to coat carbon nanotubes and graphene oxide on the surface of amorphous microwires,
resulting in a 230% and 130% enhancement in the GMI effect, respectively [44]. There are
different deposition techniques for the preparation of carbon films, such as laser deposition,
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magnetron sputtering, chemical vapor deposition, and electrodeposition. Among them,
sputtering has the advantages of low fabrication temperature and uniformity of properties,
and the preparation of carbon films by this method needs to be investigated.

In this study, DC and MS were employed to deposit carbon layers on the surfaces
of amorphous wires, and the magnetic properties of the resulting composite amorphous
wires were compared. Composite wires with carbon coatings of varying thicknesses
were fabricated using the MS, and the impact of the coatings on the composite wires was
analyzed to elucidate the underlying mechanisms. This study provides a valuable reference
for future methods of adding coating layers to soft magnetic materials.

2. Materials and Methods

The cobalt-based amorphous water spinning used in this study was purchased from
Dongfang Microelectronics Technology Co., Ltd (Wuhan, China). The length was 5 cm,
the effective length was 1 cm, the diameter was 125 um, and the saturation magnetization
intensity was 46 emu/g. Copper-based graphene composite films were purchased from
XFNANO Materials Tech Co., Ltd (Jiangsu, China). A high-purity carbon target was
purchased from Jinyuan Advanced Materials Technology Co., Ltd (Beijing, China). A
schematic illustration of the fabrication and measurement of composite Co-AWs using
the DC and MS methods is shown in Figure 1. Co-AWSs, measuring 5 cm in length, were
sequentially immersed in glass containers filled with acetone, alcohol, and deionized water,
followed by ultrasonication for 2 min each. Subsequently, the wires were dried with
nitrogen gas in preparation for the subsequent samples. The DC samples was prepared
as follows: Firstly, poly(methyl methacrylate) (PMMA) was uniformly spin-coated on the
surface of copper foil with a single layer of graphene as a support layer for graphene after
etching. And then the copper growth substrate was etched in an ammonium persulfate
solution, transferring monolayer graphene into a deionized water solution. Finally, the
Co-AWs were immersed in the prepared graphene solution and pulled horizontally from
the solution in a vertical direction, as shown in Figure 1la. Carbon nanocoatings of 67 nm,
203 nm, 334 nm, 467 nm, and 601 nm thicknesses were coated on the surfaces of Co-
AWs using the MS method. The base vacuum was maintained at 1.2 x 10~* Pa, the
argon pressure was set at 1.8 Pa with a flow rate of 42 sccm, the substrate temperature
was maintained at 80 °C, the sputtering power was 150 W, the rotational speed was
10 r/min, and the sputtering rate was approximately 6.42 nm/min. The morphology
of the coatings was examined using scanning electron microscopy (SEM) with a Quanta
200FEG field emission scanning electron microscope. The structure and composition of
the composite wires were analyzed using energy-dispersive X-ray spectroscopy (EDS) and
X-ray diffraction (XRD). The scanning range of XRD was 30-80° and the scanning speed
was 2°/min. Hysteresis loops were measured using a vibrating sample magnetometer
(VSM, Quantum Design SQUID-VSM (MPMS-3)) at room temperature.

Impedance was tested using a 4194A impedance analyzer and a 16047D fixture with
the AC frequency set at 100 Hz to 100 MHz. The external magnetic field was provided
by a Helmholtz coil, and the magnitude of the magnetic field, ranging from —140 Oe to
140 Oe, was controlled by adjusting the current of the direct current power supply and the
gap between the ends of the Helmholtz coils. The measurement principle is schematically
shown in Figure 1c. The GMI ratio is defined as

Z(H) — Z(Hmax)

GMI(%) = ) x 100% 1)

where Z(H) is the impedance value under a specific magnetic field, and Z(Hmax) is the
impedance value under the applied maximum magnetic field, when the amorphous wire
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has reached magnetic saturation. An important feature of the GMI effect is its sensitivity to
the external magnetic field:

T @

Carbon layer

Amorphous wire

Figure 1. A schematic diagram of the principle: (a) DC method (b) MS method. (c¢) Impedance
measurement.

3. Results
3.1. Characterization of Co-AWs

Figure 2 illustrates the surface morphology of the AS sample, DC sample, and MS
samples with carbon nanocoatings of varying thicknesses and amplified cross-sections of
composite Co-AWs. There were obvious crack defects on the surface AS sample, as seen in
Figure 2a. In Figure 2b, we can see that the surfaces of DC samples tend to form clusters,
likely due to the inherently uneven nature of the Co-AWs and DC process. Compared with
the AS sample and DC sample, a denser nanocoating with fewer defects and smoother
surface can be found in the MS samples, as seen in Figure 2c—e. For the MS samples, it can
be seen that some small particles appear on the surfaces of Co-Aws, which may be caused
by partial carbon agglomeration. When the thickness of the carbon nanocoating reaches
334 nm, it can be seen that the surfaces of the Co-AWs are very smooth and dense defects
are minimized. However, a further increase in the thickness of the carbon nanocoating
leads to the appearance of lumpy carbon agglomerates on the surface of the Co-AWs, as
depicted in Figure 2e. A clear delamination structure observed between the Co-AWs and
the carbon nanocoatings is shown in Figure 2f. The carbon nanocoating exhibits relatively
uniform thickness, effectively demonstrating the successful preparation of a high-quality
carbon film on the surfaces of Co-AWs via the MS method. By chemically plating graphene
on the strip, it is known that the more complete the surface is, the smaller the degree of
defects and the lower the stress [45].

Figure 3a shows the normalized hysteresis loops of the DC sample and MS sample. It
was found that all samples exhibited typical ferromagnetism with favorable soft magnetic
properties. Similar magnetization curves and low-saturation magnetic fields (<100 Oe) were
observed, which can provide the conspicuous GMI effect in the applied fields (—140 Oe to
140 Oe). The DC and MS samples had lower coercivity and residual magnetization strength
compared to the AS samples. The coercivity and residual magnetization strength of MS
samples with different thicknesses of carbon nanocoatings are shown in Figure 3b. The
coercivities of AS and DC samples were 7.2 Oe and 4.4 Oe, and the coercivity of all MS
samples (203, 334, and 467 nm coatings) was below 5 Oe. The smallest coercivity of 3.4 Oe
was obtained for the MS sample with a 334 nm nanocoating. Notably, the coercivities of the
samples decreased and then increased with the increase in the thickness of the nanocoatings,
while the permeability also changed. The decisive parameter for the GMI effect of the
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samples was pt, which increased and then decreased with increasing thickness, and this
result can be used to interpret the MI results.

Figure 2. Typical SEM images: (a) AS sample, (b) DC sample, and (c—e) MS samples with 203 nm,
334 nm, and 467 nm carbon nanocoatings, respectively; (f) amplified cross-section of composite
Co-AWs with 203 nm carbon nanocoating.
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Figure 3. Normalized hysteresis loops of DC sample vs. MS samples (a) and MS samples with
nanocoatings of various thicknesses vs. AS sample. Inset shows slope at zero (permeability) and
partial enlargement view (b).

EDS was employed to analyze the elemental composition of the AS sample, the DC
sample, and the MS samples. It was confirmed that the contents of carbon atoms on the
surface of the DC sample (14%) and the MS samples (>26%) were significant higher than that
of the AS sample (4.8%). Meanwhile, as the thicknesses of the carbon nanocoatings increase,
the carbon atom content rises from 26.2% to 45.5%, with data analyzed by EDS spectroscopy
presented in Table 1. This confirmed the formation of a progressively thickening carbon
nanocoating on the surfaces of the Co-AWs. Figure 4 shows the energy spectrum analysis
results of contained elements on the surface of the Co-AWs. The presence and content
of the elements C, Co, O, Si, and B were confirmed. Figure 5 shows the X-ray diffraction
patterns of AS, DC, and MS, and it can be seen that for all the samples, there is no significant
crystallization peak. This indicates that the carbon layer is amorphous and that it does not
change the microstructure of the composite wires.
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Table 1. Analysis of carbon element in varying samples by energy spectroscopy.
Sample AS DC 203 nm 334 nm 467 nm
Atomic % 4.8 14.0 26.2 30.2 45.5
Weight 1.2 44 8.9 11.2 21.8

Intensity Carb.units)

20 (degree)
Figure 5. X-ray diffraction of AS, DC, and MS samples.

3.2. GMI Behaviors Analysis

Figure 6a,b show the field dependence of GMI responses for the DC sample and
MS sample with 50 nm thickness nanocoatings. The maximum GMI effects were 175%
and 190% for the DC and MS samples, respectively. And it can be seen that all of the
GMI curves exhibit a double peak at higher frequencies (3~100 MHz) and a single peak
at lower frequencies (100 KHz~1 MHz). The contribution of domain wall motion and
magnetization rotation to the permeability changes with increasing frequency [44]. The
frequency dependence of the maximum GMI for all the samples is shown in Figure 6¢,d.
The results show that the GMI effect was improved by both of the nanocoating methods.
And the maximum GMI effect of the MS sample was increased by 25%, whereas the GMI
effect of the DC sample was only increased by 10% compared with that of AS sample
(165%). The results confirmed that MS is a better coating method to improve the GMI
effect of Co-AWs. It can be seen in Figure 2 that the film of DC is not very homogeneous
compared to MS and is prone to a large number of clusters, which may lead to an increase
in stress. According to Equation (3), this will cause a change in the stress energy, which
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will affect the GMI curve. Compared with electrodeposited carbon nanotubes, carbon films
can be formed more rapidly by the DC method. And the MS method obtained a higher
magnetoimpedance change, and the prepared carbon film was denser and smoother. From
Figure 6d, we can conclude that the characteristic frequencies of the AS sample, DC sample,
and MS sample are 2.5 MHz, 2.1 MHz, and 1.7 MHz, respectively. The frequency range
of the optimal GMI can be affected by a number of factors, such as the diameter of the
metal core, the interfacial layer between the metal core and the coating, and magnetoelastic
anisotropy [46].
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Figure 6. The magnetic field dependence of GMI for (a) the DC sample and (b) the MS sample and
the frequency dependence of the maximum GMI ratio for the samples’ (¢) full views and (d) partial
enlargement views.

Figure 7 illustrates the magnetic field dependence of the GMI effect of the AS sample
and MS samples with varying carbon nanocoating thicknesses. All GMI curves show
the same trend as stated above for the single- and double-peak phenomena. When the
thickness of the carbon nanocoating exceeded 67 nm, a better GMI effect (280%, 522%,
370%, and 300% for 203, 334, 467, and 601 nm nanocoatings, respectively) could be obtained
at lower working frequencies, as can be seen in Figure 7c—f. The characteristic frequencies
of the MS samples (203-601 nm nanocoatings) were less than 1.0 MHz. The maximum
GMI effect with 522% was obtained at a carbon nanocoating thickness of 334 nm. The
preparation of amorphous wires with a diameter of 125 um requires a high quenching rate,
and alcohol consumption means that strong internal stresses are generated, especially in the
near-surface layer [47]. When the GMI ratio reaches the maximum at this time, the external
magnetic field is the peak field (Hp), which is equivalent to the magnetic anisotropy field
of the sample. In Figure 7a—f, it can be seen that at a frequency of 3 MHz, Hp first decreases
and then increases to 4.9 Oe, 4.5 Oe, 4.2 Oe, 3.1 Oe, 3.6 Oe, and 4 Oe, respectively, and this
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variation is not only related to anisotropy but also to the stress of the composite wires and
to the electromagnetic interactions [45].

Hp:Hk+Hi+Hs 3)

where Hj is anisotropic, H; is electromagnetic energy, and H; is stress energy. The addition
of a carbon layer not only improves the surface roughness but also creates stress during
the preparation. This causes a change in the peak field position, which has an effect on the
magnetoresistance of the sample. Faraday’s law of induction shows that an induced current
is generated when an AC current is passed through the composite wire. The induced
current can be considered an eddy current, which distributes the AC current towards the
surface of the composite wire, thus causing a change in the skin effect. The enhancement of
the skin effect leads to an increase in the GMI effect. According to Equations (1) and (2),
the highest sensitivities of the MS samples with 33.8%/Oe are larger than that of the AS
sample (9.6%/0Oe). The maximum GMI was enhanced by 357% from the AS sample to the
MS sample.
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Figure 7. The field dependence of the GMI effect of the AS sample (a) and the MS samples with
various coatings with thicknesses of 67 nm (b), 203 nm (c), 334 nm (d), 467 nm (e), and 601 nm (f).
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Figure 8 illustrates the frequency dependence of the GMI ratio of the AS sample and
all the MS samples at a magnetic field of 3 Oe. As the frequency increases, the GMIs of all
samples initially increase, reaches a maximum at a specific frequency, and finally begins
to decrease at higher frequencies. This phenomenon is related to the contribution of the
domain wall motion and magnetization rotation to the permeability y;. In the higher-
frequency range, because of the damping of the domain walls by eddy currents, only the
magnetization rotation affects the magnetoimpedance [3]. The variation in the GMI can be
explained by the skinning effect, and the skinning depth is defined as follows:

b= ——— @
Vo f

where ¢ is the conductivity, f is the frequency of the AC current, and y; is the dynamic
transverse permeability. The variation in magnetoimpedance for different carbon layer
thicknesses is related to the variation in magnetic permeability in the inset of Figure 3b,
with an increase in ¢, an enhancement of the skinning effect, and an increase in the MI
ratio. The interaction between rGO and FINEMET strips leads to change in the skinning
depth, and surfaces may undergo the same changes after the deposition of the carbon
layer [45]. The change in the magnetoimpedance of the sample before and after deposition
can be attributed to a combination of stress and electromagnetic interactions.

(o) OBEL TIND

=
S5

Figure 8. Frequency dependence of the GMI ratio of the AS sample and the MS samples at a magnetic
field of 3 Oe.

The relationship between the maximum GMI and the characteristic frequency as a
function of carbon nanocoating thickness is shown in Figure 9a. The GMI of the MS samples
initially increased and then decreased with the increasing thickness of the nanocoating. The
maximum GMI value is 3.16 times larger than that of the AS sample. When the nanocoating
thickness increases to 601 nm, the maximum GMI decreases to 301%. The characteristic
frequencies of the samples are decreasing as the thickness of the carbon layer increases.
The characteristic frequency can be roughly estimated as

1

fmax = F(————
max ( HSTCtZO-

(5)
where t is the coating thickness and i is the saturation permeability. It can be seen that the
characteristic frequency is related to the magnetic properties and thickness of the coating.
In order to verify the reliability of both DC and MS methods, two batches of samples were
studied in this work, and the results of 10 tests of the same sample were compared, as
shown in Figure 9b. The standard deviation of this sample was calculated from the test
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results of each batch of samples, where the standard deviations of AS and DC were 1.23
and 1.3, respectively. The maximum and minimum values of the standard deviation of the
MS samples were 1.29 and 1.06, respectively. The results showed that the sensors prepared
using the two methods had high repeatability and accuracy.

b 522
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Figure 9. Variation in the maximum GMI ratio and fmax with different thicknesses of carbon
nanocoatings (a) and maximum GMI ratios for the AS, DC, and MS array samples (b).

4. Conclusions

This study successfully utilized the MS and DC methods to fabricate carbon-based
nanocoatings to modulate the GMI properties of Co-AWs. Using the DC method, the GMI
effect of Co-AWs was improved from 165% to 175%. This approach demonstrated a quick
and effective approach for the modulation of the GMI performance of Co-AWs; however,
certain limitations were observed, including the production of overly thin nanocoatings in
a single DC process and a lack of film density. Future work could address these challenges
by employing multiple DC cycles to achieve thicker and denser nanocoatings. The MS
method, on the other hand, proved to be a more effective technique for GMI modification
in amorphous Co-AWs. Investigations into the effect of varying carbon nanocoating
thicknesses revealed the existence of an optimal thickness for modulating the GMI effect. A
coating thickness of 334 nm yielded the smoothest surface and the most favorable magnetic
properties, including a coercivity of 3.4 Oe. This configuration achieved the highest GMI
effect of 522% at a frequency of 0.8 MHz. The carbon nanocoating not only improved the
surface roughness but also reduced the characteristic frequency of the composite wire,
enhanced surface smoothness, and modified the initial surface quenching stress. Moreover,
changes in magnetic permeability further elucidated the critical role of the carbon layer
in altering the magnetoimpedance properties of Co-AWs. These findings present a novel
methodology and theoretical framework for optimizing the performances of composite
Co-AWs, paving the way for advancements in magnetic sensor technologies.
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