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The dipolar interactions are investigated through the asymmetric magneto-impedance in FINEMET/SiO,/FePd com-
posite ribbons. The interface between the hard (FePd layer) phase and soft (FINEMET ribbon) phase is coherent by SiO,
layer in FINEMET/SiO,/FePd composite ribbons, which effectively induces dipolar interactions. The contribution of dipo-
lar interaction to the bias field (Hp) by asymmetrical giant magneto-impedance and magnetic properties is analyzed. The
results show that H}, response decreases with the increase of the SiO, layer thickness, indicating that the linear region
near-zero field can be tuned by the thickness of SiO; layer. These results allow the GMI ratio (58%) and characteristic
frequency (500 kHz) to be optimized. The transverse and longitudinal magnetic domain structures of FINEMET ribbon
and FePd film are confirmed, respectively. The composite ribbons with high GMI ratio and low frequency can be applied

to linear magnetic sensors.
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1. Introduction

Magnetic materials exhibit many new physical phenom-
ena, such as magnetostriction (MS),!!] magnetocaloric ef-
fect (MCE),!?! giant magnetoresistance (GMR),*! and giant
magneto-impedance (GMI), which have rarely been studied. !
Soft magnetic materials have been widely used due to
their high saturation magnetization, low coercivity, and high

[3-61 GMI effect is the changing of the impedance

permeability.
experienced by an AC current flowing through a magnetic
material with external DC magnetic field.!”] Asymmetric gi-
ant magneto-impedance (AGMI) is another form of GMI dis-
covered in 1995.[8] The asymmetric magneto-impedance en-
hances the linear near-zero field. The magnetic sensors made
of soft magnetic composite materials and based on GMI and
AGMI have high sensitivity, small size, and easy integration.
That is why such magnetic sensors are widely used in biomed-
ical testing,[”! space research, aerospace applications,!'?! car
sensing systems,!!!l and magnetic guidance systems.!!? Tt
has been shown that the AGMI can be obtained by applying
a DC bias current or a small magnetic field to a soft mag-
netic conductor.!'3-131 However, from a technical and practi-
cal point of view, this approach is unfavorable, mainly due to
high energy consumption. Recent studies have shown that the
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AGMI response can also be achieved by using magnetostatic
interactions like exchanging bias fields between soft magnetic

14.16.17] However, these stud-

materials and antiferromagnets. !
ies ignored the influence of dipolar interactions on the bias
field.

magnetic materials are modulated by exchange coupling and

In the magnetic sensors, the magnetizations of soft

magnetic dipole interactions in the external magnetic field.['8]
The dipolar interactions are long-range interactions that can
strongly modify the magnetic response of the system to ex-
ternal excitation.!'”! The explanations for the AGMI of com-
posite materials mainly focus on exchange coupling and ig-
nore the magnetic dipole interactions.**2?1 Recently, it has
been found that inserting an insulating layer between magnetic
layers can further increase the GMI.[?*-23] This study did not
clarify the further increase of the GMI from the perspective of
magnetic interactions. However, that study gave ideas for us-
ing composite materials in structural designs. The insulating
layer in the magnetic layers can directly eliminate the influ-
ence of interface exchange coupling and reveal the influence of
the dipole interactions on the bias field. In recent years, FePd
films have been used in ultra-high-density magnetic recording
media and magnetic random access memory devices. Hence,
FePd films can be used as coating layers.[?-?8] A three-layer
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structure of FINEMET/Si0,/FePd composite ribbons was also
designed.

In this work, the FINEMET/SiO,/FePd composite rib-
bons with different thicknesses of SiO; layer are successfully
prepared. The morphology, magnetic properties, magnetic do-
main structure, and asymmetric giant magneto-impedance of
FINEMET/Si0,/FePd composite ribbons are studied. More-
over, a dipolar model is established, and the physical mech-
anism of the generation of the bias field and the asymmetric
giant magneto-impedance are explained by using the concept
of dipolar interactions.

2. Experimental methods

The Fe-based amorphous ribbons with thickness of
33 um and width of 0.6 mm are prepared by the melt-spinning
method,?*! and cut to a size of 2 cm in length. The FINEMET
ribbon can be obtained by annealing amorphous ribbon at
540 °C for 20 min, and the vacuum value is 9.8 x 10~ Pa.
The ribbon has two different surfaces: the free ribbon surface
and wheel-side ribbon surface with different roughnesses. The
free ribbon surface spurted SiO, and FePd film were deposited
by RF magnetron sputtering with a base pressure of 1.0 x
10~* Pa, and an argon atmosphere with a constant pressure
of 0.8 Pa during sputtering. The SiO; layer with thicknesses
of 10 nm, 20 nm, 50 nm, 80 nm, and 100 nm was sputtered
on the free ribbon surfaces of the FINEMET ribbon up to 25-
nm-thick FePd film. The structures of FINEMET/SiO,/FePd
composite ribbons are shown in Fig. 1. The surface morphol-
ogy of FINEMET/Si0,/FePd composite ribbons was observed
by using Hitachi S-4800 scanning electron microscope (SEM).
The domain structure was tested by magneto-optical Kerr mi-
croscope (EVICO Magnetics) in the longitudinal geometry, to
image on the surface of the coated and uncoated FINEMET
ribbons, with the magnetic field applied along the sample axis.
The hysteresis loops of FINEMET/SiO,/FePd composite rib-
bons were tested by the Lake-shore 7404 vibrating sample
magnetometer (VSM), with the magnetic field parallel to the
longitudinal axis of samples. The magneto-impedances of
FINEMET/SiO,/FePd composite ribbons were measured by
the impedance analyzer HP4294A. In order to eliminate the
influence of geomagnetism, the coils were placed perpendic-
ular to the direction of geomagnetism. The device of magne-
toimpedance measurement is shown in Fig. 2. The frequency
of the alternating current ranges from 100 Hz to 100 MHz and
the amplitude is kept at a constant value of 10 mA, respec-
tively. The composite ribbons were subjected to the maximum
external direct current magnetic field ranging from —90 Oe
(1 0e=79.5775 A-m~') to 90 Oe, which was generated by a
pair of Helmholtz coils. The MI ratio is defined as

(Hex) = Z(Himax)
Z(Hnax)

AZ z
— % =100 x )

where Z(Hex) and Z(Hmax) are the impedance values in an
external magnetic field and the maximum external magnetic
field, respectively.

FePd film
SiOs film

FINEMET ribbon

Fig. 1. Structure of FINEMET/SiO,/FePd composite ribbons.
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Fig. 2. Physical drawing of magneto-impedance measurement.

3. Results and discussion

Figure 3 shows the morphology of surface and cross-
section, and the AFM diagram of bare FINEMET ribbon and
FINEMET/SiO,/FePd composite ribbons. It can be observed
from Fig. 3(a) that the uniform FePd particles are formed in
the outermost layer of FINEMET/SiO,/FePd composite rib-
bons. The cross-sections in Fig. 3(b) show that the FINEMET
ribbon is coated with SiO,/FePd layer. Because the FePd layer
is thin, there is no discernible boundary layer between the SiO,
layer and the FePd film. Figures 3(c) and 3(d) show the AFM
diagrams of the FINEMET ribbon and FINEMET/SiO,/FePd
composite ribbons, along with the average surface roughness
(Ry). The FINEMET ribbon possesses a relatively high sur-
face roughness. This surface roughness is reduced after being
coated with SiO,/FePd film, indicating that the SiO,/FePd film
improves the surface of the FINEME ribbon.

Figures 4(a) and 4(b) show the domain structural im-
age of bare FINEMET ribbon and FINEMET/FePd compos-
As can be seen in Fig. 4(a), the FINEMET

ribbon has broad planar-oriented domains, typical of the

ite ribbons.
transverse magnetic domain structure. The domain struc-
ture of the FINEMET/FePd composite ribbons can be seen
in Fig. 4(b), indicating that the FePd film has a clear longi-
tudinal magnetic domain structure. Therefore, the FINEMET
ribbon and FePd film have different magnetic domain struc-

tures. Figure 5 shows the normalized hysteresis loops of the
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FINEMET/Si0,/FePd composite ribbons after demagnetiza-
tion correction has been made. When the thickness of SiO,
(¢) is less than 100 nm, all the hysteresis loops present an S-
shape, indicating that each sample holds a preferential trans-
verse magnetic domain structure. Since the SiO,/FePd film
is thinner than the FINEMET ribbon, the magnetization is
mainly associated with the FINEMET ribbon. When the thick-
ness of SiO, is 100 nm, the magnetic structure of the sample
turns longitudinal, with the increase of the coercivity and de-
crease of soft magnetization.

SSC0N

Oy g

Fig. 3. SEM image of (a) 10-nm-thick SiO, layer and (b) cross section
of 50-nm-thick SiO; layer, AFM diagram of (c) bare FINEMET ribbon
and (d) FINEMET/SiO,/FePd with 20-nm-thick SiO, layer.
A
1
1
1
1

Transverse

Fig. 4. Domain structure of (a) FINEMET ribbon and (b) FINEMET/FePd
composite ribbons.
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Fig. 5. Hysteresis loops of FINEMET/SiO,/FePd composite ribbons
with different SiO; thicknesses, with inset showing partial enlarged
view of hysteresis loops.

Figure 6 displays the magneto-impedance curves of the
FINEMET ribbon and FINEMET/SiO,/FePd composite rib-
bons with different SiO, layer thicknesses. All GMI curves

exhibit double-peak characteristics, implying that each sam-
ple has a preferential transverse magnetic structure. The max-
imum GMI ratio first increases and then decreases with the
increase of the SiO; layer thickness. Therefore, only the ap-
propriate thickness of the SiO, layer can improve the GMI.
Based on the analysis of the experimental results, for the
FINEMET/SiO,/FePd composite ribbons, the FePd film and
the SiO, layer constitute two capacitors, Cgrepq and Cs;, re-
spectively. When AC passes through the composite ribbons,
the value of Crepq potentially changes due to changes in the
magnetic permeability with the external field. Hence, the in-
teraction between the two capacitors produces the best insu-
lator thickness. It can be seen from Fig. 6(a) that the GMI
curves of the FINEMET/FePd composite ribbons show asym-
metrical characteristics. However, the GMI curves of the bare
FINEMET ribbon are symmetrical.['8] Because the FINEMET
ribbon and FePd film have different magnetic structures, the
FePd film with the longitudinal structure generates a bias field
(Hy) on the FINEMET ribbon. The generation mechanism of
the Hy, is the dipole—dipole interactions between the FePd film
and the FINEMET ribbon. The dipole—dipole field between
FePd film and FINEMET ribbon can be represented as Hgip
and calculated as follows:

Hy, = Hyip, 2
Hgip = —Kmpepd, 3)

where mpepq and K are the magnetic moment of FePd film
and geometric factor, respectively. The geometric factor K de-
pends on the material size and the distance between FINEMET
ribbons and FePd film, and is inversely proportional to the dis-
tance.

To further investigate the magnetic dipole interactions
with the increase of the SiO; layer thickness, the magneto-
impedance curves at a frequency of 1.4 MHz are shown in
Fig. 7(a). The magnetic field corresponding to the minimum
value of the magnetic impedance in the weak field has a par-
ticular offset value (AH) towards the right side with respect to
the zero field. The AH gradually decreases with the increase of
the SiO; thickness. The magnetic dipole interaction between
the FePd film and the FINEMET ribbon lead to the decrease of
the peak field (H,) presented in the magneto-impedance curve.
The H, decreases gradually with the increase of SiO; layer
thickness. The curves of AH with different SiO, layer thick-
nesses are shown in Fig. 7(b). When the thickness of SiO;
layer is 10 nm, AH is 0.6 Oe. When the thickness of SiO;
increases to 100 nm, AH decreases to 0.1 Oe. It suggests that
SiO; thickness can affect the value of Hy;p. Hgip decreases
with the decrease of the geometry factor and the increase of
SiO; thickness. Therefore, Hy;, dominates the peak field of
the composite ribbons.
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Fig. 6. GMI curves of FINEMET/SiO,/FePd composite ribbons with different SiO, layer thicknesses.
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Fig. 7. (a) Magnetic impedance curves of FINEMET/SiO,/FePd composite ribbons with different SiO, layer thicknesses at f = 1.4 MHz and
(b) AH curve with the thickness of SiO; layer.

Figure 8 shows the relationship between Hy;, and peak  proximately equal to H. The AH, almost coincides with the
field (AHp) in the FINEMET/SiO,/FePd composite ribbons. dipole field Hy;, (see Fig. 8). It proves that SiO; layer triggers
It can be seen that the offset AH = Hgjp of the magneto-  off the magnetic dipole interactions between the FePd film and
impedance curves for the composite ribbons, and AH,, is ap- the FINEMET ribbon. Therefore, Hy;, affects the peak field of
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the magneto-impedance curve.
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Fig. 8. The AH,, and Hygj, curves with different SiO, layer thicknesses.
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Fig. 9. (a) Frequency dependence of GMI ratio with different SiO; layer
thicknesses, and (b) variation of GMIax ratio and fiax with thickness
of SiO; layer.

Figure 9(a) shows the GMI ratios of FINEMET/SiO,/FePd
composite ribbons with different SiO, layer thicknesses. Fig-
ure 9(b) presents the maximum GMI ratio (GMlI,x) and the
characteristic frequency (fmax) varying with the thickness of
the SiO; layer. The finax is a significant frequency when the
GMI ratio is maximum. The GMI ratio reaches a maximum
value at the characteristic frequency and then decreases with
the frequency increasing. When the frequency is low, the skin
effect is weak, and the external magnetic field is insufficient
to produce a large change of the MI ratio. As the frequency
gradually increases, domain wall motion and magnetization
rotation contribute to the dynamic transverse permeability,
thus increasing the GMI ratio. When the frequency further
increases, the damping of eddy current is enhanced, and the
transverse permeability decreases, resulting in a decrease of

GMI ratio. From Fig. 9(b), it can be seen that the maximum
GMI ratio first increases and then decreases. The GMI ratio
reaches 58% when the SiO; layer thickness is 50 nm. The
GMI ratio drops to 47% when the SiO; layer thickness is
100 nm. After SiO; layer is coated, the characteristic fre-
quency of the FINEMET/SiO,/FePd composite ribbons sig-
nificantly decreases (500 kHz). The characteristic frequency
can be roughly estimated as follows:

1
fmax:f<u¢”d26)a (4)

where 1y is the saturated permeability at a 90-Oe field and
d is the thickness of the SiO,/FePd film. The characteris-
tic frequency is related to the magnetic properties and thick-

ness of the coating layer. In this study of composite ribbons,
the lowest characteristic frequency is obtained, which provides
the possibility for applying composite ribbons to the magnetic

SEnSsors.

4. Conclusions

The FINEMET/SiO,/FePd composite ribbons are pre-
pared with various SiO; layer thicknesses. The GMI ratio
of FINEMET/Si0,/FePd reaches 58%, and the characteristic
frequency drops to 500 kHz with the increase of SiO; layer
thickness. The MOKE confirms that FePd film and FINEMET
ribbon have different domain structures. The FePd film with
the longitudinal domain structure produces a bias field on the
FINEMET ribbon, resulting in the asymmetry of the GMI
curve. The dipole—dipole model is established and used to
explain the mechanism of the bias field with the thickness of
the SiO, layer. The results show that the dipole—dipole inter-
actions play a significant role in tuning the asymmetric giant
magneto-impedance. The research results provide a promis-
ing method of developing sensitive components based on the
linear AGMI, which can be applied to magnetic sensors.
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