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ABSTRACT

The influence of a ferromagnetic cover layer on giant magnetoimpedance (GMI) effect in
nearly-zero magnetostrictive CoggsFessSiiooB1go amorphous ribbon after being surface
coated by an electrodeposited Co layer of 10 um in thickness, has been studied in the high
frequency range between 10 MHz and 1.5 GHz. Longitudinal MOKE measurements per-
formed on both kind of samples reveal the influence of exchange coupling interaction at
the interface between the magnetic amorphous ribbon and electrodeposited Co coating
layer, which is sensitive to the skin depth effect at high ac current frequency values.
Comparison between GMI responses of the Co coated amorphous ribbon and the as-cast
sample is provided. A more sharp and well defined double-peaks dependence of imped-
ance on magnetic field, but with lower peaks intensity, is observed for the Co coated ribbon
in the frequency range of 10-100 MHz, while the peaks intensity is higher than that
observed in the as-cast ribbon at the high frequency value of 1 GHz due to the higher
resistance of the Co electroplated layer than the core one. The influence of a dc bias drive
current on the GMI response in both amorphous ribbons (as-cast and Co layered) is
analyzed, which originates the removal of magnetic domain structure from both, the as-
cast and Co-coated ribbons, giving rise more sensitive GMI effect. CoFeSiB amorphous
ribbon with vanishing magnetostriction can achieve improved high frequency magnetic
properties after being surface coated with electrodeposited ferromagnetic layers, as
outstanding candidates for electromagnetic and magnetomechanical engineering
applications.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

* Corresponding author.

E-mail address: vmpp@uniovi.es (V.M. Prida).

https://doi.org/10.1016/j.jmrt.2021.11.143

2238-7854/© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).


http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:vmpp@uniovi.es
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmrt.2021.11.143&domain=pdf
www.sciencedirect.com/science/journal/22387854
http://www.elsevier.com/locate/jmrt
https://doi.org/10.1016/j.jmrt.2021.11.143
https://doi.org/10.1016/j.jmrt.2021.11.143
https://doi.org/10.1016/j.jmrt.2021.11.143
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

6930

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2021;15:6929-6939

1. Introduction

The giant magnetoimpedance (GMI) effect discovered in 90-s in
magnetically soft amorphous wires with vanishing magneto-
striction [1,2] has attracted since then substantial interest owing
principally to extremely large magnetic field sensitivity (up to
10%/A/m) suitable for real technological applications in mag-
netic sensors [3—8]. The origin of GMI effect is intrinsically
related to the magnetic softness of the ferromagnetic conductor
material [1-4]. Therefore, the GMI effect has been reported in a
vast number of soft magnetic materials, including various
families of magnetic wires [1-5,7—10], amorphous and nano-
crystalline ribbons [4,6,11—15], multilayers [16—19] or lantha-
nide compounds [20,21]. Accordingly, the GMI effect
optimization is greatly affected by advances in research on soft
magnetic materials. Main research on GMI materials is therefore
focused on influence of microstructure (amorphous, nano-
crystalline or mixed structures), tuning of magnetic anisotropy
through shape and magnetoelastic anisotropies [4,5,9,11,12].
Consequently, the development of GMI materials is multidisci-
plinary research involving materials science, micromagnetics
and classical electrodynamics (see in particular Refs. [4,22,23]).

The GMI effect consists in a large change in the electrical
impedance, Z, upon the applied magnetic field, H [1-5,23]. The
origin and main features of GMI effect have been satisfactorily
explained in terms of classical electrodynamics, by consid-
ering the skin effect of a soft magnetic conductor [1,2,4,5,23].

The peculiar magnetic domain structure exhibited by low
magnetostrictive Co-rich wires, consisting of an axially
magnetized inner core and the outer domain shell with high
circumferential permeability (10%) is sensitive to an axially
applied external magnetic field [4,23,24], or tensile and
torsional stresses [10,25—28]. Therefore, such materials usu-
ally present high GMI effect [1-5,23]. On the other hand, the
shape magnetic anisotropy (cylindrical or planar geometry),
sample dimensions (diameters, thickness) and the character
and spatial magnetic anisotropy distribution (longitudinal or
transverse) lead to remarkable differences in the GMI effect
value and magnetic field dependence [4,23]. Thus, the Z(H)
dependence is determined by the type of magnetic anisotropy:
the frequency range, single or double-peak Z(H) dependence
[29]. Consequently, considerable efforts have been devoted to
modifying the magnetic domain structure in the surface layer
of GMI materials in order to tune the GMI effect magnitude
and the Z(H) dependence [9,22,30—32].

As mentioned above, GMI effect has been also studied in
thin films and even in sandwich structure [16—19,31,33—35].
One of factors relevant for the GMI effect optimization in thin
films and magnetic microwires is the frequency of the AC
driving current [36]. For amorphous ribbons or wires the
optimal frequency range at which maximum change of
impedance can be achieved is usually of the order of MHz
[37,38]. However, in thin films and microwires the maximum
of GMI effect is observed in the frequency range of around
100 MHz [16—19,22,36,39]. Accordingly, a decrease in the
dimensionality of modern magnetic materials is associated
with an increase in the optimal frequency range of GMI
response [16—19,22,36,39].

However, given some specific applications for GMI effect in
highly sensitive integrated micromachined magnetic sensors.
(e.g. in the automotive sector, where high frequency noise can
affect engine control computers), it is desirable to reduce
operating frequencies but without reducing the GMI response
[40,41].

One of the promising solutions involves targeted surface
magnetic structure modification of amorphous or nano-
crystalline soft magnetic materials using a magnetic thin film
coating [42—44]. Focusing the attention on the advance to
understand the fundamental mechanisms of the GMI effect,
the improvement of high frequency GMI response and modi-
fication of optimal frequency have been achieved by either
using of a magnetic Co thin film layer coating to an amor-
phous Co-based, Finemet or FeNi-based nanocrystalline rib-
bons [42—45].

The influence of electrodeposited cobalt and nickel layers
with varying thicknesses ranging between 5 and 40 nm on the
magnetoimpedance response of a soft ferromagnetic Co-
based amorphous ribbon has been reported by L Jamilpanah
et al. [46]. The higher crystallinity exhibited by Ni-deposited
layers and the amorphous ferromagnetic nature of Co-
deposited ones explain the different high frequency MI
behaviour between the Co-deposited ribbons, which showed
MI hysteretic behavior with an optimum response for the
cover layer of 20 nm in thickness, and the non-hysteretic MI
effect in Ni-deposited ribbons. The origin of this peculiar MI
response is due to the exchange coupling effect occurred at
the interface between the magnetic bilayers that is sensitive
to the skin effect at high frecuency values of ac current. The
GMI response is enhanced in these Ni- and Co-deposited rib-
bons atlow thickness of deposited layers regarding to bare Co-
based amorphous ribbon, but the increase of electrodeposited
Co and Ni thickness layer makes to decrease significantly the
MI effect.

Additive fabrication procedure by combining one-step
electroless-plating for the synthesis of reduced graphene
oxide (rGO) layer on Finemet ribbons, together magnetron
sputtering method for the deposition of an FeCo coating layer,
was followed for obtaining a peculiar sandwich structure
made of Finemet/rGO/FeCo composite ribbon exhibiting high
GMI effect values up to 70%, which are larger than in bare
Finemet ribbon [47].

High sensitive magnetoimpedance effect, and good corro-
sion stability in aggressive environments, are functional
properties exhibited by Co-rich amorphous ribbons-based
sensitive elements that can be modified by deposition of
magnetic and non-ferromagnetic layers with required con-
ductivity, for magnetic biosensors applications. In this regard,
bilayered Fe,oNige/CogsFesCrsSiisB1o/FesgNigy magnetic com-
posites were obtained by magnetron sputtering deposition of
1 um thick conductive Fe,oNig, films coated onto both sides of
ferromagnetic Co-based amorphous ribbon, aimed for
designing MI biosensors for magnetic label detection [48].

In spite of promising results, obtained in magnetic thin film
coated Finemet or FeNi-based nanocrystalline ribbons,
amorphous materials usually present enhanced mechanical
properties [49]. Additionally, vanishing magnetostriction, s,
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values can also be obtained in Co-rich Co—Fe amorphous al-
loys, which determine the outstanding GMI behaviour
exhibited by these materials [50,51].

Previously, we have studied the GMI effect in the as-cast
and stress-annealed CogssFessSign oBiso amorphous ribbons
[52—54]. In these previous works, we paid attention on corre-
lation of the transverse magnetic anisotropy distribution
through the cross section and the Z(H) dependencies (GMI
effect magnitude, magnetic field value associated to the
appearance of the two-peaks behaviour). Particularly, we
showed that the GMI effect of stress-annealed ribbons was
improved (GMI effect value as well as the narrower and
sharper peaks in Z(H) dependencies) as compared to the as-
cast ribbon. Such positive impact of stress-annealing
induced anisotropy can be attributed to the development of
a higher transverse magnetic susceptibility after stress-
annealing treatment [53,55—57]. These findings become also
relevant for the future high performance GMI-based techno-
logical and biomedical applications of amorphous materials
[58—61].

The evolution of the maximum on Z(H) dependencies,
attributed to the magnetic anisotropy field, as a function of the
frequency can provide useful information on the spatial dis-
tribution of magnetic anisotropy of the ribbons. On the other
hand, it is well known that electrochemical deposition tech-
nique is a suitable and low-cost method for making uniform
metallic coatings on the surface of conductive substrates,
such as soft magnetic amorphous ribbons, which allows also
to properly modify the high frequency response of the mag-
netic materials [42—-48], among other several deposition
techniques [62—64].

Consequently, in this paper we provide our recent results
on the GMI effect in near-zero magnetostriction Co-based
amorphous ribbons coated with an electrochemical depos-
ited Co layer, allowing to tailor the GMI effect in both, either
intensity as well as in shape, for the high frequency range up
to 1.5 GHz. The influence of an externally applied DC bias field
is also analyzed.

2. Experimental details

Amorphous CoggsFe3sSitz0Bigo (Nominal composition) rib-
bons (0.60 mm of width and around 23 pm thick) were pre-
pared employing the melt-spinning technique using a Fe
wheel. The ribbons were rapidly quenched from the meltin a
1073 mbar vacuum, (in the following it will be denoted as the
as-cast sample). Examination of the as-cast sample revealed
that it was amorphous with saturation magnetization, Mg, of
about Ms = 0.59 T and the saturation magnetostriction, 1s,
(measured by the small angle magnetization rotation (SAMR)
method of Ag = - 0.22 x 10~°. To mention that small value of
saturation magnetostriction is a pre-requisite to exhibit large
GMI effect in the soft magnetic amorphous alloys [23]. A piece
of the as-cast ribbon, of around 2 cm in length, was coated
with a different magnetic material in order to tune its mag-
netoimpedance response (denoted as Co-coated sample). A
uniform Co layer was deposited on the surface of the as-cast
ribbon by electrochemical deposition, performed in a Watts
type electrolyte containing 300 g/l of CoS04.7H,0, 45 g/l of

CoCl,.6H,0 and 45 g/l of boric acid, with pH around 4.5
adjusted by dropping 3 M NaOH solution. The electrolyte was
kept at 35 °C during the deposition process. The electrodepo-
sition was performed in a three-electrode electrochemical
cell, equipped with a saturated KCl Ag/AgCl reference elec-
trode, a platinum wire as the counter electrode, and the ribbon
acting as cathode. The applied deposition potential was —1 V
vs. reference electrode, and it was kept during 300 s. The
chemical composition and microstructure of both, the as-cast
and cobalt coated samples were studied by Scanning Electron
Microscopy (SEM JEOL-6610LV) equipped with Energy Disper-
sive X-ray analysis (EDX). Magnetic hysteresis loops, M(H), of
bulk samples (with different configurations of the applied
magnetic field) have been measured at 300 K using a Vibrating
Sample Magnetometer (VSM-VersalLab, QD) at applied mag-
netic fields up to 2.4 x 10° kA/m. Local surface magnetic
properties were measured at room temperature (RT) by lon-
gitudinal Magneto-Optical Kerr Effect (LMOKE) carried outin a
NanoMOKE3 device (Durham Magneto-Optics), suited with a
dipolar electromagnet under a maximum applied field range
of +96 kA/m that was applied along both, the longitudinal or
transversal directions with respect to the ribbon rolling
direction.

The electrical impedance, Z, dependence on magnetic field,
H, (up to 15 kA/m) applied along the longitudinal direction of
1 cm long ribbon was measured using a N5230A vector
network analyzer at frequencies, f, up to 1.5 GHz, such as
previously described elsewhere [52]. Z values were evaluated
from reflection coefficients measurements. The N5230A vec-
tor network analyzer output power was —10 dBm.

3. Results and discussion

SEM images of the fracture cross-section and the ribbon sur-
face for the as-cast ribbon and the Co-coated sample are
shown in Fig. 1a and (b), respectively. The examination of the
as-cast sample shows the typical morphology for an amor-
phous ribbon without traces of crystalline grains resulting
from the quenching process.

The cross-section in Fig. 1b for the Co-coated sample
clearly displays a Co layer of 10 pum revealing a laminar
structure induced by the electrochemical deposition process.
EDX microanalysis was performed in different ribbon zones
including the Co layer for the chemical composition analysis.
Both ribbons exhibit an average composition rather near to
the nominal one, and no diffusion from Co layer to the ribbon
sample has been observed. The estimated error determined
for the concentration of each element was +0.1%.

Accordingly, both ribbon and Co-coating thickness and
chemical compositions are rather homogeneous and
reproducible.

To assess the effect of Co coating layer on the magnetic
properties of the amorphous ribbon, we measured the mag-
netic hysteresis loops of the Co-coated sample along the
longitudinal, transversal in-plane and perpendicular applied
magnetic field directions with respect to the ribbon axis
(corresponding hysteresis loops of the as-cast sample were
published in [54]). Figure 2 shows the normalized M(H) curves
of the Co-coated sample. The coercivity and anisotropy field
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CoFeSiB
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SEI WDImm  SS30L I X | — SEl 20kV  WDSmm  SS3

Fig. 1 — (a) and (b) SEM images of the cross section of the as-cast Cogs.sFes sSi12.0B1s.0 ribbon (a), and Co-coated amorphous
ribbon (b). The inset in (b) displays a higher magnification image of the cobalt coating, evidencing its laminar structure. (c)
and (d) display the EDX spectra obtained from the as-cast ribbon (c), and the Co coating layer (d), respectively.

values that were extracted from the hysteresis loops of both
samples are shown in Table I.
It was previously reported that the as-cast ribbon is

1,0+ s magnetically soft with almost rectangular longitudinal hys-
Longitudinal r teresis loop and with the magnetization reached the satura-
I tion achieved at low H-values. However, the transversal and
0,5+ et — Longitudinal perpendicular hysteresis loops were inclined. This shape of
— Transversal |- these hysteresis loops has been explained considering a
E"’ —— Perpendicular peculiar magnetic domain structure with mainly two regions:
= 00 an inner axially magnetized core responsible of the low field
= Co-coated .,,5_ hysteresis and the outer shell with the transverse magneti-
eipenisdeg zation orientation with respect to the ribbon axis, linked to
05+ S 1 transversal magnetic anisotropy and responsible for the M(H)
0s) inclination.
—.
-1 ,0-— ) . ) ] 75 60 25 0 25 50 75
T T T T
-2000 -1000 0 1000 2000 Table 1 — Coercivity (Hc) and effective anisotropy field (Hk)
Magnetic Field (kA/m) values obtained from longitudinal, transversal and
perpendicular VSM bulk hysteresis loops of the as-cast
Fig. 2 — Room temperature magnetic hysteresis loops and Co-coated ribbons, respectively. (Data of the
measured along the in-plane ribbon axis (black), uncoated ribbon were obtained from the hysteresis loops
transversal direction in the ribbon plane (red) and published in [52]).
perpendicularly applied external field to the ribbon plane CoFeSiB  Hc 1ong Hc trans Hc perp Hk tong Hk trans Hk perp
(green) of Co-coated Cogg sFes 5Siy2.0B1s.0 amorphous Ribbon  (kA/m) (kA/m) (kA/m) (kA/m) (kA/m) (kA/m)
ribbon. The inset shows a magnification at low field as-cast 0.48 0.48 0.48 6.0 49.2 646.4

values. Co-coated  1.84 1.84 2.88 528.0 696.0 1920.0
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The origin of this transversal magnetic anisotropy has
been discussed in terms of two main sources: magnetoelastic
and the shape anisotropies. Obviously, the former plays an
important role in obtaining the transverse component of the
magnetic permeability, which is very sensitive to the applied
magnetic field, for the GMI effect observation. The anisotropy
field, Hk, magnitude, evaluated from the transversal hystere-
sis loops can be one order of magnitude larger than that
deduced from the Z(H,f) dependencies (see discussion below).
This discrepancy can be explained by a strong demagnetizing
effect in the transverse direction. It is worth noting that the
coercivity (Hc) value remains unchanged regardless the mag-
netic field direction due to the amorphous structure of the as-
cast sample, but the change in the H, is noticeable, being
larger for the M(H) curves along the perpendicular direction to
the ribbon plane owing to the highest demagnetizing factor.

Relative to their uncoated counterparts, the Co-coated
sample exhibits an enhancement in both coercivity and
anisotropy field. Hc remains unchanged when is measured
along the longitudinal and transversal directions. However, an
increase in Hc is observed for the Co-coated ribbon, when the
hysteresis loop is measured perpendicularly to the ribbon
plane, likely associated with the transition from the amor-
phous to polycrystalline structure of the Co layer. The same
feature should be responsible for the enhancement of the
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anisotropy field, Hx. The coexistence of the polycrystalline
structure and the amorphous matrix in this sample, and the
corresponding arrangement of their respective anisotropies,
resultin an easy magnetization direction deviating at a certain
angle from the ribbon axis. This fact is a favourable condition
to observe the double-peak behavior of GMI effect.

In contrast to VSM measurements, which are providing
information about the magnetic behavior of the whole bulk
ribbon, thus including the contribution of both, the amor-
phous matrix and the polycrystalline cobalt coating layer,
LMOKE characterization is sensitive to the surface magnetic
properties in both samples, as it is displayed in Fig. 3.

In the as-cast sample, shown in Fig. 3 a) for the magnetic
field applied along the rolling direction of the ribbon, the
LMOKE measurement evidences the soft magnetic properties
of the amorphous ribbon that exhibits a more bistable mag-
netic behavior, in good agreement with VSM measurements.
However, the LMOKE hysteresis loop of the Co-coated sample
shown in Fig. 3 ) displays larger values of coercivity (~8 kA/m)
and higher saturation field (~50 kA/m), which are associated to
the hard magnetic features of the electrodeposited cobalt
coating layer.

Turning the applied magnetic field towards the in-plane
transversal direction respect to the rolling axis of the ribbon,
it can be seen in the Fig. 3 b) that the LMOKE hysteresis loop of
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Fig. 3 — Longitudinal MOKE hysteresis loops measured at room temperature for: a) as-cast and c) Co-coated CoFeSiB ribbons
for magnetic field applied along the in-plane ribbon axis; b) as-cast and d) Co-coated CoFeSiB ribbons, when the magnetic

field is applied transversal to the ribbon axis.
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the as-cast sample displays a complex magnetic behavior
characterized by superposition of a square loop at relatively
low field values (~12 kA/m), and tilted magnetization branches
until the saturation of magnetization is reached at the higher
field value of around 20 kA/m. This complex magnetic
behavior can be ascribed to the existence of a certain trans-
versal magnetic anisotropy induced in the ribbon, which is
usual for very low magnetostrictive amorphous ribbons, in
combination with an axially magnetized core, as previously
discussed for VSM measurements.

It is worth to note that, this complex magnetic behavior
still appears in the LMOKE hysteresis loop of the Co-coated
sample displayed in the Fig. 3 d), which is accompanied also
by an increase in coercivity (~40 kA/m) and magnetization
saturation field (~80 kA/m) that can be associated to the
polycrystalline structure of the electrodeposited Co coating
layer. Therefore, and considering the fact that LMOKE tech-
nique is mainly sensitive to the surface magnetic properties of
the sample, these experimental measurements suggest that
the magnetization dynamics of the amorphous ribbon plays
an important role on the magnetic behavior of the external Co
layer, being both layers magnetically exchange coupled.

In order to elucidate the Co coating impact on the GMI ef-
fect, magnetic field and frequency dependences of imped-
ance, Z, of the 10 um thickness Co-coated ribbon sample were
studied systematically. Similar results of GMI obtained in the
uncoated as-cast sample were published previously in [54].
Figure 4 shows the 3D Z(H,f) dependencies of the Co-coated
sample, in which we can observe two symmetrical peaks on
Z(H) dependencies for each f-value. Additionally, the two-
peaks Z(H) dependencies emerges more clearly with f
increasing.

Co-coated

Fig. 4 — Impedance of the Co-coated sample as a function of
the magnetic field applied along the ribbon longitudinal
axis, for different frequency values in the range between
10 MHz and 1.5 GHz.

As discussed above, the H-value corresponding the Z
maximum values (to the peaks on Z(H) dependencies) is linked
to the average magnetic anisotropy field, Hg, value in 100 MHz
frequency range (but for f < 1 GHz). Moreover, the shape of Z(H)
dependencies, in same way, reflects the magnetic anisotropy
distribution in the sample [53,58,65].

As expected from previous publications on the frequency
dependence of the GMI effect [22,66], an increase in the H-
values corresponding to the maximum of Z with frequency
increasing is observed, while the two-peak character of the
Z(H) dependences remains (see Fig. 4).

The evolution of Z(H) dependencies with the AC current
frequency, f, can be explained by considering the frequency
dependence of the skin penetration depth, 6, given for the case
of a magnetic ribbon by [4,11,42-48,50,52—58]:

3= (mop, f)™? (1)

where ¢ is the electrical conductivity and w. is the transversal
magnetic permeability.

Accordingly, upon f increasing, a decrease in 6 is produced
and a permeability modification is expected. However, when a
sufficiently high longitudinal magnetic field is applied, mag-
netic saturation is achieved, giving rise to a decrease in the
transverse magnetic permeability. Therefore, an increase in
d and a decrease in Z are observed.

Itis worth mentioning that at GHz frequency range the GMI
peaks are shifted into H range at which the sample is
magnetically saturated, i.e. larger than Hg. In this f range, the
Z(H) dependencies have been attributed to the ferromagnetic
resonance (FMR) [36,67,68].

The GMI response in this Co-coated sample results to be
very similar to that published for the as-cast ribbon. Never-
theless, the spread of the GMI peaks in the Co-coated sample
is more significant as compared to the uncoated sample. This
difference must be attributed to the presence of a Co layer,
which enhances the dispersion of the transverse magnetic
anisotropy, since the coating of the sample surface has caused
some stress, as can be deduced from the hysteresis loops
shown in the Figs. 2 and 3. Additionally, the chemical
composition and hence the magnetic anisotropy distribution
in the surface layer of the Co-coated sample is different to the
as-cast ribbon.

Noticeably, the impact of the Co-coating on the GMI ratio
reported in [44] for an FeNi-based nanocrystalline ribbon was
quite similar to the here reported in this work. The enhance-
ment of the GMI peak shape after the sample coating pro-
motes the use of magnetic coatings to improve the
performance of GMI-based sensors [44—48].

The evolution of the anisotropy field, Hg, with the fre-
quency, f, of the Co-coated sample is shown in the Fig. 5,
where Hg is the magnetic field value corresponding to the Z
maximum for the sample coated with the Co layer. It is logical
that with the frequency increasing, the penetration depth, 3,
decreases, and the current flows through the thinner surface
layer of the sample. The Hg -values obtained from Fig. 4,
should be attributed to a thin surface layer of the sample. The
thickness of this surface layer (different for each frequency),
in which the current flows, strongly depends on the stresses
distribution and on the composition in the surface region,


https://doi.org/10.1016/j.jmrt.2021.11.143
https://doi.org/10.1016/j.jmrt.2021.11.143

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2021;15:6929-6939

6935

370 I T | T I T I T I T
1  E—E—N ]
365 - P -
360 - - -
£ J -
< 35 F =
e 1 J .
T 350+ /' -
1 = —m— Co-coated 1
3454 = .

0 2(I)O 400 600 860
frequency (MHz)

Fig. 5 — Frequency dependence of the anisotropy field for

the Co-coated ribbon. Anisotropy field corresponds to the

value of applied magnetic field at the maximum GMI ratio
for each frequency.

which is directly related to the skin effect in a ferromagnetic
conductor. As the frequency of the AC current increases, one
should expect a decrease in the effective thickness of the
surface area (see Eqg. (1)), and it is reasonable to assume a
substantial change in the transverse magnetic permeability of
the effective surface area where the AC current flows across it.
Therefore, it is reasonable to assume that a decrease in
effective thickness of surface area due to skin effect signifi-
cantly affects the GMI response.

It must be noted that the increase of Hx with f in this Co-
coated ribbon is quite different to that observed in the un-
coated as-cast ribbon reported in [54], where a dependence of
Hx = a+bf* was obtained (the parameter a represents the
anisotropy field at f = 0 Hz, being in good agreement with the
Hg value deduced from the DC hysteresis loop). Nevertheless,
the frequency, f, dependence of Hy in the Co-coated ribbon
(Fig. 5) does not follow the abovementioned relationship. It
can be seen like two regions, being the frequency of around
200 MHz that defines the two regions indicating different state
of mechanical internal stresses owing to the presence of the
Co layer to modify the magnetoelastic anisotropy across the
surface region. Even, the saturation magnetostriction is also
sensing the changes of internal stresses in this nearly-zero
magnetostrictive amorphous ribbon [69,70].

For deeper information on the GMI behavior, we analyzed
low field regions of the Z(H) dependencies in both samples (see
Fig. 6). Ripples in the Z(H) dependences at a low frequency
(10 MHz) in both samples (see Fig. 6a) may indicate an irregular
magnetic domains structure. At a higher frequency (100 MHz)
(Fig. 6b), the Z(H) dependence becomes somewhat stable. The
as-cast ribbon exhibits higher GMI effect than the Co-coated
sample. It is more pronounced in the as-cast ribbon, that is,
more intensive regarding the maximum value, although the
peaks are sharper in the Co-coated sample, which is an
advantage for future applications based on the GMI effect.

At 1 GHz (Fig. 6, c), the Z(H) dependence becomes quite
stable because almost no ripple is observed. At a high fre-
quency, the penetration depth, ¢, decreases and the current is

2.4 T T T T T T 't
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E 16
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Fig. 6 — Impedance dependence with the applied magnetic
field of the as-cast and Co-coated ribbons at different drive
current frequency: (a) 10 MHz; (b) 100 MHz; and (c) 1 GHz.

concentrated on the ribbons surface where the magnetic
domain structure is probably more regular. One can note that
the GMI dependence of Co-coated sample is shifted up, which
could mean that the Co electroplated layer exhibits a higher
resistance than the core one. The GMI hysteresis suggests the
existence of a complex magnetic domain structure and
core—shell interaction [71,72].

Further, we have studied the influence of the DC bias cur-
rent, Iy, on the electrical impedance for the Co-coated ribbon,
as it is shown in Fig. 7.
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Fig. 7 — Impedance response of the Co-coated ribbon as a
function of the applied magnetic field at 100 MHz
measured at different values of the DC drive bias current
(Izs = 0, 30 and 70 mA).

As one can see, Z(H) is also sensitive to I in the Co-coated
sample, in a similar way to displayed for the as-cast ribbon
[54]. The DC bias current, Iz, creates a static transverse and
inhomogeneous magnetic field, Hp, which rotates the
magnetization vector giving rise to the impedance change of
the Co-coated ribbon. The application of I results in the
decreasing of impedance, thus for H = 0 the impedance is 2
Ohm at Iz = 0 and decreases more than twice when Iz of 70 mA
is applied. The decrease in the impedance and the increase of
GMI ratio (4Z/Z = [Z(H) - Z(Hmax)]/Z(Hmax)) is probably related
with removing of the magnetic domain structure and domain
wall from the regions exhibiting a high impedance and lower
GMI effect [65]. We also noted that in ribbons a considerable
higher bias current is required to eliminate the magnetic
domain structure than in amorphous glass-coated micro-
wires, which is of the order of a few milliamperes [73,74].

4, Conclusions

Concluding, the impact of the Co coating (layer with 10 um in
thickness) on the magnetic properties and high frequency
impedance of the CoggsFessSii0B1so amorphous ribbon has
been studied. Such research is directed towards the develop-
ment of novel materials with improved GMI effect, such as the
case of Co-coated amorphous ribbon. An experimental study
of the GMI response in the high frequency range (from a few
MHz up to GHz) was carried out in two kinds of ribbons (coated
and uncoated). The high frequency GMI measurements pro-
vide rather similar response values in both samples. Never-
theless, thinking on future applications to note that, as a sign
of quality the spread of the GMI peaks of the Co-coated ribbon
results to be more significant as comparing with the ones for
the as-cast ribbon. Thus, the frequency dependence of mag-
netic anisotropy field in this Co-coated ribbon is quite
different to that observed in the uncoated ribbon. Such
modification has been discussed considering different state of
mechanical internal stresses owing to the presence of the

surface Co layer. Comparative studies of hysteresis loops
provided by the VSM and LMOKE techniques measurements,
allows to elucidate the contribution of both magnetically
coupled layers from the amorphous matrix and the poly-
crystalline electrodeposited Co coating layer.

Another important implication of this study is that we
have demonstrated that an additional ferromagnetic metal
coating layer can be used to tune and optimize the GMI
response of magnetically soft amorphous ribbon by control-
ling the composition and thickness of this surface magnetic
coating layer, and that electrochemical deposition is a suitable
method for this technical purpose.
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