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Preface

Magnetic sensors are encountered and widely used in a large palette of applications in al-
most all the branches of industry and engineering. They are also key elements in a number
of biomedical, space, and scientific research applications. Since a long time ago, these sen-
sors have attracted the interest of the scientific community all around the world. This inter-
est is still growing, and it is well justified by the will to meet new measurement challenges
in all these areas and to conquer new applications.

The development of magnetic sensor is obviously closely related to the development and
fabrication of new materials, which often define the final sensor performance and conse-
quently its ability to meet the need for such application. The aim of this book is mainly to
focus on some new developments and uses of materials for some types of magnetic sensors
of current interest. It is organized in two sections. The first section deals with two important
categories of materials including the amorphous micro-wires and the thin-film structures for
sensor applications. The interest for the micro-wires is justified not only by their outstand-
ing magnetic proprieties but also by some of their mechanical features that allow them to be
used for new categories of magnetic sensors like the giant magneto-impedance (GMI) sen-
sors, Matteucci effect-based sensors and stress sensors, etc.

A significant progress has so far been made in the fabrication of these wires. The major
preparation methods, their advantages, and their disadvantages are well summarized in
Chapter 1 of this book. The authors also present an overview of the general magnetic and
mechanical proprieties that can be currently achieved for such wires. In Chapter 2, the au-
thor deals with an exciting and original application of amorphous micro-wires as wireless
stress sensors using two important proprieties (magneto-elastic resonance and GMI). The
fundamental physical principles are explained.

While these amorphous micro-wires have great potential for sensors, there are situations and
applications where they could be, sometimes, not the best choice according to some considera-
tions related, for example, to the possibility to pattern the sensitive element in micrometric
shapes. This is important especially for integrated devices as it is well pointed out in Chapter 3
of the book. The authors of the chapter show that the development of thin-film structures,
exhibiting GMI effect, is an emerging interesting area. Their fabrication and pattering process
by photolithography is well compatible with microelectronics production. The chapter re-
views the state of the art of development and characteristics of such thin-film structures, with
an emphasis on the influence of the high-frequency measuring circuits on the performance.

The second section of the book is focused on materials for the magneto-resistance (MR) sen-
sors and their applications. Simply stated, an MR sensor is based on the resistance change of
the sensitive element when it is subjected to a magnetic field. This resistance change could
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be involved through different mechanisms such as the anisotropic magneto-resistance
(AMR), the giant magneto-resistance (GMR), and tunnel magneto-resistance (TMR). This
very important category of magnetic sensors is by far one of the most used in various areas
like the data storage (hard disk drive) and magnetic read heads, magnetic field sensors (e.g.,
nondestructive testing), magnetic sensors for the measurement of nonmagnetic quantities
like electrical current or angular and linear positions, as well as magnetic sensors for bio-
medical applications. This widespread, especially in industrial areas, is mainly stimulated
by some key advantages of these MR sensors like the compatibility with the microelectron-
ics technology, the low fabrication cost, as well as the low power dissipation.

The growing needs for these features combined with the requirement for sensitivity im-
provement of the MR sensors motivate the search for optimizing the existing MR technology
and for the development of new materials. In this context, the authors of Chapter 4 of this
book present an interesting review of the progress made in the MR effect in Mn,Ge,_, struc-
tures. They show that the engineering of this material can provide transition from negative
to positive MR, geometric-enhanced GMR, and electric-field-controlled MR. The well-con-
trollable MR and the high compatibility of the process with the microelectronic technology
suggest a high potential of the Mn,Ge,_-based MR sensors. In the same general context of
materials development for the MR, the authors of Chapter 5 provide a detailed background
and description of double perovskite Sr,FeMoO, (SFMO) compound in thin films and its op-
timized synthesis with the will to achieve magneto-resistance proprieties at room tempera-
ture and at relatively low magnetic field.

The sixth and seventh chapters of the book deal with the implementation and applications
of the GMR and AMR. Chapter 6 provides the principles of ferrite-based GMR sensors and
their electronic conditioning. The authors present also a well-referenced review of several
applications of these sensors.

Chapter 7 of the book addresses an important industrial application of magnetic sensors: the
nondestructive testing. The author shows how to improve the performance of commercially
available AMR to meet the requirements for detecting small defects in the combustion chamber
of liquid rocket. The chapter also has the merit of emphasizing on the use of adequate strategies
of electronic conditioning to improve the global noise performance of the sensor. In such real
measurement environment, particular attention should be made to the impact of the parame-
ters of influence, like temperature, asitis well addressed by the author.

There are obviously still many other types of magnetic sensors based on different physical
principles, which are not covered by this book. The interested reader may refer to a number
of works (books, research, and review papers) that detail underlying physical principles, the
backgrounds, and the current state of the art of development of such sensors.

As for this book, the aim was to give a part of trends of research and development in this
exciting area of science. This was only made possible thanks to the valuable work and efforts
of the authors of this book who proposed high-quality chapters. I want to thank them warmly.

Aktham Asfour
University Grenoble Alpes (UGA)
Grenoble, France
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Magnetic Fibers

Rui Xuan Li and Yong Zhang
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Abstract

The magnetic sensors based on soft magnetic effects of amorphous fibers are one of the
highlights in scientific research in recent years. The amorphous fibers not only have
excellent mechanical properties but also have unique magnetic properties, such as high
permeability. As a result, sensors made of this kind of material can show the characteris-
tics of sensitivity and durability. The processing and their advantages and disadvantages
are mainly introduced in the chapter, and the properties reported in recent years are also
summed up, including mechanical behavior, magnetic properties and shape-memory
effects.

Keywords: magnetic sensor, amorphous fiber, serration behavior, glass-coated fibers,
high entropy alloys

1. Introduction

In recent years, with the rapid development of information technology and automation tech-
nology, increasing requirements are put forward to the sensors, transducers and magnetic
recording devices. Since the advent of amorphous fibers from 1970s, the research of these
fibers has made a great progress. The amorphous fibers are defined as microfibers that have
a diameter of dozens of micrometers and long-range disordered structure. This kind of fibers
not only have high strength and some interesting mechanical properties [1], but they also
exhibit unique magnetic effects such as large Barkhausen effect [2], Matteucci effect, giant
magneto-impedance (GMI) effect [3] and giant stress-impedance effect, because of their
unique internal stress distribution and magnetic domain structures [4]. As these character-
istic magnetic effects are the foundation of various sensors, more and more attentions are
attracted. In this chapter, four major preparation methods of amorphous fibers are focused,

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgIN
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and the related work by the team of Y. Zhang in the University of Science and Technology
Beijing (USTB) are summed up, including magnetic properties, mechanical behaviors and the
shape-memory effect.

2. Preparation methods

The amorphous fibers prepared by different techniques are as follows: (1) in-rotating-water
fibers, (2) glass-covered fibers and (3) melt-extracted fibers. Different preparation methods
lead to different cooling rates, which in turn cause different properties. On the one hand, from
outward appearance, the glass-covered fibers are different from the other two kinds of bare
fibers, which can be used directly. Sometimes, the glass coatings need to be corroded for the
performance tests and practical applications. On the other hand, these three kinds of fibers are
different internally because of different processing techniques.

The conventional cold-drawing technique is a one-end drawing process at room temperature,
where the prepared bar is drawn to pass a certain die hole. Although the surface quality can
be improved through this simple process, the material selection is highly limited and the
microstructure could probably be changed during this process. At present, this technology is
used as a supplementary to the following three methods.

Amorphous fibers obtained by in-rotating-water quenching have been reported in 1980s.
Figure 1 shows the schematic diagram of this method. Melted by induction coil, alloys with
specific composition are pressed by argon into the cooling water, which is rotating in the
high-speed revolved copper mold. In this way, the fibers cool rapidly in the water, and there-
fore, continuous and perfect fibers are gained, which are usually smooth and have circular

Figure 1. The schematic diagram of in-rotating-water quenching technique.
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cross sections. However, the technique of producing amorphous fibers by in-rotating-water
quenching is restricted greatly by the composition. This method can only be used in Fe-based,
Co-based and CoFe-based alloys till now [5, 6]. The fibers also easily react with oxygen in the
cooling water and thus degrade the performance. Moreover, because of the experimental con-
ditions and the cooling rate, the diameters of these fibers are about 100 um and thus decrease
the degree of amorphization. Sometimes, these fibers should be cold drawn to decrease the
diameter. Because this method is relatively simple, it develops rapidly at home and abroad
and is used to produce continuous fibers at the earliest. For example, many universities devel-
oped several kinds of in-rotating-water fibers and studied their properties and technological
parameters from 1990s.

A process for the production of fine metal fibers directly from the melt was first reported
by Taylor in 1924 [7], and then it was improved by Ulitovsky and Wagner. As a result, this
glass-coated melt spinning method is also called as Taylor-Ulitovsky method. Figure 2 shows
the schematic diagram of this method. The closed-end Pyrex glass tube and the master alloy
placed in it are heated by an induction coil to the melting point. The softened glass and the
liquid alloy in it are drawn out by the external force and then they are cooled down quickly
by water for the purpose of quenching. Fibers with relatively small diameters are obtained
through this process, and they twine around a rotating cylinder by the winding system for
further use. The scanning electron microscopic (SEM) image of a glass-coated amorphous
fiber is shown in Figure 3. The fibers are winded on a receiving coil, whose rotating speed is
determinant for the fibers’ diameter and the glass thickness, and hence, the fibers’ properties.
The diameter of the fibers ranging from 0.08 to 80 um can be obtained. This basic method
offers a route for the manufacture of metallic fibers in a single operation directly from the
melt. Due to the high critical quenching rate [10* K/s (Kelvin temperature per second)], meta-
stable, amorphous or supersaturated state phases can be obtained. Moreover, the coated glass

Lifting device

Molten metal Pyrex tube
~

™ @ heating coil
e

=== Cooling
liquid jet

Glass-coated
wire

Winding wire
device

Figure 2. The schematic diagram of glass-coated melt spinning technique [12].
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Figure 3. The SEM image of a glass-coated amorphous fiber [12].

acts as a shielding layer to improve the corrosion resistance. All these advantages contribute
to promising applications such as micro electromechanical system [8]. However, the draw-
backs are the limited alloy system, because this preparation method depends on the melting
point of metals and the wetting between molten metal and glass. At present, this technology is
relatively mature and the related research is broad in many universities [9]. Various kinds of
glass-coated fibers have been obtained by the equipment (Figure 4) developed by our group.
Our team reported Cu-15.0 at.% Sn microwires with diameters of about 184 pm [10] and
Co,, Fe,,.Cr Si B, [11] microwires with diameters of about 30 um, which show smooth and
almost flawless surface, implying that the glass-coated melt spinning method is a very effec-
tive technique in producing the high-quality microwires. In addition, Li et al. [12] prepared
high-quality glass-coated Fe . Cu Nb Si (x=0,1, 2, 3, 3.5) fibers that are also obtained
by our equipment.

13.5B9

Put forward by Maringer at about 1974 at the earliest, the melt-extraction technique attracted
much attention and was used to prepare metallic amorphous fibers at 1990s [13]. This technol-
ogy is an advanced shaping methods for low dimensional materials. As shown in Figure 5,
the working principle of this technique is as follows. Under high vacuum, the top of the alloy
sample is melted by the induction heater and then extracted by the sharp edge of the rotating
copper wheel. Under the combined effect of viscosity, surface tension and gravity, amor-
phous fibers are produced, and the cooling rate is as high as 10° K/s. The bare fibers with small
diameters (about scores of micrometers) and a great degree of amorphization are obtained.
In practice, the melt-extraction technique can be used to prepare strips, plates and fibers with
different materials, the scope of which is extremely wide. This means that the unique technol-
ogy overcomes the shortcomings of the three methods above. Furthermore, it has been proved
that the products possess excellent electrical, magnetic and mechanical properties, as well as
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Figure 4. The picture of the glass-coated fibers drawing equipment [12].

L ]
L ]
"\, Induction coil

Sample holder

Figure 5. The schematic diagram of melt-extraction technique [14].
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10um
—
Figure 6. The SEM image of a melt-extracted fiber [14].

has high geometric symmetry. The difficulties lie in the complex preparation process. The
influence factors of this process cannot be controlled exactly, and the quantitative relation-
ship between technological parameters and the qualities is not very clear till now. At present,
many universities in China are carrying out the related researches about the melt-extraction
technique, and many high-performance metallic fibers have been prepared. Melt-extracted
Zr,, Cu,, Ni, Al [14], Co,.Fe, CrSiB, [15] and Cu-Zr-Al [16] amorphous wires with
almost flawless surface and precise circularity were produced by Liao (Figure 6), implying

that the melt-extraction method was very effective in producing the high-quality wires.

3. Properties

3.1. Mechanical behavior

It is well known that the bulk metallic glasses exhibit better mechanical properties than the
traditional alloys. For example, the compressive strength of CoFeTaB bulk amorphous alloys
reaches up to 5185 MPa, which creates a new record of strength in metallic alloys. The amor-
phous fibers inherit this fine mechanical performance besides the good physical and chemical
properties. In addition to the electrical and magnetic properties, the mechanical properties
should be taken into special consideration to ensure a stable and reliable work. A great deal of
theoretical and experimental works has indicated that the loading mode [17] and the sample
size used for testing can affect the mechanical properties of amorphous alloys remarkably
[18, 19]. Most of the reported metallic glass systems show considerable plasticity in compres-
sion test [20], while their tensile properties are relatively poor. Because of the normal tension
stress effect [21], their tensile plasticity is poor and catastrophic fracture will happen during
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tensile test, which is the major limitation of the use of bulk metallic glass. Nevertheless, recent
researches have shown that when the tested sample size is reduced to the nanometer scale [22,
23], the mechanical properties will become obviously different. A large plastic strain can be
obtained because the shear bands no longer occur during both tension and compression. As
a result, the metallic glasses with small sample sizes exhibit different deformation behaviors
compared with the bulk-sized ones, which also suggests that the mechanical properties of
amorphous fibers are slightly different from that of bulk amorphous alloys.

During recent years’ research, the team of Y. Zhang has reported many kinds of amorphous
fibers with good mechanical properties. Most of the fibers display only an elastic deforma-
tion behavior and catastrophic fracture without yielding because of their amorphous nature.
Zhao et al. [24] prepared [(Zr,,Cu Al ), Si ],Y,, (Zr43) and Zr, .Cu, Ni . Al (Zr50.5)
fibers, and they all show high tensile fracture strength of 1600 MPa and a large elastic limit
reaching approximately 2%. The tensile strength value increases with the increase in the con-
tent of Al. Liao et al. [14] reported Zr, .Cu,, Ni, Al alloys with fracture strength reaching
1800 MPa and elastic limit reaching 2%, and the Weibull modulus is as high as 81. The glass-
coated Fe, ., CuNb Si . B, (x =0, 1, 2, 3, 3.5) amorphous fibers show such a high strength

as 2500 MPa, with the Weibull modulus reaching above 20, saying that the high strength is
reliability [12].

It is also found by Liao that the Co,, Fe, .Cr Si,B,, [15] and Cu-Zr-Al [16] metallic glassy wires
exhibit unusual nonlinear deformation behavior with irreversible elongation (Figure 7),
and the analysis indicates that this nonlinear deformation is related to the formation of sub-
nanometer voids coalesced from flow defects under tensile stress. The work suggests that the
tensile failure of the glassy fibers is controlled by both the normal stress and shear stress.
The dominant stress is the shear stress, and the normal stress lowers the energy barrier for
the atoms to flow. The shear bands form initially on the tensile surface and then propagate
toward the neutral layer.

3.2. Magnetic property

Excellent physical properties such as soft magnetic properties and unique expansibility can
be obtained in amorphous materials. It has been indicated that the saturation magnetization
of Fe-based amorphous alloys is more than 1.5 T, coupling with a low coercive force of about
1 A/m?. Li reported a kind of glass-coated Fe, . CuNb Si B, (x =0, 1, 2, 3, 3.5) fibers [12].
The results show that the magnetic behavior is greatly influenced by the structure and com-
position of the fibers, and it also suggests that the coercivity of the amorphous structures is
far lower than that of the coarse crystal ones. Compared with all the other kinds of fibers, the
glass-coated amorphous FeCuNbSiB fibers have the best comprehensive performance, which
have both relatively great magnetic properties and tensile properties.

The giant magneto-impedance (GMI) effect, which is the foundation of magnetic sensors,
has been found in amorphous materials in recent years. Magnetic sensors can be broadly
applied in the field of geology, measuring, traffic and military, and some important param-
eters of the sensors include the sensitivity, stability, volume, and power consumption. The



10 Magnetic Sensors - Development Trends and Applications

d

3500
3000 |
2500 |
2000

T

T

1500

Stress (MPa)

1000 |

500

0 L 1 i i
0.0 05 1.0 15 20 29

Strain (%)

2100 |- (b) Alé
1800 Al0
1500 | {

1200 |-

900

Stress (MPa)

600 |-
300 /
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traditional magnetic sensors include Hall effect sensors, giant-magnetic-resistance (GMR)
sensors and fluxgate sensors; while in 1994, the GMI effect was found in amorphous fibers
by Professor Mohri and Panina [3], which significantly enhanced the performance of mag-
netic sensors. Soon afterward, the same effect was also found in other shapes, for instance,
ribbon and film. But in practice, compared with ribbon samples, fibers show bigger GMI
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effect and sensitivity at room temperature with their highly axisymmetric structure, which
meet the requirements of a number of new micromagnetic sensors.

Under the applied magnetic field, when the alternating current is flowing into the amor-
phous-sensitive element, there is an impedance change in it. If the voltage across the sensitive
element is measured, the changes of voltage with the change of applied magnetic field can be
seen. As a result, the giant magneto-impedance effect is referred to as the impedance changes
along with the change of magnetic field. The GMI ratio can be expressed as:

ZH-2Z(H,,)
_ ﬂ _ max,
GMI = F =~

max.

x100 %, 1)

where Z is the impedance, AZ is the change of impedance, H is a certain magnetic field
strength and H__ is the maximum value of the applied magnetic field.

The GMI effect of amorphous fibers can be attributed to the strong skin effect and the spe-
cial magnetic domain structures, which are related to the stress state [4]. The internal stress
usually appears during solidification and preparation, and the different thermal expansion
coefficient between glass and fiber can also lead to unique internal stress states, which in turn
contribute to the special domain structures. In amorphous fibers with negative magnetostric-
tive coefficient, the magnetic domain is axial in the outer shell and circumferential in the inner
core, while the domain, which is in the inner core, will change into radial after the glass coat
is applied, because of the increased axial stress, as is shown in Figure 8.

As indicated above, due to the circular magnetic anisotropy caused by the inner stress and
magnetostrictive effect, the annular magnetic domain is formed on the surface. The passed
electric current creates an easy axis, which lead to the movement of domain wall and the annu-
lar magnetization, while the applied longitudinal magnetic field prevents the change of the
annular magnetic flux. As a result, the transverse magnetic permeability varies sensitively with
changes in the external magnetic field. Then, the varying transverse magnetic permeability acts

radial and axial domain
() ininnercore “ﬂ

axial domain
ininner core

circular domain
Inoutershell

surface glass L circular domain

insuter shell

Figure 8. Magnetic domain distribution of (a) as-cast and (b) glass-removed fibers [12].
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as a promotion to the changes in the impedance. This is because the impedance is a function of
skin depth, whose mathematical expression is

5 = 2o, @)

where o is the electrical resistivity, p is the transverse magnetic permeability and w is the
angular frequency of the alternating current. Finally, the changed rules of external magnetic
field are obtained from the changes of impedance.

In the aspect of material, the magnetostrictive coefficient of Co-base amorphous fibers is
-107, approximately thought of as zero, and this kind of fibers has high corrosion resis-
tance, tensile strength and domain wall energy density, plus special magnetic domain
structures, and thus, Co-base amorphous material is a kind of representative GMI materi-
als [25]. The sensitivity of the giant magneto-impedance effect is affected by various fac-
tors, such as material types, the number and diameter of fibers and the glass coat. Garcia
et al. [26] discovered that in Co,,,Fe, Ni B, Si,, amorphous fibers, the GMI ratio increases
first and then decreases with the increase in fibers under high-frequency current of about
500 MHz, whereas the value of ratio decreases gradually under low-frequency current.
Zhang et al. [27] studied the influence of diameter on GMI ratio. The results show that the
GMI ratio first increases and then decreases with the increase in diameter, and the coated
glass also has effect on the GMI ratio. Zhao et al. [11] suggests that the cold drawing has a
great influence on the GMI effect. A transition from single-peak (SP) to double-peak (DP)
GMI behavior is observed in Co,, Fe,..Cr SiB, microwires after cold drawing, which is
caused by the induced circumferential stress. This circumferential stress appears during
cold drawing, and it results in the significant changes of the surface magnetic anisotropy,
which changes from helical domains to circular domains. The GMI ratio as well as field
sensitivity is improved significantly after cold drawing and that would be significant for

application.

3.3. Shape-memory effect

In addition, a significant shape-memory effect and superelasticity were found in Y. Zhang's
research group. They prepared the Cu-15.0 at.% Sn microwires by glass-coated melt spinning
and reported that the bent sample, which were deformed to “U” shape in liquid nitrogen,
remembered its initial shape and recovered by itself at room temperature. Standing in sharp
contrast to the slightly shape-memory effect in single crystal of Cu-15.0 at.% Sn alloys, this
phenomenon can be explained by the high cooling rates suppressing the precipitation of other
phases, and thus very good shape-memory effects are obtained. Furthermore, the plasticity
of these kinds of fibers is great and the fracture strain reaches 14.2%, while it is usually brittle
when the fibers are in the polycrystalline state. From a long-term development, the experi-
ments and results will contribute to solving the limitation of Cu-based shape-memory alloys,
which will also enlarge the application range of the Cu-based alloys and promote the devel-
opment of shape-memory alloys.
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4. Conclusion

The main preparation methods, as well as their advantages and disadvantages, are mainly
introduced in this paper, and the properties reported in recent years are also summed up,
including good mechanical properties, magnetic properties and shape-memory effects. It now
appears that the preparation technology of amorphous fibers is relatively mature, and we can
choose the most appropriate method according to the basic characteristics of the alloy system
and our requirement. In terms of the properties and applications, the soft magnetic properties
and special magnetic effects of the fibers have been fully studied and successfully applied to
the magnetic sensors, achieving the goals of miniaturization. However, other performance
such as shape-memory effect has not been applied in practice, so lots of work in this aspect
need to be carried out.
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Abstract

The development of wireless sensors and biosensors is a topic of great current interest.
Amorphous magnetoelastic microwires are perfect candidates to be used as sensing
elements based on two important properties, that is, magnetoelastic resonance and
high-frequency giant magnetoimpedance. It was observed that such microwires present
the key feature of performing magnetoelastic resonance, at the kHz range of frequency, in
the absence of applied field. This fact, in addition to their small size, gives the microwires
unique advantages over the widespread ribbons, currently in use as magnetoelastic sensors.
The frequency, amplitude, and damping of the vibration give information of the sensor
environment. On the other side, the microwire reflectivity in the microwave range can be
modulated by means of magnetoimpedance effect. The maximum-induced electric current,
as well as the maximum ac modulation, occurs for frequencies determined by the micro-
wire length. The modulation also varies as a function of the dc-applied field and applied
stress.

Keywords: magnetostriction, magnetoelastic resonance, high-frequency giant
magnetoimpedance, amorphous magnetic microwire, biomedical sensors

1. Introduction

In recent years, much interest and effort have been devoted to develop soft magnetic materials
due to their technological potential [1]. The main use of these materials can be found in the
sensing industry which includes a broad spectrum of applications ranging from the automo-
tive, mobile communication, chemistry, and biochemistry industry among many others [2-5].
Amorphous microwires are one of the most widely studied soft materials. They are fabricated
by means of extracting melt-spinning Taylor technique [6]. Those microwires are composed by
a metallic core and a Pyrex cover both in the micrometer range. The metallic core provides the
magnetic behavior, while the cover has a protective and stress-inducting function [7]. The ratio
between the total diameter and the magnetic core, often called aspect ratio, is one of the key

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgIEN
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parameters of such microwires, since magnetic properties depend dramatically on it. For high
values of the aspect ratio, the microwires present a bistable hysteresis loop, while this
bistability vanishes for low ones [8, 9]. In fact, amorphous or nanocrystalline magnetic
microwires are among the softest materials. Many properties of these materials have been
deeply studied both from the point of view of the basic physics and the applications [10, 11].
This is the case of the giant magnetoimpedance effect [12], bistability [13], ferromagnetic
resonance [14], and magnetoelastic resonance [15, 16]. It is easy, also, to find much literature
regarding microwave-related applications of microwires or microwire-based materials [17-19].
Some of these articles have nicely shown how different arrangements of microwires forming
arrays or embedded in different types of matrices may be used for enhancing their sensitivity
as GMI elements or electromagnetic waves absorbing materials [20].

In the frequency range of GHz, some experimental and theoretical studies of the effect of the
magnetization on the scattering properties of a single microwire have been recently devel-
oped [21]. This kind of work gives experimental evidence showing that the microwave scattering
by a single microwire depends on the magnetic permeability with sufficient strength to be exper-
imentally detected as an effect of the GMI. Furthermore, this dependence was also used to show
the potential of such microwire as a wireless field and/or stress sensor. These experimental results
are followed by a theoretical approach where the influence of the microwire magnetic state in its
microwave reflection features is taken into account. Based on these studies, further experimental
work shows an application of such microwire as a wireless stress sensor with the particular
application of pressure detection in a hydraulic circuit simulating cardiovascular conditions [22].

Besides these investigations on magnetic microwires, it should be stated that technological devel-
opment has spurred the growing interest in the investigation of new biosensors aimed at simpli-
fying present-day diagnostic methods and thereby improving medical care, so that it improves
the quality of life of the patients and allows for outpatient treatment for a number of pathologies,
avoiding unnecessary hospital admissions [23]. Magnetic sensors are at the helm of technological
development seen in this field over the last decades, offering numerous advantages attributed to
their elevated sensitivity, reduced size, systems without the need for an external source of energy,
and wireless connections. The use of wireless sensor network (WSN) technologies offers the
possibility of developing implantable biomedical sensors allowing for the monitorization and
follow-up of certain physiological parameters with precise and, up until now, unthinkable mea-
surements. Based on magnetoelastic character or microwires, it has been possible to develop a
wireless magnetic sensor for postoperative follow-up procedures of vascular surgery [24].

The aim of the present paper is to show the physical fundamentals and the particular applica-
tions of magnetic microwires as stress sensors

2. Scattering of electromagnetic waves by a single microwire

2.1. Magnetostrictive magnetic microwires

A magnetic microwire is a filament with an amorphous structure, whose nucleus is composed
of an alloy of metals, the most frequent being iron and cobalt, with a Pyrex covering as
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insulant, manufactured by means of an ultrafast cooling process resulting in microwires with a
maximum total diameter around 100 m. Coils containing around 2 or 3 km of wire with a weight
around 1-2 g are tailored by Taylor-Ulitovsky technique [25]. Figure 1a shows a photograph
corresponding to a microwire scanning electron microscope (SEM) image. The composition is
Fe; 55C07, 755110B1s, and corresponding dimensions are a total diameter of 100 m and a metal
nuclei diameter around 80 m.

Figure 2 shows a schematic diagram of the method used by Taylor-Ulitovsky. It consists of
the rapid drawing of a softened glass capillary in which the molten metal is entrapped. The
capillary is drawn from the end of a glass tube containing the molten alloy. Previously, a
metallic pellet of the master alloy, prepared by induction melting of pure elements, has been
placed inside the sealed end glass tube; then, the alloy is melted by a high-frequency field of
an inductive coil, and the end of the glass tube is softened. Hence, around the molten metal
drop, there is a softened glass cover which allows the drawing of the capillary. A low level of
vacuum within the glass tube prevents metal oxidation. It also assures stable melt-drawing
conditions, in conjunction with induction heating, employing the levitation principle. In
order to ensure continuity of the process, there is a glass tube displacement with a uniform
feed-in speed. The rapid cooling rate required to obtain an amorphous structure is between
10° and 10°Ks ™.

Amorphous magnetoelastic Co-based magnetic microwires with negative but low magneto-
striction have been used for conducting this study related with wireless stress sensing technol-
ogies. To ensure soft magnetic properties, cobalt-rich compositions, that is, Fe; 55C072 755110B1s,
should be adjusted to obtain a nearly zero but negative magnetostriction constant. The

Figure 1. SEM image of an amorphous is Fe,»5C07, 755i10B15 microwire (a) and photograph of coil of casted wire
containing 2 g of material (b).
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Figure 2. Microwire casting method.

bamboo-like magnetic domains observed in this type of wires have a circumferential magneti-
zation that yields in a typical soft magnetic material hysteresis loop that exhibits low coercivity
and large permeability levels [26].

Two unique characteristics which convert negative low magnetostrictive magnetic microwires
into excellent sensor elements should be highlighted. On the one hand, their high magneto-
striction, together with their low anisotropy, makes them extremely sensitive to small
changes in mechanical stress and that such changes be translated into changes in their
magnetization when subjected to an external magnetic field. In addition, because of its high
magnetic susceptibility along with its diameter in microns, it is able to modulate a high-
frequency signal emitted by an antenna. Thus, changes in stress or pressure of a fluid will
cause a variation of the mechanical stress on the sensor, which will involve a variation of its
magnetization and the emitted wave that will be detectable wirelessly through a receiving
antenna [27].

Microwires’ magnetic hysteresis loops are easily detected using experimental setups consisting
of a primary and a secondary coil by a conventional low-frequency induction technique. The
stress influence on microwire magnetic behavior can be quantified by means of hysteresis loop
evolution when tensile stresses are applied to the microwire by means of hanging different
weights. Figure 3 shows the evolution of Fe;25C07,755110B15s hysteresis loops with tensile
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stress, from 0 to 813 MPa. Magnetostrictive character of magnetic microwires is observed by
means of a clear decrease of magnetic susceptibility with increasing tensile stress.

2.2. Tuned scattering of electromagnetic waves by a finite length ferromagnetic microwire

The metallic nature of ferromagnetic microwires determines the characteristics of their interac-
tion with electromagnetic waves. An alternating electric field E;.., with frequency w, that is, at
the Gigahertz range, and parallel to the axis of the wire and uniform along its length, excites
the microwire inducing an electric current I(z) along the microwire. The total electric field E, at
any point of the space, can be obtained as the sum of both contributions, that is, E = E;;. + Esco,
where E, is the electric field generated by the induced current in the thin wire. Following the
antenna theory, the electric current can be computed by the Hallen equation [28]:

3 giklr=r’| . Eo

21'[ (zo 4 Ze k2 >1dz' = Cysinkz + Cycoskz +2— 1)
L 4nlr — 1’| k

where Z, the medium impedance, C; and C, are arbitrary constants fixed by the boundary
conditions I(L/2) = I(—L/2) = 0, k is the wave vector, and E is the amplitude of the microwave
electric field. The wire impedance per unit length, Z; is given by Eq.(2). It depends on the
magnetic permeability of the microwire according to its general expression [29]:
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where ], and J; are the first-kind Bessel functions, 6 = 1/2/wpo is the magnetic skin depth [30],
2a is a characteristic cross-sectional size, and ¢ and p hold for the electrical conductivity and
the magnetic permeability of the microwire, respectively. It is important to remark that
although the magnetic permeability of a microwire is strictly a tensor magnitude [30-32], for
simplification and as an approximation, the magnetic permeability was taken as a scalar
magnitude [33]. A more general treatment about the relation among the magnetic permeability
and the electric impedance of a microwire can be seen in Refs. [34, 35]. Nevertheless, the most
important issue related to the induced current in a magnetic microwire holds in the Z; expres-
sion, given by Eq. (2) and its own dependence on the magnetic permeability that can be
dramatically changed in ferromagnetic microwires by applying a bias magnetic field [36].

In order to quantify the total induced current, I(z), in magnetic microwires in the presence of
microwaves verifying the integral equation, Hernando et al. [37] have applied a pulse function
point matching method [35] for microwires with radius a = 33 pm, electric conductivity of
order of 10” S, relative magnetic permeability value of 2, and an amplitude of the electric field
about 1 V/m. As previously mentioned, the boundary conditions were applied on the electric
current to set the values of the constants C; and C,. Furthermore, the effect produced in the
induced current by variations of the microwire magnetic permeability at different microwave
frequencies was also studied. Figure 4 shows the modulus I(z) at the center of different
microwires, I(0), with lengths of 5, 10, 15, and 30 cm as a function of the microwave frequency
for different values of the magnetic permeability.

The results clearly show a current distribution typical for thin metallic wires, where the
electric current is maxima at certain frequencies depending on the length of the wire: dipole
antenna resonances. The maximum I(0) variation induced by changes of the magnetic perme-
ability is shown to correspond to that obtained at the dipole antenna resonances. Conse-
quently, maximum giant magnetoimpedance effect will be achieved at these resonance
frequencies.

In order to corroborate the proposed theoretical model, microwave characterization of 33 um
radius Co-based microwires and different lengths was carried out in the 500 MHz-2 GHz
frequency range. The microwave scattering properties of these magnetic microwires were
experimentally analyzed, as shown in Figure 5, by using two helical antennas (with 21.5 cm
of length, 3 cm of radius, central frequency of 1 GHz, and a wave band of 500 MHz) connected
to a Programmable Network Analyzer from Agilent Ltd., working in the frequency range
comprised between 10 MHz and 20 GHz. Furthermore, a microwave polarizer was used to
ensure that the electric field of the microwave was parallel to the axis of the microwire. The
experiments were based on S;; parameter measurements defined as shown in Eq. (3) where Py
and P, stand for the input and output signal, respectively:

P.
Sij = 20log, Fl ;,j=1,2 3)
j
In our case, we restricted the study to the Sy; parameter. The choice was based in the interest-

ing physical meaning, since it represents the measured power in the receiving antenna over the
outgoing power in the emitting one.



Wireless Stress Sensor Based on Magnetic Microwires
http://dx.doi.org/10.5772/intechopen.70354

n
~—
»
(=]
IS
o
~—

o~

[

Modulus | (0) (A)

-

25 35

Bs 1.5 .
f(Hz) x10°

c) i d)
12f
10 .
< <
S 8 g8
S -
g 3
4
= = 05
2 )
0.5 5 2 (?35 0.85 135 2

1 &
f(Hz) x 10° f (Hz) x 10°
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Itis important to take into account that the scattering coefficient is directly related to the electrical
current induced along the microwire by the incident wave since the scattered wave is generated
by the electric current along the microwire (1) (the field distribution corresponds for a dipole
antenna [35]).

As previously demonstrated (Figure 4), the electric current can be modified changing the
magnetic permeability of the ferromagnetic microwire. For this reason, two Helmholtz coils
were used to apply an ac-bias magnetic field, parallel to the axis of the microwire, with
amplitude of 2.7 Oe and a frequency of 10 Hz. The experiments were performed by applying
a dc magnetic field in addition to the abovementioned ac-bias magnetic field, also parallel to
the axis of the microwire. Following this procedure, the modulation is driven around different
points of the hysteresis loop or different magnetic states. The ac field also gives rise to a

23



24 Magnetic Sensors - Development Trends and Applications

s =sssa]
Ll OLxENILl

Figure 5. Experimental setup for combined application of high-frequency electromagnetic wave with frequency between
10 MHz and 20 GHz by means of helicoidally antennas connected to Programmable Network Analyzer and 10 Hz low-
frequency bias field using Helmholtz coils.

modulation of the microwire permeability that is reflected as a modulation in the scattering
coefficient: AS21. The amplitude of the modulation of the scattering coefficient due to the ac-
bias field as a function of the dc-applied field for a 10 and 15 cm microwire length is
represented in Figure 6.

In the insets of Figure 6, the microwave spectrum for each microwire length at zero dc field is
depicted. For each case, a maximum variation of the amplitude of the modulation induced in
the scattering coefficient at the following frequencies, 1.4 GHz for the 10 cm length (Figure 6a)
and 1 GHz for the 15 cm microwire length (Figure 6b), is observed. This experimental feature
perfectly matches with the antenna resonance frequencies deduced by numerical calculations
as shown in Figure 4.

At constant frequency the scattering coefficient modulation increases as the dc-applied field,
reaching a maximum, at 3 Oe for both microwires length. This field corresponds to the experi-
mental coercive field measured at 10 Hz by typical induction measurements (see Figure 7) [27].

Effectively, the maximum permeability variation induced by an applied field is expected to
occur when the latter equals the coercivity of the wire. For dc magnetic fields larger than 3 Oe,
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Figure 7. Hysteresis loops for Co-rich microwires with negative magnetostriction at 10 Hz measured by ac induction
technique with 10 and 15 cm length, respectively (adapted from Hernando et al. [37]).

the modulation of the scattering field diminishes and finally vanishes for dc fields well above
the saturation field (the impedance, Z;, of the magnetic microwire is not modulated because
of the magnetic permeability that remains constant). Therefore, it has been shown in the exp-
eriments that the maximum changes in the microwave spectrum by the GMI occur at the
antenna resonances as was shown applying the antenna theory. The curves shown in Figure 6
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suggest that at the dipole resonance the system can be used as a sensitive detector of magnetic
fields. This effect can be used for different sensing applications.

2.3. Stress and field contactless sensor based on the scattering of electromagnetic waves by a
single ferromagnetic microwire

The following paragraphs [38] present experimental evidence that the microwave scattering by
a single microwire depends on the magnetic permeability with sufficient strength to be exper-
imentally detected as an effect of the GMI. Furthermore, this dependence has been also used to
show the potential of such microwire as a wireless field and/or stress sensor.

A 10-cm-length sample of magnetostrictive Fe; »5C07, 755119B15 amorphous microwire, presenting
high magnetoimpedance effect, of metallic core radius of a =33 um and total radius, including the
Pyrex outer shell, of 50 um was placed between two helical antennas working in the GHz range
with circular polarized radiation as shown in Figure 5. As previously stated in the present work,
due to its amorphous structure, even though they exhibit low or moderate magnetostriction,
highly sensitive magnetoelastic elements for detecting applied stresses are thoroughly discussed
elsewhere since long time ago [39].

Figure 8 displays the experimental result of measuring the S,; parameter over time for the
aforementioned setup with an emission frequency of the antennas set at fantennas = 1.2 GHz. The
modulation of the Sy; parameter shown in Figure 8 is produced by the application of a bias
field with frequency fi;.s = 100 mHz. Note that the modulated signal shows a frequency of
fmoa =200 mHz, which is exactly twice the value of the bias frequency. This result suggests that
the scattering is being somehow tuned by the magnetization of the sample, more precisely by
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Figure 8. Experimental Sy; parameter time evolution for the experiment depicted in Figure 5 with f,nennas = 1.2 GHz and
fias = 100 mHz.
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its magnetic permeability p,. This doubled frequency is due to the symmetric shape of the microwire
hysteresis loop (I tt:(Hpias)!) = | ti(—Hpigs) |, as can be seen in Figure 9 in which the experimental
hysteresis loop of the wire, measured using a quantum design vibrating sample magnetometer, as
well as the low-frequency permeability, which reaches values of 8 x 10° has been plotted.

Moreover, the use of even a weak magnetostrictive microwire, as the one chosen, allows us to
modify its magnetic permeability by application of mechanical stresses. Figure 10 displays the
result of an analogous experiment as the one depicted in Figure 5 but with the addition of a
tensile device. Such device allows the application of different mechanical stresses to the
microwire during the experiment. It can be noticed how the modulated pattern of 521 is
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Figure 10. (a) Experimental S,; parameter time evolution for the F,5C07;755i10B15 microwire subjected to different
mechanical stresses. (b) Peak-to-peak amplitude of the S,; modulated signal as a function of the applied mass load (Figure
published with copyright permission from Appl. Phys. Lett. 2014;105:092505(1)-092505(4)).

27



28 Magnetic Sensors - Development Trends and Applications

modified under the application of the different mechanical stresses. In this case, the application
of the stress induces a magnetoelastic anisotropy, with strength given by the product of the stress
and the magnetization constant, which decreases the relative permeability, |, of the microwire.

The physical aspects underlying the experiments reported here are as follows. The modulation of
Sp1 parameter observed in Figures 2 and 4 describes the modulation of the reflected power P, at
the receiving antenna position. The intensity of the wave reflected or scattered by the microwire
shall depend on its impedance Z; as shown in Eq. (2). According to Egs. (2) and (3), the bias field
induces periodic changes of S;; as a consequence of the modulation that this field produces on p,
as described by Figure 8. The periodic variation of p, gives rise through Eq. (2) to Z, and P,
modulations that finally originates the experimental behavior summarized in Figures 8 and 10.
The figure of merit, 3, which we are interested in, is given by the following expression:

p="02 = ang, @
21

where AS;; is the change of Sy; originated by a change in permeability of strength Ay,
Accordingly to previous considerations, the parameter should be estimated through the
dependence of both S,; on P, and from that of Z, on P,.

The last one may be derived after using a standard method for calculating the scattering of
electromagnetic waves by cylindrical ideal conductors that can be found elsewhere in the
bibliography [40]. Such procedure is strictly based on solving the boundary conditions of the
incident and reflected fields at the interphase r = a that in our case is the radius of the microwire
metallic core. If we use the same geometry than in standard calculations [40] but considering a
cylinder with finite conductivity and after expressing the magnetic and electric fields as linear
combinations of Bessel, I;, and Hankel, H;, functions, their boundary conditions yield, for the
transversal magnetic (TM) and transversal electric (TE) cases, reflection coefficients @ ;™) of
the Hankel, Hi(k;r), functions describing the outgoing scattered wave [38]. Contrary to the
perfect conductor, reflection coefficients, 4" and @™, both function on Z, and k, which, in
turn, are dependent on the magnetic permeability (see Eq. (2) and the following expression):

k2 = \ inAuOlur (5)

Thus, it is possible to change a;'* and a;"™ by tuning the magnetic state of the cylinder.

Some estimative considerations are outlined for a first-order approximation that corresponds
to the case in which only a, coefficients are relevant. In order to establish the correlation
between the experimental parameter S,; and the theoretical scattering coefficients d "= and
a0 ™ we formulate the S,; parameter as a function of the scattering coefficients aoEand ag™,
by expressing the input and output power in Eq. (4) as the average value of the Poynting vector
in the positions corresponding to both antennas. The explicit dependence of S;; with the

theoretical scattering parameters is given by the following expression:

(1 + dBCiTC (xur) ) Ein (er)
E;, (kr1)

521 = 2010g10
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where E! stands for the incident electric field; r; and r, represent the positions of the emitting

~ circ

and receiving antennas, respectively; and 4" stands for the scattering parameter for circular

polarized radiation. e 4y“* can be estimated as the mean value of the TE and TM modes.

In summary, it has been experimentally shown that the microwave scattered intensity pro-
duced by a single microwire can be controlled by tuning its permeability. This permeability
may be modified with the application of an external bias field, leading to non-negligible effects
in the scattering. In addition, if the cylinder is magnetostrictive, the scattering is also sensitive
to mechanical stresses. These experimental results are promising for developments in this field
including in situ and in vivo biomedical magnetoelastic experiments, taking advantage of the
biocompatible nature of the microwire Pyrex cover. So far, these kinds of measurements were
only possible by using GMI or magnetoelastic resonance-based devices. However, the use of
GHz frequency devices would allow the development of sensors operating at much longer
distances and with a higher information transfer rate.

2.4. Liquid pressure wireless sensor based on magnetostrictive microwires for applications
in cardiovascular localized diagnostics

The present work shows an application of such microwire as a wireless stress sensor with the
particular application of pressure detection in a hydraulic circuit simulating cardiovascular
conditions.

Two kinds of experiments have been performed. Both using a Fe; 5C07,755110B15 amorphous
magnetostrictive microwire with negative magnetostriction constant A, = —0.9 x 10° and
saturation magnetization, u,M; = 1.1 T of metallic core radius of a = 33 um, and total radius,
including the Pyrex outer shell, of 50 pm. The coercive field measured under a 10 Hz applied
field is 3 Oe. The relative permeability of the microwire changes between 800 and 2 when the
applied field varies between 0 and 20 Oe, 30, respectively. We selected this composition because,
as stated above, Co-rich microwires are well known to exhibit a noticeable high GMI effect [32].

The first experiment consists in tagging a silicon test tube (Figure 11(a)) with a single
microwire, in order to show the possibility of using this kind of material as a contactless
strain-sensing element. The second one has been designed to test the possibilities of this
material to detect changes of the blood flow pumping both in an endovascular prosthesis and
in an artery. With this second aim, either a piece of an artery or prosthesis (Figure 11(b))
sensorized by means of a ring of Co-based magnetostrictive microwire is placed in a hydraulic
circuit connected to a pulsatile ventricular assist system (Abiomed/AB5000). A water seal and
two resistors in parallel have been situated in order to control over fluid pressure. The hydrau-
lic circuit described allows a fluid flow pumping frequency of 40/60 = 0.666 Hz, which is a
signal with a period of 1.5 s corresponding to a pump of 40 beats/min. A solution of 0.33% agar
has been used to make the fluid through the circuit to have a similar blood viscosity at 37°C. In
order to register, instantaneously, the fluid pressure through the circuit of two probes,
connected to a pressure detector, was invasively connected in distal and proximal positions,
respectively, with respect to the sensing element (microwire ring). Fluid pressure can be
calculated as a ratio between these two values.
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(1)

Figure 11. Experimental setups (a) on silicon test tube (1) under stress where emitting and receiving antennas (2) are
connected to spectrum analyzer (3) and Helmholtz coils generate low-frequency magnetic field (4); (b) to detect changes
of the blood flow pumping both in an endovascular prosthesis and in an artery. A piece of an artery or prosthesis (1)
sensorized by means of a ring of Co-based magnetostrictive microwire placed in a hydraulic circuit connected to a
pulsatile ventricular assist system (Abiomed/AB5000) (2), water seal (3), and two resistors in parallel (4) to control over
fluid pressure, emitting and receiving antennas (5), Helmholtz coils (6), and invasive pressure detector (7) (Figure
published with copyright permission from AIP ADVANCESS, 087132 (2015)).

Both specimens, sensorized silicon test tube (see Figure 11a) and endovascular prosthesis or
artery connected to the hydraulic circuit (see Figure 11b), were placed between two helical
antennas working at 1.2 GHz with circular polarized radiation. Both antennas were connected
to a two-port Agilent E8362B Network Analyzer. The distance between antennas was large
enough to ensure that a human body could be comfortably placed between them and that the
far-field contribution dominates the near-field one. In addition to that, two Helmholtz coils
with a customized electronic setup were used to apply an ac-bias magnetic field. Such exper-
imental arrangement allows us to measure the scattering parameters of the system Sy;.

Figure 12a displays the experimental result of measuring the S,; parameter over time for the
aforementioned setup in the case of the first experiment with an emission frequency of the
antennas set at fontennas = 1.2 GHz. The modulation of the S;; parameter shown in Figure 12a is
produced by the application of a bias field with frequency fy,;,s = 100 mHz although the
modulated signal shows a frequency of f;,,q = 200 mHz, which is exactly twice the value of
the bias frequency due to the tuning of the scattering by sample magnetization. Moreover, the
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Figure 12. Influence of strain on silicon test tube on scattering attenuation coefficients, S,;, as a function of time (a) and
corresponding fast Fourier transformation (FFT) curves (b).

use of even a weak magnetostrictive microwire, as the one chosen, allows us to modify its
magnetic permeability by application of mechanical stresses. It can be noticed how the modu-
lated pattern of S,; is modified under the application of the different mechanical stresses and
correlated with the silicon test tube strain.

As shown in Ref. [38], the application of the stress induces a magnetoelastic anisotropy, with
strength given by the product of the stress and the magnetization constant, which decreases
the relative permeability, p,, of the microwire. Figure 12b shows the fast Fourier transform of
curves in Figure 12a to quantify the frequency and amplitude of the signals. Two frequencies
are observed, 200 and 400 mHz, respectively, with a clear amplitude decrease for the first one
as a function of test tube strain, while the second one remains almost constant. From these data
the relationship between the silicon strain and the reflectivity of the microwire can be roughly
estimated. A reflectivity decrease of 0.033 dB is associated to a strain € = 0.26.
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Figure 13. Experimental results of measuring the S,; parameter in the case of the sensorized arterial prosthesis using 1.2
GHz and a bias field frequency f,i,s = 8 mHz as the function of fluid pressure (a) and corresponding fast Fourier
transformation (FFT) (b) for 56 mmHg (&), 143 mmHg (¢), and 160 mmHg (w) (Figure published with copyright
permission from AIP ADVANCESS, 087132 (2015)).

Figure 13a shows the experimental results of measuring the S,; parameter in the case of the
sensorized arterial prosthesis using 1.2 GHz and a bias field frequency fi;,s = 8 mHz as
function of fluid pressure (from 0 to 160 mmHg). An initial modulated signal of 16 mHz is
observed, but, as the pressure increases, a second superimposed signal with a frequency of
666 mHz can be seen. The amplitude of this second signal increases as fluid pressure grows (see
the inset in Figure 13).

A crucial point in this experiment should be noted. This is the relationship between the
frequencies of the bias field and the fluid flow pumping. Only a very low value of bias field
frequency allows the observation of the effect. In this case the fast Fourier transformation (FFT)
in Figure 13b shows two main peaks: the first one at 16 mHz with no sensible variation due to
pressure and a second one at around 700 mHz strongly affected by pressure changes.

The same experiment has been performed in a bovine artery for fluid pressure between 100
and 235 mmHg. Figure 14 shows pressure influence on S,; parameter as a function of time
under the same conditions of the previous case of the prosthesis. The greater flexibility of the
artery is clearly shown in the evolution of the fast Fourier transform of these signals with
increasing system pressure.
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Figure 14. Experimental results of measuring the S,; parameter in the case of the sensorized bovine artery using 1.2 GHz
and a bias field frequency fy,;.s = 8 mHz as function of fluid pressure (a) and corresponding fast Fourier transformation
(FFT) (b) for 56 mmHg (&), 143 mmHg (®), and 160 mmHg (w) (Figure published with copyright permission from AIP
ADVANCESS5, 087132 (2015)).

Figure 15 compares reflectivity versus pressure for both elements where the same changes in
the fluid pressure involve higher increment in reflectivity for the artery in concordance with its
higher elasticity.

In conclusion, we proposed the flexible magnetic element able to be integrated both in artery
and prosthesis suitable for wireless localized blood pressure monitoring [22]. The sensor made
of a ring of glass-covered magnetic microwire is simple and inexpensive and could be detected
by means of a simple exciting and detecting set up able of emitting and detecting microwaves
simultaneously applying a low-frequency magnetic field. The reflectivity of the microwire is
determined by mechanical changes. In the experimental study, a piece of a cardiovascular
prosthesis and a piece of an artery both sensed with a ring of magnetic microwire have been
situated in a hydraulic setup simulating cardiovascular human circuit. Reflectivity changes of
the sensor show its capability of measuring pressure variations in the circuit.
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Figure 15. Reflectivity versus pressure for sensorized arterial prosthesis (m) and bovine artery () (Figure published with
copyright permission from AIP ADVANCESS, 087132 (2015)).

3. Conclusions

In conclusion, an electromagnetic field induces an electric current along the microwire that can
be modulated by the application of an external ac magnetic field, an effect known as
magnetoimpedance. The maximum induced electric current, as well as the maximum ac
modulation, occurs for frequencies determined by the microwire length. The modulation also
varies as a function of the dc-applied field and takes a maximum when the dc field is close to
the coercivity of the microwire. In fact, when the dc-field strength equals the coercive field, the

variation of the permeability induced by the ac-superimposed field reaches a maximum value.
This effect can be used for different sensing applications.

It is also interesting to note that for driving field frequencies corresponding to magnetoelastic
or ferromagnetic resonance frequencies of microwires, small variations of the applied field or
stress can give rise to strong changes in permeability. In order to increase the sensitivity of the
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system, it is also important to select the frequency in that range for which the couple of
antennas is close to resonance in wires.

It must be noticed that we had outlined an estimation of the wire sensitivity without consider-
ing the tensor form of the permeability at the microwave range. A more rigorous analysis
could be carried out, but to account for the order of magnitude of the experimental results
reported in this work, the considered approximation seems to be sufficiently illustrative.

In summary, it has been experimentally shown that the microwave scattered intensity pro-
duced by a single microwire can be controlled by tuning its permeability. This permeability
may be modified with the application of an external bias field, leading to non-negligible effects
in the scattering. In addition, if the cylinder is magnetostrictive, the scattering is also sensitive
to mechanical stresses. These experimental results are promising for future developments in
this field including in situ and in vivo biomedical magnetoelastic experiments, taking advan-
tage of the biocompatible nature of the microwire Pyrex cover.
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Abstract

We review the state-of-the-art of thin films displaying the magneto-impedance (MI)
effect, with focus on the aspects that are relevant to the successful design and operation
of thin film-based magnetic sensors. After a brief introduction of the MI effect, the materi-
als and geometries that maximize the performance, together with the measurement pro-
cedure for their characterization, are exposed. A nonexhaustive survey of applications
is included, mostly with the aim of displaying the capabilities of thin film structures
in the field of magnetic sensing, and the variety of topics covered by them. A special
emphasis is made on some concepts that are not commonly treated in the literature, such
as the influence of the measuring circuit on the magneto-impedance ratio, the geometry
optimization by means of numerical simulation by finite element methods, or noise mea-
surements on thin films. Additionally, a brief description of the patterning procedure by
photolithography is included, since the major advantage of thin film sensors over other
types of magneto-impedance materials as ribbons or wires is the possibility of patterning
the sensible element in micrometric shapes, and most of all, their easy integration with
the interface microelectronic circuitry.

Keywords: magneto-impedance, thin film, magnetic sensor, photolithography, finite
element methods

1. Introduction

The giant magneto-impedance (MI) effect accounts for the large change of the electrical
impedance experienced by a soft magnetic material when subjected to an external magnetic
field. It was proposed as a very sensitive method to detect small magnetic fields during the
1990s [1, 2]. However, the basic underlying principle is a completely classical electromagnetic
effect that was already studied by Lord Rayleigh in 1887 [3] and with much greater detail
by Kittel in 1946 [4]. It is based on the so-called skin effect, which accounts for the limited
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Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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penetration on conductive materials of the electromagnetic field associated with an alternat-
ing current flowing through them. The exponential decrease of the amplitude of the fields
from the surface of the conductor is characterized by the penetration depth 0 given by

5 = 1R, M

where fis the frequency of the alternating current and ¢ and u are the conductivity and the
magnetic permeability of the material, respectively. The effective cross-section of the sample
for the flow of the alternating current depends on the magnitude of the penetration depth.
Therefore, the skin effect determines the impedance of the specimen, and if the sample is
magnetic, the external magnetic field modifies the permeability and produces the magneto-
impedance effect. In summary, the basics of MI are described by Maxwell equations and
explained in classical treatises on electromagnetism [5, 6].

If the geometry of the sample is simple enough, the Maxwell equations can be solved analyti-
cally to obtain the impedance. In the case of a homogenous sheet of thickness 24 and infinite
width and length, the result is [7]

Z = R 6 cothj6 )

being R, the dc resistance, j = V-1 (the imaginary unit), and 6 = ay 2rfou = V2 a/5. A similar
expression involving Bessel equations can be obtained for wires [7].

Itis to be noted that the permeability involved in expressions (1) and (2) is the one responding
to the alternating magnetic field created by the flowing current (Figure 1), which is transver-
sal to the direction of current flow and is usually denominated transverse permeability.

The magneto-impedance is typically quantified as a difference ratio with respect to a refer-
ence impedance value as

MI(%) = —x100 3)

low

where Z _ is almost always taken as the lowest measured value of the impedance. Habitually,
Z,  corresponds to the impedance of the sample when it is magnetically saturated and its
relative permeability is close to 1: Z, =Z_, = Z(u,). Experimentally, Z, usually corresponds
to the impedance measured at the maximum applied magnetic field Z, = Z (H, ), which is

supposed to magnetically saturate the sample. It can also be taken as the impedance at zero
field Z, =Z(H =0), if the MI curve is double-peaked (Figure 1).

One of the figures of merit for MI is the maximum value of the magneto-impedance given
by Eq. (3) MI__, which is reached when the value of Z is maximum. For a given frequency,
and according to Eq. (1), this occurs when the permeability is maximum and the penetration
depth is minimum. Therefore, the magnetization processes of the sample, which determine
the magnitude of the transverse permeability, are paramount in achieving large MI__ ratios.

The second figure of merit is the maximum sensitivity s, , which is actually the most impor-
tant for applications. It expresses the maximum change of impedance experienced by the
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H H* H

Figure 1. (a) Scheme of the magneto-impedance effect in a planar sample: the alternating current i accumulates on the
surface due to the skin effect, whereas its magnetic field /1, excites the material according to its transverse permeability
u, which is modulated by the externally applied magnetic field H. (b) Typical magneto-impedance curve: the maximum
impedance occurs when i, is largest, and the minimum when it is magnetically saturated. The maximum sensitivity
s,.. takes place at the point of the largest slope of the Z(H) curve. The sample must be biased with a field H, to obtain

max

the maximum field sensitivity. (c) Single-peaked MI curve when the magnetic field H is applied in the direction of the
magnetic easy axis (longitudinal anisotropy). (d) Double-peaked MI curve in the case of transverse anisotropy.

sample when the magnetic field acting on it varies, that is, the maximum slope of the Z(H)
curve. It also depends on the magnetization process. The most usual cases in planar samples
are schematized in Figure 1(c) and (d). In a sample with longitudinal anisotropy, the magne-
tization easy axis lays in the direction of the applied field and the flow of current. The maxi-
mum transverse permeability occurs at H =0, and the Z(H) curve presents a single peak. If the
sample presents transverse anisotropy, the maximum transverse permeability takes place at
the anisotropy field H*, defined as [8]

= LA @)

where K is the anisotropy constant and M, the saturation magnetization. This is the preferred
case, since the curve Z(H) presents two peaks and can display a great sensitivity if MI__ is

large and H* is small. In thin film MI sensors, it is extremely important to obtain a well-defined
transverse magnetic anisotropy.
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2. Thin film MI samples

2.1. Sample geometry

The best samples for large MI effect are amorphous wires and glass-coated microwires with
very small negative magnetostriction [9, 10], especially those in which the configuration of
the magnetic domains favors a large circular (transverse) permeability [11]. Values up to
MI__ =500% are reported in the best homogenous wires. MI has been also actively studied
in amorphous ribbons [12, 13]. In both cases (wires and ribbons), the MI takes large values at
frequencies of tens or hundreds of kHz, when the penetration depth equals the thickness of
the sample, in the order of tens of microns. MI in thin films, however, requires much larger
frequencies, typically of the order of 1 GHz for films of about 1 um thick. This situation has
two important consequences that will be discussed in the following sections: first, the mea-
suring circuits for the characterization of the MI response must be adapted for such elevated
frequencies, and second, from the point of view of the properties of the thin film material,
adequate strategies must be adopted to increase the thickness of the sample without deterio-
rating the soft magnetic behavior.

To increase the magnitude of the MI effect in thin film materials, a sandwiched structure
with a nonmagnetic conductor between two magnetic layers was early proposed [14-16], in
which the magneto-inductive effect, created by the large permeability of the magnetic layers,
allows to override the pure skin effect and achieve large impedance variations at moderate
frequencies. The advantages of this layered structure were also incorporated in wire-shaped
specimens to achieve MI ratios of 800%, the largest reported in the literature [17]. Analytical
expressions similar to Eq. (2), but more complicated, can be obtained for some sandwiched
geometries by imposing the suitable boundary conditions at the interface of the materials
[18]. In sandwiched structures it is possible to devise two main configurations as schematized
in Figure 2. If the outer magnetic layers completely enclose the central conductor, the layout
resembles that of a core-shield wire, in which the magnetic flux created by the current encoun-
ters a closed path with high permeability. In contrast, the open-flux configuration, in which
the magnetic and central layers have the same width, makes the flux created by the current

a) . b)
{‘""""""" -— '_........................_‘

/ "1{ ‘,,..Mi 7 __________ 9, \ «C

i

* ¢

Figure 2. The sandwich structure M/C/M (M = magnetic layer, C = conductive, nonmagnetic layer) enhances the
magneto-inductive response of thin film samples, overriding the poor influence of the skin effect at moderate frequencies
(in the range of MHz). The figure shows the cross-section of two possible configurations for sandwiched structures.
In (a) the magnetic layers enclose the central conductor, providing a high permeability closed path for the magnetic
flux ¢ generated by the alternating current i (flowing perpendicular to the page). In (b), the flux lines must close by a
nonmagnetic medium, reducing the magneto-inductive effect, but this structure is much easier to fabricate.
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cross a low permeability path. The flux leakage worsens the MI behavior [19], but the open-
flux configuration can be fabricated in a single step, which makes it preferable over the closed-
flux one. Besides, the direct comparison between both configurations demonstrates that the
MI performance gain found in closed-flux is not significant due to additional problems arising
from the increased thickness of the magnetic layers in the edges of the structure [20].

Thin film MI materials are commonly patterned to adjust their lateral dimensions to the
desired shape. The usual geometry is in the form of rectangular stripes, but other shapes as
meanders or ellipsoids are used depending on the application. The patterning can be per-
formed during the deposition or using photolithography techniques. More details will be
given in Section 2.3.

2.2. Thin film MI materials

The most successful MI materials, in the form of wires and ribbons, are made from amorphous
alloys (Fe-Co-5i-B or similar), rapid quenched from the melt. These materials, obtained by other
methods, have also been used for thin film MI structures. In fact, values of MI__ close to 700%
were early reported from a closed-flux sandwiched structure of CoSiB layers [21]. Such extraor-
dinary performance was obtained due to the large thickness of the magnetic layers (2 pm) and
the use of isolation SiO, layers between the central conductor and the outer magnetic layers.
Also, amorphous FeSiB [22], CoNbZr [23], and FeCuNbSiB [24] films have been investigated
in MI structures. But the dominant tendency in MI thin film structures is to use Permalloy (Py)
as magnetic layer. With a nominal composition of Fe, Ni,, Permalloy is a very soft magnetic
alloy with large permeability, no crystalline anisotropy, and nearly vanishing magnetostriction,
which are key properties for great MI performance. Besides, the constituents of Py are abun-
dant and cheap and its use in MI devices benefits from the intense research performed toward
enhancing anisotropic magnetoresistance (AMR) sensors that use Py as base material [25].

Permalloy in the form of thin film is obtained mainly by vapor deposition methods. The films
with a small thickness are satisfactorily soft, but the growth of thicker films is affected by the
development of a columnar structure that defines an easy magnetization axis in the direction
perpendicular to the plane of the sample. In this situation, the sample enters what is called
a transcritical state [26], observed also in amorphous films [27], which ruins the magnetic
softness and results severely detrimental for MI performance, since MI requires both mag-
netic softness and increased sample thickness. Therefore, it is very important to determine
the optimum preparation conditions, as well as the limiting Py single-layer thickness that
can be reached before entering the transcritical state. In low pressure sputtering deposition,
this thickness is determined to be about 170 nm [28]. To increase the total effective thickness,
it has been proposed to use thin spacers between successive Py layers, creating a thick mag-
netic multilayer in which all the Py films are below the critical thickness [29, 30]. Different
materials are used as spacers (Ti, Cu, Ag, etc.). Their nature and optimum thickness has been
investigated [31] and the usefulness of this approach proven [32]. Figure 3 displays the typical
layer configuration of a high performance MI structure, which combines the sandwich layout
to take advantage for the magneto-inductive effect, with outer magnetic parts composed of a
multilayer Py/Ti structure in which the Py layers are below the critical thickness.
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Magnetic |- [FeNi{170 nm)/Ti(6 nm], ———— )_n=3 Fehi
Conductor Cu 250 am 2L
Magnetic [FeNi(170 nm)/Ti(6 nm] ,

Figure 3. Scheme of the cross-section of a multilayered sandwiched structure with open-flux configuration: the outer
magnetic layers are composed of Permalloy (Fe,Niy) films below the transcritical thickness separated by thin titanium
spacers. The central conductive layer is nonmagnetic.

Besides the sensitive element, other materials can play a role in MI devices. The obvious ones
are metals for electric contacts. More exceptional are materials devised to produce a biasing
effect on the MI element. As observed in Figure 1, the largest sensitivity obtained with a small
bias field H, is applied to the sample. In laboratory experiments, it is provided by an external
coil; but for a functional device, biasing by an integrated thin film permanent magnet [33] or
by the polarizing effect of the exchange bias effect has been demonstrated [34-36].

2.3. Fabrication of MI structures

Thin film MI structures are most commonly fabricated by physical vapor deposition methods,
although electrodeposition [37] or flame plating [38] has also been used. Sputtering is pre-
ferred over evaporation. The process parameters (RF or DC sputtering, Ar pressure, power,
deposition time, etc.) depend on the equipment used and the nature of the desired material.
Glass or silicon wafers are used as substrates, although polymers are increasingly being used
with the onset of flexible electronics [39-42]. As large sensitivity relies on a well-defined trans-
verse anisotropy, an in-plane magnetic field is usually applied during deposition. The deposi-
tion process creates a continuous film on the substrate. For measurements and applications,
the substrate can be cut into the desired shape, usually rectangular. Alternatively, metallic
masks with perforated motives (rectangular slits, for example) can be used over the substrate
during the deposition. However, thin film technology is excellently adapted to the pattern-
ing procedures of the microelectronic industry. Photolithography allows creating arbitrary
shapes with extraordinary lateral resolution and very well-defined borders. Basically, photo-
lithography transfers the desired pattern defined as opaque or transparent motives on a mask
into a photosensitive resist deposited on the substrate. The resist is exposed to ultraviolet
(UV) light (365 nm from Hg lamps in laboratory systems) through the mask and is sensitized
in the illuminated regions, changing its resistance to a given chemical (developer). Therefore,
upon developing, the nonresistant parts of the resist are removed, leaving the desired pattern
on the substrate. The patterned resist can be used to shape the thin film in two different ways
[43], exemplified in Figure 4. In etching processes, the material is deposited as a continuous
film on the substrate and the resist is patterned on top of it afterwards. The material not
protected by the resist is removed using a chemical or plasma etching. In a [ift-off process,
the resist is patterned directly on the substrate and the material is deposited afterwards on
top of it. When the resist is dissolved (in acetone or similar), the material deposited on top
of it is peeled off, leaving the desired pattern on the substrate. Lift-off requires an inwards
profile in the patterned resist in order to produce well-defined, sharp edges, as illustrated in
Figure 4(b).
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Figure 4. Example of photolithography processes to pattern thin film MI elements. (a) Photolithography is used to
define the areas of the continuous film to be etched. The figure schematizes the two-step process to create the displayed
structure. The first lithography defines the form of the element. The second reveals the central Au layer in the contact
regions. Etching is performed by ion-milling in this case. (b) Illustration of the lift-off process in which the photoresist is
patterned prior to the deposition of the thin film material. The inward profile of the resists facilitates the creation of sharp
borders in the patterned material when the resist is dissolved, eliminating the material deposited on top of it.

Photolithography can be used to pattern MI samples in any desired shape. Although rect-
angles are most usual, meanders [37, 44] or ellipsoids [45] are also reported. Several photo-
lithography steps can be performed sequentially to add pads for electric contacts, produce
more complicated systems as closed-flux structures, or to integrate the sample in a functional
device with the conditioning electronics. For example, successive photolithography steps are
done to integrate a MI sample into a coplanar transmission line [45, 46].

The search for the optimum configuration of MI structures implies evaluating the impact on
the MI performance of many fabrication parameters. For instance, in Py-based sandwiched
structures, the effect of open- or closed-flux configuration [20], the thickness of the magnetic
layers [47], the nature of the spacers between the magnetic layers [31], and the different thick-
ness of the central conductor [48] have been experimentally assessed. The lateral dimensions
of the samples play a fundamental role in the performance as well. While maximum minia-
turization is beneficial for the development of MI-based microsensors, downsizing has large
influence on the magnetic properties and general MI performance. For instance, the shape
anisotropy in elongated samples competes with the transverse anisotropy induced during the
preparation, modulating the sensitivity of the sample [49], and producing an inhomogeneous
behavior over the sample that can be compensated by shaping the sample in the form of ellip-
soids [45] or limiting the usable region of the device [50]. Reducing the lateral size increases
the flux leakage in open-flux sandwiched structures [51]. Besides, the reduced size modifies
the magnetic domain structure, since the influence of closure domains becomes increasingly
important as the width of the sample is reduced [52]. At the present moment, the MI perfor-
mance diminishes considerably in identical samples upon size reduction [53].

3. MI measurements in thin films

3.1. Measuring impedance at high frequency

Sandwiched thin films materials display large MI variations in the frequency range of tens
to hundreds of megahertz (MHz). Operating in this regime demands using high-frequency
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techniques, which involve adapting both the experimental set-ups and the mathematical treat-
ment of the acquired data [54]. With low frequency signals the voltage and current present the
same value in every point of the circuit at any given moment. However, at high frequencies, if
the measuring circuit length is comparable to the wavelength A of the electromagnetic signal
(A = v/f, v being the velocity of the light in the transmission medium and f the frequency of
the signal), the electric parameters can be different in different parts of the circuit at the same
time, and the measured impedance can oscillate between minimum and maximum values
depending on the operating frequency. These results are determined mainly by the propa-
gative effects of the signal along the transmission lines, and only very weakly by the actual
impedance of the sample under test. Determining the impedance at high frequency requires
using specific equipment, such as network analyzers or specialized impedance-measuring
systems. The measuring circuit, including the sample holder, should be made of transmis-
sion lines (usually, coaxial cables or wave guides). The transmission lines adapted to planar
samples are the microstrip and the coplanar lines displayed in Figure 5. The microstrip line
consists of a narrow strip of flat conductor on a dielectric substrate with the ground conduc-
tor in the opposite face. In the coplanar transmission line, the main conductor and the ground
are in the top face. In the case of the coplanar line shown in Figure 5(b), both the sample and
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Figure 5. Transmission line-based MI measurement test fixtures. (a) Microstrip line composed by the top conductor
and the bottom ground plane, supporting quasi-TEM (transverse electromagnetic mode) waves. The sample is inserted
between two portions of line. (b) Coplanar transmission line, with the main conductor and the ground on the topside.
In this case, the sample and the conductors of the coplanar line are fabricated by photolithography at the same time.
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the line are fabricated by photolithography and the measurements are performed on wafer in
a probe station [46]. Figure 5(a) displays a usual MI measuring test fixture in which the MI
sample is inserted between two sections of a microstrip line, with SMA connectors on both
sides to which coaxial cables are attached to connect to the network analyzer.

When measuring with the test fixture displayed in Figure 5(a), standard calibration proce-
dures are employed to eliminate the contribution of the coaxial cables. However, at the mea-
suring frequencies, additional corrections should be applied to eliminate the propagation
effects brought about by the portions of the line of the text fixture. The complete details are
given in Ref. [54], but Figure 6 exemplifies how the measured impedance as a function of the
frequency is affected by propagation effects and how they can be corrected.

3.2. Impedance as a function of the frequency and the impact of the measuring
circuit on MI

MI curves are measured as a function of the magnetic field, which is produced typically by
a pair of Helmholtz coils. Using a network (or impedance) analyzer, the real and imaginary
parts of the impedance can be measured as a function of the frequency, which can give us a
useful insight about the MI effect in thin films. Figure 7 shows the impedance as a function of
the frequency corresponding to a Py/Au/Py sample with transverse anisotropy, measured in a
microstrip line (the samples correspond to those of Ref. [55]). The real and imaginary parts of
the impedance are plotted at two selected values of the applied magnetic field, H =0, at which
the transverse permeability is u, and H = H¥, at which the permeability is maximum. First,
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Figure 6. Effect of propagation on impedance measurements and correction. (a) The direct measurement of the
impedance of the test fixture with the sample inserted, as a function of the frequency, is plotted on a Smith chart (black
circles). Much of the spiral behavior is caused by the portion of the transmission line as observed in the red solid curve,
measured with the sample removed from the test fixture. With the suitable correction [54], the impedance of the sample
as a function of the frequency can be calculated (blue triangles). (b) The impedance directly measured Z,, (black circles),
without corrections, is represented as a function of frequency, showing resonance peaks caused by propagative effects.
The corrected impedance Z_(blue triangles) presents a monotonous behavior.

m
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we show that, although the magneto-inductive effect dominates in sandwiched structures, the
skin effect is also important. Figure 7(a) shows that the real part at H =0 is constant as a func-
tion of the frequency, corresponding to the resistance of the sample (with , the penetration
depth is much large than the thickness of the magnetic layer). In contrast, for H = H*, the real
part increases with the frequency due to the skin effect, since the penetration depth is smaller
than the thickness of the magnetic layers with large permeability. The relative change of the
real part of the impedance keeps growing with the frequency. Second, we observe the extraor-
dinary importance of the external impedance in the performance of MI. The imaginary part
of the impedance at H = 0 increases linearly from f = 0. The slope corresponds to the external
inductance of the circuit composed by the sample and the ground plane in the microstrip line
[56]. With H = H*, the imaginary part increases hugely for frequencies below 100 MHz, giving
a very large impedance change ratio, but afterwards it increases with the same slope as for
H =0, because it is dominated by the external inductance that does not depend on the mag-
nitude of the magnetic field. Therefore, the relative change of the imaginary part decreases
with frequency. In absolute value, the MI would increase with frequency following the trend
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Figure 7. Selected results of the measured impedance as a function of the frequency for a Py/Au/Py multilayer [55].
(a) Real part measured at H =0 and H = H, where the permeability is large, showing the importance of the skin effect.
(b) Imaginary part measured at H = 0 and H = H*. The linear increase is caused by the external self-inductance of the
measuring circuit. (c) Absolute value of the magneto-impedance. It shows a maximum at approximately the frequency at
which the value of imaginary part (ruled by the external inductance) equals the real part: the influence of the impedance
added by the measuring circuit limits the maximum MI ratio that can be measured.
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of the real part, but it is limited by the decrease of the imaginary part, which is caused by the
external inductance. In fact, the maximum of the MI as a function of the frequency takes place
at frequencies at which the values of the imaginary and real parts become approximately equal.
If the imaginary part is kept low, by reducing the external inductance, the MI can reach larger
values, because it would continue growing further with increasing frequency.

It is important to clarify that there is no way of completely avoiding the detrimental effect
of the external impedance: for any measurement, or for any application, the sample must be
inserted in a circuit that necessarily produces the undesired contribution to the total imped-
ance. Transmission lines are probably the minimum measuring circuit that can be used, but
they also produce an important contribution (larger in microstrip than in coplanar lines) that
must be taken into account for applications or when analyzing the properties of MI materi-
als and structures. Evidently, the importance of the external contribution in experimental
MI measurements explains why the extremely large values of MI predicted by the theory
are never reached. As a side effect, we see that the performance rating of materials based
purely on their Ml ratio is probably meaningless, because the measured values depend heav-
ily on the measuring system. It is possible to apply specialized methods to extract the intrinsic
impedance of the sample (a process called de-embedding) for the microstrip [57] and the
coplanar cases [46]. This produces much larger MI values and allows, in principle, to compare
measured MI values with theoretical predictions.

4. Numerical simulations by finite element method

The MI behavior can be described analytically for simple geometries and, with important
assumptions, by expressions similar to Eq. (1) derived from the Maxwell equations. The
description can be improved by incorporating models for the magnetization process, the
dynamical behavior of the magnetization, and some other effects [58-60]. The pure theoreti-
cal analysis allows gaining insight in the involved phenomena, but fails to accurately describe
the experimental results. In fact, the theory predicts values for the MI ratio of the order of
10*% [61, 62] that have never, by far, been observed. This discrepancy is caused first by noni-
deal conditions on real samples: complex domain structure, finite size, etc. But most impor-
tantly, the main cause for this huge difference is that the proposed theories do not reflect the
actual measurement conditions. As explained in the previous section, in a real experimental
set-up, the measuring circuit imposes a contribution to the measured total impedance that
drastically reduces the MI__ ratio, even if the circuit is simplified to the minimum expres-
sion. A rather complex data reduction process can be used to extract the intrinsic MI response
from the sample, eliminating the contribution of the circuit [46, 57], or alternatively, this con-
tribution can be incorporated in the theory [36]. Numerical simulations can overcome some
of these problems and offer results closer to the experiment and serve as a guide for device
optimization.

Finite element methods (FEMs) are used to solve the differential equations governing many
different types of problems in completely arbitrary geometries. For electromagnetic prob-
lems, given the material properties and the appropriate boundary conditions, FEM codes can
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numerically calculate the electrical impedance of the simulated system. If the dependence on
the applied magnetic field of the material properties (essentially the magnetic permeability)
is specified, FEM can be used to determine the impedance as a function of the magnetic field
Z(H), and the MI ratio according to Eq. (3) [63]. However, to analyze the MI performance of
different sample configurations, it is sufficient to use FEM to calculate the impedance for two
extreme values of the permeability, the largest u, (that would correspond to the value of the
maximum transverse permeability) and the lowest, which equals to y, when the sample is
saturated. This allows to calculate MI__ as

2,.) = Z(u,)

MImax(%) = Z(# )

x 100 )

This approach has been used, for example, to examine the performance difference between
open- and closed-flux sandwiched structures [20] and to determine the best combination of
layer thickness to maximize the Ml ratio [53]. The complete three-dimensional (3D) geometry
of MI structures can be simulated using commercial FEM software packages as COMSOL
[63, 64]. 3D modeling is interesting because it allows, in principle, to account for the effect
of shape anisotropy on MI (although no published work has taken advantage of this, yet). If
the simulation makes the approximation that the sample is infinite in length, the modeling
can be performed in two dimensions (2D), using much less computational resources [65, 66].
The authors routinely use the free 2D software package FEMM [67] to perform FEM simula-
tions. When the simulation cases are numerous or require heavy computing, they use the
xfemm implementation of the same code [68] that can be run in a mainframe computer. This
FEM program is designed to solve low-frequency electromagnetic problems, in the sense that
it implements the Maxwell equations disregarding the displacement current. Therefore, it
cannot account for propagation effects and, when solving magnetic problems, it does not
consider the dielectric properties of the materials, but it can simulate accurately MI problems
in which the skin and magneto-inductive effects are dominant. For a complete simulation
of the electromagnetic problem, including propagation and dielectric properties, a full-wave
program is necessary.

FEM simulations can reproduce quite accurately the experimentally measured MI behavior
provided that the simulated problem resembles the experimental conditions. This means that
the simulation must include the contribution of the measuring circuit in which the sample is
inserted. One of the most popular measuring test fixtures for planar samples, including thin
films, is that based on microstrip transmission lines. Figure 8 schematizes the 2D simulation
problem of a thin film structure. Note that, due to the symmetry, only half of the problem must
be simulated. The simulation includes, below the sample, the ground conductor of the trans-
mission line, which is made of pure copper, and the dielectric, although it is treated as a dummy
material with permeability 1, in the same manner as the air filling the rest of the simulation
domain. What is important in the simulation is the amount of impedance that the measuring
circuit adds to the impedance of the sample. It is mainly produced by its self-inductance, which
depends on the geometry of the circuit. The simulation domain must be limited to maintain the
problem under reasonable computation demands. Therefore, appropriate boundary conditions
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Figure 8. Sketch of the 2D FEM problem for calculating the impedance of a thin film sample (the drawing is not at
a real scale). The simulation domain includes the sample and the microstrip line in which it is inserted for real MI
measurements. Only half of the problem needs to be simulated thanks to the symmetry. Open boundary conditions are
applied to reduce the size of the simulation domain without losing accuracy [67].

must be imposed in the limits of the domain representing the values of the fields over them.
This can be problematic in our geometry because the fields are extended, in principle, to the
infinite. FEMM offers different possibilities for adequate boundary conditions dealing with
that situation, such as the open boundary conditions, represented in Figure 8. Other software
packages offer similar solutions as the infinite elements used in COMSOL.

FEM calculations are based on discretizing the simulation domain in small portions (triangles
in 2D). In principle, the finer the meshing, the more accurate the solution is. However, there is
a compromise with computation time and the best strategy is to refine the mesh only where it
is important for the solution. Commercial programs include automatic, adaptative, refinement
algorithms. In FEMM, this must be done manually. For MI problems, it is especially impor-
tant to choose a mesh fine enough to accurately determine the fields in the regions where the
skin effect is important. As a rule of thumb, we usually chose a mesh 10 times smaller than the
penetration depth given by Eq. (1) at each frequency in the appropriate regions.

To calculate the impedance in our FEMM problem, a current is flowed through the sample,
perpendicular to the plane of simulation. The current returns in the opposite direction through
the ground conductor. Apart from the geometry of the sample, its material properties must be
specified. The relevant ones are the conductivity (v, =4.5x 10°S/m for Py and 0,,=2.38 x 10°S/m
for Ti) and the magnetic permeability. As explained before, the impedance is calculated for
two different values of the permeability, u _and p, assuming the sample is isotropic. This
calculation is performed for different frequencies, allowing to obtain MI__ versus frequency
curves as the ones displayed in Figure 9. In this example, the agreement between measure-
ment and simulation is exceptional, up to a frequency of 150 MHz. This degree of coincidence
has been secured by performing simulations with different values of u _ until the results
matched. FEM simulations therefore constitute a method to determine the maximum value
of the transverse permeability of the sample, which is close to = 4300 y, in this case. For
higher frequencies, there is an increasing discrepancy between simulated and measured val-
ues, which can be attributed to the frequency dependence of the permeability.
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Figure 9. Impedance ratio as a function of the frequency for a thin film multilayer sample [Py (100 nm)/Ti (6 nm)],/Py
(100 nm)]. The agreement between the experimental data and the FEM-simulated values allows determining the value
of the transverse permeability of the Py layers.
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Figure 10. (a) FEM results for sandwiched samples with different thicknesses of the central conductor. The simulations
were performed to determine the geometry for maximizing the Ml ratio [53]. (b) Ml ratio measured in a sample 10 mm long
and 0.5 mm wide, fabricated with the optimum structure [Py (100 nm)/Ti (6 nm)]4/Cu (400 nm)/[Ti (6 nm)/Py (100 nm)],.
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In any case, in most situations it is not necessary to exactly match the material parameters to
obtain very useful information from FEM simulations. In the work described in Ref. [53], FEM
was used to determine the optimum configuration of layers to maximize the MI response.
The value of u _used in the simulations (i, =5000 1) was chosen quite arbitrarily but the
resulting layer configuration was afterward fabricated, producing record values for both MI
ratio and sensitivity for thin film structures with open-flux configuration. If fact, the perme-
ability value used in FEM was underestimated since the measured MI values were larger than
those obtained in the simulations. Figure 10 illustrates these results. It is remarkable that the
shape of the measured and simulated curves is, at least qualitatively, identical in the whole
frequency range. This could not have been possible without including the measuring circuit
(represented by the microstrip elements) in the simulation.

max

5. Application of thin film MI sensors

5.1. Brief survey of applications

The extremely large sensitivity of the MI effect makes it a good candidate for magnetic sens-
ing applications, comparing favorably with other types of devices as Hall, anisotropic mag-
netoresistance (AMR), and giant magnetorresistance (GMR) sensors, and competing with
fluxgate sensors [69].

MI devices based on amorphous wires have been successfully commercialized by Aichi
Corporation as magnetic field sensors for motion, attitude, and acceleration detection [70].
Despite the easier integration of thin film-based structures with microelectronic circuitry, no
commercial applications of thin film MI sensors can be found yet. As a pure magnetic field
sensor, the application of thin films as an electronic magnetic compass has been evaluated [71].

The MI effect has also been proposed for the detection of magnetic particles, mainly oriented
toward possible biomedical applications. Those were exhaustively reviewed recently [72].
Among the different materials used, besides wires and ribbons, thin film structures have been
demonstrated to be able to detect microparticles in a flowing liquid [73] and nanoparticles
embedded in gels (ferrogel) [74]. In these works, the presence of magnetic particles modi-
fies the magnetic permeability on the medium surrounding the MI element, producing the
measured changes in the impedance. Note that there is no direct measurement of the fringe
field created by the particles, since no external magnetic field is applied to magnetize them.
The field used to bias the sensing element (H, in Figure 1) is not enough for that end. In fact,
the electrical impedance of nonmagnetic conductors also varies in the presence of magnetic
particles and this effect has been proposed as an alternative method for biosensing [75]. More
sensitivity is expected if the fringe field of the particles is measured directly using the MI
effect as a magnetic field detector. There is no inconvenient, in principle, in using thin film
sensors substituting magnetic wires in the set-up described in Ref. [76].

MI has also been proposed as sensing mechanism for nondestructive testing (NDT), using
amorphous wires [77] and thin film structures [78, 79], and even for pressure sensors using
thin films deposited on a flexible substrate [40]. In fact, the use of flexible substrates for thin
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film MI implementations is gaining relevance with the onset of applications of flexible elec-
tronics [39—-42]. Novel deformation sensors are being proposed based on stress-impedance
effect, which is very close to the MI effect, but based on the variations of the magnetic perme-
ability experienced by the sensing material upon the application of mechanical strains [80, 81].

5.2. Circuit conditioning: impedance matching

The ultimate goal of the application of the MI effect is to develop a device that can compete in
some aspect (sensitivity, miniaturization, prize, etc.) with the family of magnetic sensors that
are widely used nowadays. Obviously, the circuit architecture in an industrially produced MI
sensor would differ from the set-up implemented in the laboratory experiments. One of the
aspects that would be benefited from a different circuit approach in a commercial device is
the fact that the load impedance of the sensing element should be matched to the character-
istic impedance of the transmission line, typically 50 Q. The main goal of this procedure is to
minimize the power consumption of the electronics, but in the case of a MI sensor it produces
the additional benefit of an increased sensitivity. Matching the circuit load to 50 Q2 is achieved
by introducing impedance-matching networks in the circuit, typically consisting of L and C
elements whose values are calculated to drive the impedance of the sample at the operation
point (in general, complex) to 50 ) (purely resistive) [82]. Thus, the imaginary part of the
impedance of the sample gets cancelled with the addition of the LC network. As explained
in Section 3.2, the imaginary part of the impedance is much less sensitive than the real part,
due to the contribution of the external inductance. Therefore, by cancelling it and operating
effectively with a purely resistive device, the Ml ratio and sensitivity of the sample get notice-
ably improved. An example of this procedure applied to MI thin films, together with detailed
calculations and results, can be found in Ref. [83].

5.3. Magnetic noise in thin film MI sensors

The parameter that really allows a faithful performance comparison between different magnetic
sensors is their level of magnetic noise, which determines the threshold for the minimum signal
level that can be reliably detected. Noise levels below 1 pT/NHz can be obtained in MI sensors
based on amorphous wires and ribbons [84, 85], but very little work has been done on determin-
ing the noise level in thin film-based structures. In a real application, the MI element is inserted
in a conditioning circuit that, in its simplest configuration, is composed of a RF oscillator (that
produces the ac current exciting the MI sensitive element), a detector, and an amplifier [86].
Each of these elements contributes to the total noise of the device. In an attempt to determine the
noise of a thin film structure (a sandwiched multilayer 2 mm long and 90 um wide with a sensi-
tivity of 55%/Oe), the magnetic noise has been measured using different detectors: a commercial
AD8302 Gain and Phase detector, a commercial power detector ZX47-50+, and a homemade
peak detector [87]. The impedance of the sample is matched to 50 Q using a specific matching
network, to increase its sensitivity, as explained in the previous section. The measured electri-
cal noise ¢, is transformed in magnetic noise b, expressed in T/VHz through the experimentally
determined transfer function of the sensor, that is, the relation between the input (magnetic
field) and the output (voltage signal) of the device. The sensor using the peak detector displayed
the lowest noise level of 3 nT/VHz at 1 Hz and 122 pT/\/Hz at 2 kHz, as shown in Figure 11.
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Figure 11. Equivalent magnetic noise measured in a thin film sandwiched multilayer sample, 2 mm long and 90 um wide
with structure [Py (170 nm)/Ti (6 nm)],/Cu (250 nm)/[Ti (6 nm)(Py (170 nm)],.

These noise levels are significantly larger than the ones reported in wires and ribbons [84, 85],
but are promising for applications. Besides, the noise level can be reduced easily by a factor
of 4 by using MI thin films with enhanced sensitivities (up to 300%/Oe), as the ones described
recently [53]. Additionally, lower total noise values are expected by minimizing the RF oscil-
lator contribution to noise [88].

6. Conclusions

Thin film structures displaying the magneto-impedance effect are already mature for sensing
applications. Once their performance has reached levels comparable to those of amorphous
wires, their fabrication compatibility with the microelectronic production processes makes
them attractive for integrated devices. We have briefly reviewed the main concepts involved
in the development of MI materials for future sensors. Many more details can be found in
the proposed references, especially in the thesis reports by David de Cos [56] and Eduardo
Fernandez [88], on which much of the presented work is based.
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Abstract

In 2007, a Nobel Prize is awarded to Dr. Albert Fert and Peter Griinberg for their con-
tribution in giant magnetoresistance (GMR) effect. The magnetic head based on GMR
effect has significantly increased the storage density in the hard disk drive (HDD) and
brought the coming of the digital age. Besides, the rapid development of GMR sensor has
opened a wide and promising range of applications, including the aspects in automobile,
traffic monitor, biomedicine, and space, etc. As continuously extending the market, it
needs GMR sensor with much lower cost, smaller size, higher sensitivity, and compat-
ibility with the CMOS technology. In light of that, we give a review about the recent
progress of the MR effect in Mn Ge, _system, which refers to the material growth and
magnetic and MR property. Through engineering the Mn Ge,_ structure, it could realize
the transition from negative to positive MR, geometric-enhanced giant MR, and electric-
field controlled MR. The fact of well-designed MR effect and high compatibility with
Si technology brings a high potential and advantage for fabricating Mn Ge, -based MR
sensors, which could be widely used in magnetic head and biomedical sensors, among
others, with the superiority of much lower manufacturing cost, lower power dissipation,
higher integration density, and higher sensitivity.

Keywords: magnetoresistance, geometric-enhanced MR, electric-field controlled MR,
Mn Ge,_ system, MR sensor

1. Introduction

Magnetic sensors have been widely used in analyzing and controlling thousands of functions
by human beings for many decades [1-3]. A digital world has arrived and been driven by the
tremendous increase of storage density in the hard disk drive (HDD) using the state-of-the-art
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magnetic sensor [4]. The convenient transportation has been promised in a safe manner because
of the high reliability of the noncontact switching and monitor with magnetic sensor [5-7]. The
portable medical system relies on the magnetic sensor for nondestructive diagnostic applica-
tions [8-10]. Factories have high productivity due to the high stability and precision as well as
low cost of magnetic sensors [3, 11].

There are numerous types of magnetic sensors [6], such as search-coil sensors, fluxgate sensors,
magneto-optical sensors, optically pumped magnetometer, magnetoresistance (MR) sensors,
Hall effect sensors, and superconducting quantum interference device (SQUID) magnetom-
eter, among others. Most of them are based on the direct magnetic and electric response. A
magnetic sensor can directly convert the magnetic signal into an inductive voltage signal [12]
or resistance variation [5], and its sensitivity determines its operating regime and potential
applications. For example, SQUID magnetometer with a high sensitivity of 10°-10* gauss
has been used for measuring magnetic field gradients or differences due to permanent dipole
magnets in major applications of brain function mapping. The fluxgate and MR sensor can
provide the medium field sensitivity of 10°-10* gauss, which has been used for the magnetic
compass and magnetic anomaly detection. Hall effect sensors with a low sensitivity of 1-10°
gauss have been exploited for applications in noncontact switching and current meters. In
consideration of the operating regime, the MR sensor is one of the most commonly used sen-
sors in everyday life [4, 5, 11, 13, 14]. Additionally, it demonstrates some specific advantages
[4, 5] comparing to others, including high compatibility with the CMOS process technology,
high scalability, low power dissipation, and low manufacture cost.

MR sensors using the resistance as the detectable signal involve the contributions from differ-
ent mechanisms, such as anisotropic magnetoresistance (AMR) [5], giant magnetoresistance
(GMR) [5, 15, 16], and tunnel magnetoresistance (TMR) [17, 18]. AMR sensor could exhibit
large field sensitivity and more significantly could detect the field direction, which has been
widely used as the magnetic head in HDD and automotive sensors to determine many quan-
tities, like throttle valve position, chassis height, and pedal position [5]. However, since the
discovery of GMR effect in 1988 [15], it has gradually replaced the role of the AMR effect for
the sensor application, which provided more advantages, such as larger output signal, min-
iaturization opportunity, and the possibility to make a 360° angle sensor. As a derivative of
GMR effect, TMR effect could have much higher sensitivity and integration density [18]. A
successful paradigm for sensor evolution is the magnetic read head. A dramatic shift to stor-
ing data from the analog to current digital world started in the 2000s and was dominantly
driven by the emergence of spintronics exemplified by the introduction of the AMR read head
in 1991 by IBM [19], the GMR read head in 1997 [20, 21], and the TMR read head in 2006 [21].
Prior to the introduction of the MR read head, the storage densities of HDD had increased at a
growth rate of 25% per year. With the introductions of the AMR head in 1991, the growth rate
of storage density increased to 60% per year, while the introduction of GMR read head made
the growth rate further to 100% per year. Due to such dramatic impact, the 2007 Nobel Prize
in Physics was awarded to Albert Fert and Peter Griinberg for the discovery of GMR effect.
The recent areal density growth has slowed resulting mainly from the thermal instabilities,
known as the superparamagnetic effect [22, 23]. While the continual effort attempts to address
the fundamental limitation of GMR sensor for much higher sensitivity and thermal instabil-
ity, searching for other high-efficient MR sensors has never been stopped.
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As a potential candidate, the geometric-enhanced MR could demonstrate a large MR value
as a function of magnetic field, and the underlying mechanism arises from the dependence of
the current path on the sample shape and electrode configuration [24]. GMR effect can give
rise to a negative MR, whereas the geometric-enhanced MR usually is positive. The current
deflected from the electric-field direction by Lorentz force, and the inhomogeneity in current
path determined the MR sensitivity. Previously, Thio et al. reported a large MR up to 28% at
500 gauss in the inhomogeneous Hg,  Cd Te thin film associated with the composition fluc-
tuation [24, 25]. Furthermore, Solin et al. configured an inhomogeneous structure by embed-
ding concentric gold in nonmagnetic indium antimonide matrix and showed a MR value as
high as 100% at 500 gauss [24]. All of these results point to a new way for designing new type
of MR sensors, and the related research is still in progress.

As the demand for the sensors with higher integration density and lower manufacturing cost
is continuously growing, it calls for not only innovative sensor configuration but also novel
material candidate with much higher sensitivity to magnetic field, higher compatibility with
CMOS technology, and lower power consumption. Mn Ge, [26] as the silicon-compatible
material appears to be an appealing candidate for application in MR sensors through the
combined use of GMR [27] and geometric-enhanced MR [28]. In light of that, we give a review
of the current research progress in Mn Ge, _thin film and nanostructures, as well as their pos-
sible application in MR sensors. The fundamental aspects of the MR mechanisms are listed in
the first section. The following section gives a systematic and comprehensive review about the
Mn Ge,  material growth, structure characterization, and MR measurement. MR phenomena
based on different mechanisms including GMR, geometric-enhanced MR, and even electric-
field controlled MR have been well discussed, and the correlation between the structures and
MR properties is established. The final section gives an outlook of the potential application
of the Mn Ge, -based MR sensors and estimates their implicit impact. Exploiting Mn Ge, -
based MR sensors may set a new stage for the next-generation sensors with improved sensi-
tivity, higher scalability, and higher compatibility with current CMOS technology.

2. The fundamental principles in MR sensors

2.1. The definition of MR effect

The definition of the MR comes from the resistance variation of a material as a function of
magnetic field, which can be described by the following equation:

R(B) - R(0

MR = B8RO _ gp) (1)
where the R(B) and R(0) are the resistance at the magnetic field of B and zero, respectively.
The MR value follows different functions with the magnetic field based on the mechanism
differences. In a traditional semiconductor, the MR abides by the orbital MR effect with the
origin from Lorentz force. The deflection of the current due to the magnetic field produces an
increase of the current path length and thus an increase of resistance. The relation between
them can be described as:
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MR = (1+C, (uB)) @

where p,/p, is the specific relative resistance, C, is a geometrical parameter, and p is the carrier
mobility. However, the MR response in such principle is very weak and thus limiting their
broad application.

2.2. AMR effect

The AMR effect was initially discovered in 1857 by William Thomson [5]. It happened in
the ferromagnetic materials, which arose from the spin-orbit interaction and the resistance
depended on the orientation of the current relative to magnetization direction [29]. Usually,
the resistance is higher for the current direction parallel to the magnetization and lower for
the current perpendicular to the current. Such angle dependence could be described by the
following equation:

R = R,+ AR cos* 0 3)

Apparently, the signal extrema are achieved at angles of 0° and 90°, and the steepest response
slope is at an angle of 45°. Thus, to achieve the highest sensitivity, the sensor was normally
designed with the initial magnetization direction to the current direction at an angle of 45°.
Typical AMR response is about 1-4% [5, 29], which is good enough for allowing the use of
AMR sensors in practical application.

2.3. GMR effect

GMR was discovered independently by Albert Fert and Peter Griinberg in 1988 [15, 16]. Since
then, great progress in improving the GMR value has been achieved, and the use of GMR
effect in practical applications has significantly changed the world. The most important appli-
cation is the use of GMR read head, which has dramatically increased the areal density in
HDD and brought the advent of the digital world. The significance of the GMR discovery
was recognized by the Nobel Prize in Physics awarded to Fert and Griinberg in 2007. In the
GMR effect, the resistance relies on the angle between magnetization directions at different
locations in the materials, which could happen in granular systems [30-32] or ferro-/non-
ferro-multilayer materials [33, 34]. For real application, the multilayer structure is mainly
considered rather than the granular system which is normally in an uncontrollable growth
condition. The basic principle of GMR effect is the spin-dependent scattering, in which a
parallel direction between the current spin and magnetization can generate a low scattering,
while its antiparallel direction is in a high scattering. The resistance as a function of the angle
between magnetization directions is described by:

R(8) = R(0) + ARI1 - cosB1/2 4)
where AR is the value of R(180°)-R(0°). This equation can show that the angle dependence of

the GMR effect has a period of 360°, which forms an obvious contrast to the AMR effect with
a period of 180°.
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2.4. TMR effect

As one specific case of GMR, the TMR [35-37] happened as the nonmagnetic conductive layer
was substituted by an insulating layer in the multilayer structure, named as magnetic tunnel
junction (MT]). In this structure, electrons can pass through this insulator by means of the
quantum tunnel effect. In early reports, the insulating layer in MT] was constituted by AL O,,
which demonstrated a MR level of MT] about 40% [36]. Recently, this level has been signifi-
cantly improved to 200% by using MgO as the insulating layer [17, 18]. The improvement of
TMR level has significantly increased the areal density of HDD; meanwhile, it has boosted the
development of spin-transfer torque-based magnetoresistive random access memory (STT-
MRAM) for the next-generation memory application [38].

2.5. Geometric-enhanced MR effect

Geometric-enhanced MR is another specific case of the orbital MR associated with the mate-
rial shape [24, 28]. A typical structure is consisted of a composite including conductive metal
and less conductive semiconductor. The electric field, E, is normal to the equipotential surface
of the highly conductive metal. The current density is written as J = o(H)E, where o(H) is the
conductivity tensor. At H = 0, the tensor of a(H) is diagonal, so J = oE and the current flows
into the conductive metal, which acts as a short circuit. At high H, the off-diagonal component
of o(H) gives rise to a deflection of J from E, and the deflection angle is called as Hall angle
[39], which is dependent on the Hall mobility p and H. In a sufficiently large H, the cur-
rent may deflect around the conductive metal and flow in the less conductive semiconductor,
which acts as an open circuit. The transition from short circuit at low H to open circuit at high
H results in a geometric enhancement of the MR.

3. The research progress of MR effect in Mn Ge,_ system

3.1. MR effect in the Mn Ge,__ thin film

Mn Ge,  could go through different MR effects through engineering Mn-doping concen-
tration, Mn Ge, phase, and geometric structure. At the beginning, we pay our attention to
the MR effect that happens in Mn Ge, _ thin film. The Mn Ge, _ thin film was grown on Ge
substrate by a Perkin-Elmer solid-source molecular beam epitaxy (MBE) with Ge and Mn
Knudsen cells. Ge substrate was cleaned by immersing in acetone and isopropyl alcohol with
ultrasonic agitation, followed by dipping in 1% hydrofluoric (HF) acid. Then, the substrate
was directly transferred into the MBE chamber for thin-film growth at around 200°C. After
growth, its microstructure and composition were comprehensively characterized by trans-
mission electron microscopy (TEM) equipped with energy-dispersive spectroscopy (EDS). Its
magnetic property and magnetoresistance were revealed by SQUID and physical property
measurement system (PPMS).

Figure 1(a) is a typical cross-sectional TEM image of the grown thin film, which shows some dark
parts embedded in the Ge matrix. To understand the detailed structure, high-resolution TEM
(HRTEM) was employed, and typical [110] zone axis TEM results are shown in Figure 1(b)-(d).
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Intensity (a.u.)

Figure 1. (a) A typical cross-sectional TEM image of the Mn Ge, __ thin film. (b)~(d) HRTEM images of the stacking faults,
Mn Ge,_ DMS region, and Mn,Ge, cluster in the film, respectively. (e) EDS spectrum confirming the ~4% Mn doping. (f)
Temperature-dependent hysteresis loop of the Mn Ge, __ thin film. (g) ZFC and FC curves, showing a T_around 300 K.
Reproduced with permission from [26]. Copyright 2015, Elsevier.

In Figure 1(b), stacking faults (SFs) could be clearly observed in the Ge matrix and feature a
triplet periodicity of Ge (111) lattice spacing [40]. The formation of SFs might come from the
strain accumulation of Mn doping and lattice-mismatched precipitates. Figure 1(c) was col-
lected from the relatively-uniform doped region and clearly displays a very good crystallinity.
Meanwhile, some precipitates could be noticeably observed in the thin-film sample, as shown
in Figure 1(d). It clearly shows another set of lattice structure that is different from the Ge
matrix. Using the lattice spacing of the Ge as the reference, we calculated the observed lattice
spaces of the cluster, which matched well with the (002) and (010) atomic planes of the hexago-
nal Mn,Ge, phase [41, 42]. Furthermore, it can be confirmed that the Mn,Ge, (002) plane was
parallel to the Ge (111) plane. To determine the Mn-doping concentration, EDS was carried
out, and the result reveals that the average Mn concentration is ~4%, as shown in Figure 1(e).
The magnetic property of the grown Mn Ge, film was measured by SQUID, and the result
is shown in Figure 1(f). Magnetic hysteresis can be observed between 10 and 250 K, and it
disappears around 300 K. To further determine the T and detect any magnetic precipitates,
zero-field-cooled (ZFC) and field-cooled (FC) magnetic measurements were performed under
a small magnetic field of 200 Oe. As shown in Figure 1(g), the magnetization vanishes near 300 K,
indicating a T_~ 300 K, which further confirms the formation of Mn,Ge, (T_~ 296 K) [43]. Two
blocking temperatures coexist in the ZFC curve, with the lower one at 20 K and the higher one
at 200 K, which are attributed to Mn-rich coherent Mn Ge, | nanostructures [44] and Mn,Ge,
precipitates [27], respectively. Both of them could be well resolved in the TEM characterization
in Figure 1(a), as indicated by white arrows and red-dotted squares, respectively.

For sensor application, it should explore the MR effect of the Mn Ge, thin film to reveal
its control parameters. To this end, the current sample accompanied by a more Mn-doped
sample (6%) was fabricated into micrometer Hall bar structures by photolithography for the
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Figure 2. (a)—(b) Temperature-dependent MR of thin films with 4 and 6% Mn dopants, respectively.

magnetotransport measurement. Figure 2 shows the temperature-dependent MR curves of
the two samples with an out-of-plane magnetic field. Figure 2(a) is the MR curves of the 4%
Mn-doped sample, and it shows only positive MR in the whole temperature range. Careful
examination could find that the MR curve follows a parabolic shape in the whole temperature
range except for a small deviation happening at low magnetic field at 1.9 K. The parabolic
dependence exclusively indicates that the orbital MR is dominant in this sample [45], while
the small deviation should come from the magnetization-enhanced orbital MR [46]. As the Mn
dopants increase to 6%, however, the orbital MR is suppressed, and a negative MR is demon-
strated at low temperatures, as shown in Figure 2(b). It implies that the enhanced magnetiza-
tion in more Mn-doped sample significantly boosts the spin-dependent scattering and thus
generating the negative MR [45]. However, as the magnetization becomes weak at high tem-
peratures, the positive MR shows up and the orbital MR is dominant again. Through tuning
the Mn-doping concentration in Mn Ge, _thin film, the engineering of negative and positive
MR is conveniently realized, although it still needs to enlarge the MR value for the potential
application in MR sensors.

3.2. MR effect in Mn-rich Mn Ge,__coherent nanostructures

To precisely control the MR and seek for a large value in Mn Ge, _system, Mn-rich Mn Ge,
coherent nanostructures are well designed based on its growth thermal dynamics and kinet-
ics characteristics. As already well documented, Mn atoms preferred to form intermetallic
compounds [47, 48] with Ge at high growth temperatures, while they tended to form Mn-rich
Mn Ge, coherent nanostructures [27, 44, 49, 50] at low growth temperature. By choosing
proper growth conditions, Mn-rich Mn Ge, coherent nanostructures with different morphol-
ogies were formed by MBE, and their effect to MR properties are well discussed. Following the
same cleaning procedure as described above, Ge substrate was loaded into the MBE chamber
for superlattice growth. A high-quality Ge buffer layer was first deposited at 250°C, and then
the growth temperature was cooled down to 70°C for the subsequent superlattice growth. Ten
periods of Mn Ge, _and Ge layers were alternatively deposited on the substrate. By adjusting
the nominal thickness of Ge space layer from 6 to 25 nm while keeping the Mn Ge, layer at
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substrate

Figure 3. (a) A typical cross-sectional TEM image of the Mn Ge,  nanocolumns. (b) Its HRTEM image, showing the
coherent Mn Ge,_ nanocolumns. (c) A typical TEM image of the Mn Ge,_ nanodots. (d) Its HRTEM image, showing
well vertically aligned Mn Ge,  nanodots. (e) The zoom-in HRTEM image, showing its diamond lattice structure. (f) A
typical TEM image of the nanowell structure. (g) HRTEM image of a single-layer nanowell consisting of coherent MnGe
nanodots.

about 4 nm, Mn Ge,  nanocolumns, nanodots, and nanowells were obtained, respectively.
Figure 3(a) shows a typical cross-sectional TEM image of the Mn Ge,  nanocolumns with a
nominal Ge space layer of 6 nm, in which well-aligned nanocolumns with dark contrast can
be clearly observed. To reveal the detailed lattice structure, HRTEM experiments were car-
ried out, and the result is shown in Figure 3(b). Careful examination of the HRTEM image
verifies that the Mn Ge,_ nanocolumns have the same diamond lattice structure as the Ge
matrix, showing a coherent growth. The formation of nanocolumns rather than layer struc-
ture indicates that Mn atoms not only agglomerate laterally but also migrate vertically into
the adjacent Ge space layers [51]. After increasing the Ge space layer thickness to 11 nm, the
superlattice evolves from a nanocolumn structure to a nanodot structure. From the cross-
sectional TEM image shown in Figure 3(c), 10 periods of nanodots with Ge space layers are
clearly observed, in which the nanodots are well aligned along the vertical direction. The
alignment may follow the fact that the buried MnGe nanodots induce an elastic strain in the
thin Ge space layer, which provides a preferential nucleation site for the formation of new
MnGe nanodots. Through further HRTEM characterizations, these nanodots show relatively
uniform size distribution with an elliptical shape (dimension of 5.5 + 0.5 and 8 + 0.3 nm in the
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horizontal and vertical directions, respectively), as demonstrated in Figure 3(d). The fact that
the vertical diameter of the nanodot is much larger than the thickness of the MnGe layer again
suggests that Mn atoms migrate vertically into the adjacent Ge space layer. Figure 3(e) clearly
shows the coherent growth of MnGe nanodot in the Ge matrix. After further increasing the
Ge space layer thickness to 25 nm, MnGe nanowells with 10 periods were obtained, and a
typical TEM image is shown in Figure 3(f). Noticeably, the nanowells are also composed of
dense MnGe nanodots, whereas the nanodots are not aligned in the vertical direction. It may
be due to the strain release on the top surface of the thick Ge space layer, and hence there are
no energy-preferable positions for subsequent nucleation of the MnGe nanodots [52]. Similar
to the previous two cases, the MnGe nanodots inside the nanowells are also coherent with the
surrounding Ge matrix with a diameter range of 4-10 nm, as shown in Figure 3(g).

The magnetic properties of the formed nanostructures are disclosed by SQUID. Due to the
similarity, we took the case of the Mn Ge,  nanocolumn as an example, and the result is shown
in Figure 4. Figure 4(a) shows the temperature-dependent M-H curves, which clearly demon-
strate the ferromagnetism from 10 to 175 K and the paramagnetism at 300 K. At 10 K, the film
exhibits a saturation magnetic moment of 104 kAm™ that is estimated to be 0.24 u, per Mn
atom. This gives a fraction of 8% of Mn activated in Mn Ge, when considering the value of 3
in each fully active Mn atom [53]. To further understand its magnetic property, the ZFC and FC
curves were performed with a magnetic field of 200 Oe in SQUID, and a typical result is shown
in Figure 4(b). The differences between them give an insight into the anisotropic barrier distri-
bution, blocking temperature, and Curie temperature [54]. Two blocking temperatures could be
well resolved with one at 25 K and the other at 250 K. As discussed above, the two blocking tem-
peratures indicate the coexistence of Mn-rich Mn Ge, nanostructures and Mn,Ge, nanopar-
ticles in the film. The former has been well recognized in Figure 3, whereas the latter could be
occasionally observed by comprehensive TEM characterization. Such fact proves that the ZFC
and FC measurement in SQUID is more sensitive to detect magnetic particles than TEM [44, 54].
The Curie temperature of the nanocolumns is around 300 K proven from the almost zero mag-
netic moment at this temperature, which further confirms the existence of Mn.Ge, (T, ~ 296 K).
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Figure 4. (a) Temperature-dependent hysteresis loops of Mn Ge,  nanocolumns with out-of-plane external magnetic
field. (b) ZFC and FC curves. Inset is a schematic drawing of the sample setup during the SQUID measurements.
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Since the Mn-rich Mn Ge, coherent nanostructures demonstrate different morphologies, it
is of great interest to reveal their MR properties and explore the potential application for
MR sensors. The samples were fabricated into micrometer-size Hall bar structures, and the
measurements were performed in PPMS. The temperature range is from 2 to 300 K with an
external magnetic field up to 10 T in an out-of-plane direction. For Mn Ge, nanocolumns,
negative MR is observed below 50 K, and a transition to positive MR happens at high tem-
peratures, as shown in Figure 5(a). The origin of the negative MR should come from the
spin-dependent scattering mechanism. In the absence of magnetic field, the carrier transport
between the nanocolumns with relatively random spin alignment is believed to result in a
strong spin-dependent scattering and thus in a high resistance. The high magnetic field would
align the spin of the nanocolumns preferentially in one direction. The reduction of spin scat-
tering leads to a low resistance, hence generating a negative MR. The positive MR at high
temperatures follows a parabolic shape, which indicates that an orbital MR effect is dominant.

However, the negative MR disappears in Mn Ge, nanowells and nanodot structures, respec-
tively, shown in Figure 5(b) and (c), and instead only positive MR presents in the entire tem-
perature range. Careful examination can find that the positive MR in both of the samples
does not follow a perfectly parabolic shape and shows very large values at low temperatures.
Especially, the MR value in Mn Ge, nanodot structure is as high as 1000% at 2 K, which is
hard to be simply explained by orbital MR. Instead, the geometric-enhanced MR due to the
existence of conductive Mn Ge,_ dots is likely to respond to the large MR [24, 43]. To eluci-
date the underlying physics of the geometric effect, we consider the current density and the
total electric field in semiconductors, which can be described by J = o(H)E, where the o(H) is
described as follows:

o op?

T+f T+ 0

o(H) = o p? p )
TTHp 1+ 0
0 0 o

Here, p = uH. In the absence of magnetic field, the tensor o(H) is diagonal, and the current
density can be simply described by J = oE. In this scenario, the current flowing is parallel to
the electric field and concentrated into the conductive Mn Ge,_ nanodots in the Mn Ge,
nanowell or nanodot structures, acted as a “short circuit.” However, at a high magnetic field,
the off-diagonal term of o(H) indicates that the current is deflected from conductive Mn Ge,
nanodots to the Mn-dilute Ge matrix with low conductivity, resembling an “open circuit.”
The transition from the “short circuit” at zero fields to the “open circuit” at high fields pro-
duces an increase in resistance. The increased amplitude is significantly dependent on the
resistance ratio of Mn Ge, nanodots to the Mn-dilute Ge matrix, and the deflection angle
is defined by magnetic field and carrier mobility [24]. Through this mechanism, it is also
very simple to explain why the Mn Ge, | nanodot structure shows much larger MR compared
to Mn Ge,  nanowell structure. Compared to Mn Ge,  nanodot structure, the disordered
conductive nanodots in Mn Ge, nanowell structure make it hard to bypass the conductive
nanodots even after deflection around one dot, thus generating lower MR ratio.
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Figure 5.(a)-(c) Temperature-dependent MR curves of the Mn Ge,_ nanocolumns, nanodots, and nanowells,
respectively. The Mn Ge,  nanocolumns show negative MR below 50 K, while a positive value dominates at high
temperature. For Mn Ge,  nanodots and nanowells, however, only positive MR is observed in the whole temperature
range from 2 to 300 K.

The above results clearly demonstrate that the negative-to-positive MR and even large MR
can be well engineered through well designing the Mn-rich Mn Ge, coherent nanostruc-
tures. Therefore, it points out a new direction to easily engineer Mn Ge, nanostructures
through strain approach, which may provide a great advantage in designing MR sensors for
more functionality.

3.3. Geometric-enhanced and electric-field controlled MR in Mn Ge, nanomesh

The strain engineering of Mn Ge,  nanostructures provides a potential approach for satisfy-
ing the demand of MR sensors with multifunctionality; however, the self-assembly formation
of Mn Ge,_ nanodots increases the difficulty in accurate control of MR. Therefore, we pay our
attention to the pattern-assistant growth of Mn Ge,  nanostructures and disclose their MR prop-
erty. In this section, Mn Ge,  nanomesh is demonstrated, which could simultaneously provide
the nanostructure benefit [55] and large-scale uniform fabrication [28]. The growth of Mn Ge,
nanomesh is also proceeded in the MBE chamber. Before that, great effort has been devoted to
fabricate the pattern structure. A 100-nm-thick SiO, thin film was firstly deposited on a Ge (111)
wafer by PECVD, followed by the formation of a large-scale and close-packed hexagonal single
layer of nanospheres on the SiO, substrate, as shown in Figure 6(a). By adjusting O,-plasma
etching time, the nanospheres were successfully shrunk to 160 nm with a 60 nm gap between
them as shown in Figure 6(b). Using the nanosphere as the mask, the pattern was transferred
to the bottom SiO, layer by a two-step etching. Dry etching was firstly employed to etch SiO,
layer till a 10 nm SiO, left. Then, wet etching was hired to remove the left SiO, layer. After dis-
solving the nanospheres, periodic SiO, nanopillars were obtained on the substrate, and a typical
scanning electron microscopy (SEM) image is shown in Figure 6(c). After carefully cleaning, the
substrate was loaded into the MBE chamber for the Mn Ge,  growth. After degassing at 600°C
for 30 min, the patterned substrate was in situ cooled down to 160°C for the Mn Ge,  nanomesh
growth with a Ge growth rate of 0.2 A/s and a controlled Mn flux as the dopant source.

The SiO, mask was subsequently removed after MBE growth by selective etching, and only
Mn Ge, nanomesh was remained. A typical morphology of the sample was captured by SEM
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Figure 6. (a) Self-assembly growth of close-packed single layer of nanospheres on the Ge substrate. (b) O,-plasma etching
of the nanospheres to reach the desired size. (c) SiO, nanopillars formed by dry etching, masked by the nanospheres.
(d) Typical SEM image of the Mn Ge,  nanomesh, with a nanomesh width of 60 nm and a nanohole diameter of 160
nm. The inset is the magnified SEM image. (e) Cross-sectional TEM image in a low resolution, showing the Mn Ge,_
nanomeshes defined well by SiO, mask. (f) Magnified cross-sectional TEM image of the Mn Ge,  nanomesh. (g) HRTEM
image of the interface between the nanomesh and substrate, clearly showing a perfect coherent growth. (h) Its Fourier
transform image.

as shown in Figure 6(d). A periodic nanomesh structure exhibits a nanomesh width of 60 nm
and a hole diameter of 160 nm; a magnified SEM image is also shown in the inset. To further
characterize the microstructure of the formed nanomesh, cross-sectional TEM was employed,
and the results are shown in Figure 6(e)—(h). The focused ion beam was employed to cut the
sample along the diameter of the hole. Before that, a Cr/Au layer was deposited to protect
the sample from damage of the ion beam. Figure 6(e) is a low-resolution cross-sectional TEM
image of the Mn Ge,  nanomesh, which clearly shows that the nanomesh is grown on the Ge
substrate as defined by the SiO, pattern. The zoom-in image shows that the Mn Ge,  nano-

-X

mesh has a height of 25 nm and a width of 60 nm, consistent with the SEM result. HRTEM
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image clearly demonstrates the coherent growth of the Mn Ge,  nanomesh on Ge substrate,
as shown in Figure 6(f). It does not reveal any observable precipitate. The Fourier transform
image as shown in Figure 6(h) gives only one set of periodic patterns, indicating a perfect
epitaxial growth. This image can be indexed to the [011] zone axis of the Ge diamond lattice,
and the epitaxial growth direction is along [111].

SQUID measurement was performed in the following to well understand the magnetic prop-
erty of the Mn Ge, | nanomesh. Figure 7(a) shows the temperature-dependent hysteresis
loops of the sample, when an external field is applied parallel to the sample surface. The
S-shaped hysteresis loops indicate the ferromagnetism above 350 K. Figure 7(b) is the mag-
nified hysteresis loop obtained at 10 K, clearly showing a small coercivity of 100 Oe with a
saturation magnetization of 0.87 i, per Mn. At 350 K, the magnified hysteresis loop demon-
strates that the coercivity still remains a value of 40 Oe, as shown in Figure 7(c). Furthermore,
Arrott plots [55] were also used to evaluate the T, as shown in Figure 7(d). We observe that
even at 350 K, the intercept, namely, reciprocal of the susceptibility, does not vanish, indi-
cating that the T has not been reached yet. The extrapolated dashed line indicates that the
T_is beyond 350 K, which agrees well with the hysteresis loops. Figure 7(e) shows the tem-
perature-dependent M, ranging from 10 to 400 K, and it clearly shows a weak temperature
dependence and a large magnetization remaining at 400 K. All of the data support that the
T.is over 400 K. The temperature-dependent coercivity is shown in Figure 7(f), demonstrat-
ing a coercivity decrease from 100 to 35 Oe in the temperature range from 10 to 400 K. The
small coercivity indicates the soft ferromagnetism of our sample, which may come from the
Mn-dilute nature.
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Figure 7. (a) Magnetic hysteresis loops of the Mn Ge,  nanomeshes measured at different temperatures from 10 to 350
K. (b)~(c) The magnified hysteresis loop obtained at 10 and 350 K, respectively. (d) Arrott’s plots showing that the T is
above 350 K. (e)—(f) The temperature-dependent saturation moment and coercivity, respectively.
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In this unique nanostructure, it is of great interest to investigate its MR property. The sample
is fabricated into a micrometer-size Hall bar structure, and the measurement is performed
in PPMS, as shown in Figure 8. Figure 8(a) shows the temperature-dependent resistivity of
the Mn Ge,  nanomesh under the magnetic field of 0 T (blue square) and 4 T (red circle),
respectively, demonstrating a huge difference. A clear metal-to-insulator transition without
applying magnetic field (0 T) can be observed with a low-temperature (T < 30 K) activation
region and a high-temperature (T > 30 K) saturation region. Form the Arrhenius relation
[56], the activation energy of the nanomesh is estimated to be about 11 meV, which is lower
than the substitutional Mn acceptor energy level (160 meV). The underlying mechanism
comes from the high-doping level and the presence of exchange interaction, inducing the
boarding and possible splitting of the impurity band. Above 30 K, the R-T curve could be
well fitted by a power-law relation (T*) with ot = 1.6, close to the value 1.5 predicted for hole
scattering by phonons in Ge. The fitting was plotted in red over the blue data in the R-T
curve. An intriguing phenomenon is the observation of a giant positive MR in the nanomesh
with an out-of-plane magnetic field, as shown in Figure 8(b)-(d). At a magnetic field of 4 T,
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Figure 8. (a) Temperature-dependent resistivity of the Mn Ge,  nanomeshes measured without an applied magnetic
field (square symbol) and with a magnetic field of 4 T (circle symbol), clearly showing a metal-to-insulator transition.
The solid line is the fitting curve. (b) The schematic illustration of scattering mechanism. (c)-(d) Temperature-dependent
MR measured at low-temperature and high-temperature regions, respectively.
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the MR as high as 2000% at 10 K with the maximum of 8000% at 30 K is observed and still
remains 75% at 300 K. Analogously, the giant MR could not be simply attributed to the
orbital MR effect, which only contributes a small value. Instead, the geometric-enhanced
MR is very plausible to explain the result. To understand this phenomenon, the nanomesh
structure could be considered as a highly conductive percolation network with periodic
nanoholes. Without applying the magnetic field, the current flows through the Mn Ge,
nanomesh with the current directions parallel to the local electric field. As the magnetic
field is applied, the current is deflected due to the Lorentz force; the current and local elec-
tric fields are no longer collinear. The angle between them is determined by the Hall angle
0 = arctan (u,H), where the ,, is the Hall mobility. For a sufficiently high magnetic field,
the current is obviously deflected from the highly conductive nanomesh to the insulated
nanoholes, resulting in a high resistance. The transition from the extremely low resistance at
zero magnetic field to the extremely high resistance at a large magnetic field gives rise to the
giant MR, as illustrated in Figure 8(b). Thus, it may be concluded that the lower the initial
resistance of the nanomesh is, the larger the MR became at a given magnetic field. It can be
verified from the deviation of the R-T curves of 4 T and 0 T, as already shown in Figure 8(a).
The largest deviation happens at the lowest resistivity (at 30 K and 0 T), which agrees well
with our proposed model.

The Mn Ge, nanomesh is a type of diluted magnetic semiconductor [53, 57] that could pro-
vide the ability of electric-field control of ferromagnetism. Therefore, the electric-field con-
trolled MR could be possibly realized to develop new MR sensors with more functionalities.
To demonstrate the spin-related MR effect, it is in need of weakening the geometric-enhanced
MR effect. One effective approach is to increase the initial resistance of the nanomesh while
reducing the carrier mobility. To this end, more Mn-doped Mn Ge,  nanomesh was grown,
and the transport property is shown in Figure 9. Figure 9(a) shows the R-T curve of the
nanomesh, in which a metal-to-insulator transition is observed; however, the resistivity was
found to be more than one order of magnitude larger than the above sample. The increased
resistivity may come from the increased scattering center [58]. Figure 9(b) and (c) shows the
temperature-dependent MR curves of the sample. Intriguingly, the geometric-enhanced MR
becomes less pronounced, which may be due to the dramatically increased resistivity and
the decreased Hall angle from the lower mobility. Instead, a negative MR for temperature
below 40 K and a positive MR above 160 K are observed. In the intermediate temperature
region (40-160 K), the MR contains two contributions: a positive MR appears at a low mag-
netic field and a negative slope at high field. Such negative-to-positive MR transition could
be attributed to two competitive effects: the spin-dependent scattering by magnetic polarons
gave rise to a negative MR [59, 60], and their spatial fluctuations led to the positive MR [59,
60]. As a magnetic field is applied, the carrier mobility increases due to the suppression of the
spin-dependent scattering by the magnetic polarons, giving rise to the negative MR, which is
proportional to the susceptibility (x(H)) of the sample. However, the spin-dependent scatter-
ing effect by the magnetic polarons decreases with increasing temperature, which makes the
positive MR from the spatial fluctuations of magnetic polarons gradually to show up. Due
to the strong p-d exchange coupling in Mn Ge, , the magnetic polarons will cause a strongly
localized valence band splitting into two spin subbands & = +1/2S5]M(r) [61], where ] is the
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Figure 9. (a) R-T curve of the Mn Ge,_ nanomeshes with more Mn dopants. (b)-(c) Temperature-dependent MR
measured at low-temperature (<80 K) and high-temperature (>100 K) regions, respectively, showing a MR transition
from a negative to positive value. (d) Electric-field controlled MR at 40 K, clearly showing a transition from negative to
positive when the gate was biased from negative to positive. (e)—(f) Electric-field controlled MR transition at 60 and 100 K,
respectively.

exchange coupling energy, S is the spin of electron, and M(r) is the local magnetic moment
of the magnetic polaron. This could form a complicated landscape for the valence band with
hills and valleys, serving as hole traps. With increasing magnetic field, the hole traps become
deeper, the number of itinerant holes decreases, and thus the MR increases. This positive MR
is proportional to the square of the magnetization (M*(H)) [59], which can be reflected from
the steep slope of the positive MR. As the temperature further increases, the contribution from
the spin-dependent scattering becomes weaker, and finally only positive MR dominates the
transport.

Furthermore, electric-field control of MR was measured under different gate biases. For that,
a 25-nm-thick AL O, layer was deposited by atomic layer deposition (ALD) on the nanomesh
surface as the gate dielectric, followed by the e-beam evaporation of Cr/Au as the gate metal
contact. Due to the unique nanomesh structure, the almost-wrap-around gate can be real-
ized to provide a 3D electric-field control of the conduction channel, thus giving a highly
efficient and robust carrier modulation. Figure 9(d)-(f) shows the gate bias-dependent MR
of the Mn Ge,  nanomesh sample measured at 40, 60, and 100 K, respectively. When the gate
bias changes from -8 to 8 V, a clear negative-to-positive MR transition is observed at 40 K. As
described above, this phenomenon should also stem from the competitive effect between the
spin-dependent scattering-induced negative MR and the spatial fluctuation-induced positive
MR. As already reported [53], the hole-mediated ferromagnetism in Mn-doped Ge enables the
electric-field control of magnetic phase transition from a strong ferromagnetism to a soft fer-
romagnetism, when changing the gate bias from negative to positive. Therefore, as a negative
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gate bias is applied on our sample, the enhanced ferromagnetism with larger susceptibility
(x(H)) in the Mn Ge,  nanomesh could provide a strong spin-dependent scattering, conse-
quently giving rise to a negative MR. When the gate bias is swept to positive value, the weak-
ened ferromagnetism gives rise to a weaker spin-dependent scattering. From another point of
view, as the gate bias goes to the positive range, the decreased density of magnetic polarons
due to reduced carrier density probably transforms the system from an overlap-together state
to a disconnecting state, which thus increases the polaron fluctuation, and hence the posi-
tive MR dominates. In addition, gate-dependent MR curves at 60 K and 100 K are shown in
Figure 9(e) and (f), respectively. At 60 K, the MR transition from the negative to positive value
can still be clearly observed when tuning the gate bias. However, the control effect is not as
strong as that of 40 K in the negative bias range. This effect can be explained by the fact that
even at 0 V, the hole density at 60 K is already high enough to align the magnetic moments of
most Mn ions along one direction. Further increasing the negative bias does not significantly
enhance the ferromagnetism. At 100 K, it shows a similar effect, i.e., an even weaker control
effect in the negative bias range. This extraordinary property may offer a great advantage for
designing new MR sensors with voltage-controlled, low-power, high-sensitivity, and non-
volatile functionalities.

4. The potential application of Mn Ge, in MR sensors

The development and utilization of MR sensors have tremendously impacted human beings’
life, which refers to a broad range of aspects, including magnetic HDD [4, 23], electric compass
[3], biomedical sensors [8, 9], car traffic monitoring [7], and antitheft system [5], among others.
The future development in MR sensors should rely on these two perspectives: applications
and physics. The discovery of new physics will lead to a new sensor technology toward much
smaller size, lower power consumption, lower cost, and higher performance, thus broaden-
ing the applications. In turn, the economic benefit from the application will promote further
developing high-performance sensors with new physics. In light of that, Mn Ge, -based MR
sensors with high compatibility with silicon technology should have a high potential to sat-
isfy this demand. Here, we will give a discussion for its potential application in different
functionalized MR sensors.

4.1. High-density information storage

The density of information storage in HDD has significantly increased in the past two decades,
which promotes the coming of cloud computing age. The advent of MR read head technology
transitioning from the AMR [19] read head to the GMR [34] and TMR [37] read head is the
major drive in remarkably increasing storage density of HDD. The GMR and TMR sensors
in read head usually comprise two magnetic metal layers separated by a thin nonmagnetic
space layer. The basic operation of the magnetoresistance head is to convert the magnetic
field that exists above the data bits recorded on the disk to a change in resistance that can be
read out. Therefore, the MR sensitivity is extremely important and should be high enough to
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distinguish two states (0 and 1); meanwhile, the material for MR sensor could be easily scaled
down and integrated with other electric components. Compared to the metal component in
current MR sensor, Mn Ge, could have high compatibility with the mature Si technology
[54] and hence significantly reduces the manufacturing cost. By utilizing the well-designed
giant MR in Mn Ge, system, it will be of much interest to develop Mn Ge, -based MR sensor
for high-density magnetic record technology.

4.2. Biomedical sensor

The medical industry has been always striving for noninvasive methods for diagnosing human
illness. Due to the electric nature of brain and neuron activity, magnetic sensing is an effective
way to detect the brain illness. Meanwhile, it can also be used for unraveling the mystery of
the brain how to functionalize, which is of great help for building future brain computer [62]
with extremely low power consumption and high performance. Besides, other parts in the
body without electric activity can also be detected by magnetic sensor. One effective way is
to decorate the cell with nonharmful magnetic particles as the markers. For instance, Wang et
al. reported a CMOS magnetic sensor to monitor the pulsatile movements of cardiac progeni-
tor cells tagged with magnetic particles [8]. In addition, magnet tracker can also be used to
determine the position of the medical tool inside the body to observe biomechanical motions
[3]. In fact, the magnetic signal in biological system normally is very small and usually needs
big and heavy equipment for detecting. Therefore, highly sensitive MR sensor is necessary
toward miniaturizing the equipment. Mn Ge, appears to be an ideal candidate for fabricat-
ing biomedical MR sensor with high sensitivity, high compatibility with CMOS technology,
and no poison to human body.

5. Conclusion

MR sensors have dramatically changed the life of human beings in a wide range of appli-
cations, including automotive sensor, traffic monitor, mobile phone, HDD, and biomedical
sensors, among others. The MR sensors are being developed toward much lower cost, lower
power consumption, higher compatibility with CMOS technology, and higher sensitivity.
Addressing such demand calls for new material candidate with new physics, improved sen-
sitivity, and easy manufacturing. In this context, we give a review in the recent progress
in Mn Ge, _system, including material growth and magnetic and magnetotransport proper-
ties. The Mn Ge,_ evolved from thin-film superlattice to patterned nanostructures, and their
MR behavior could be well engineered and transformed between the negative and positive.
Furthermore, geometric-enhanced giant MR as high as 8000% at 30 K at 4 T is demonstrated.
More intriguingly, the electric-field controlled MR emerges, which not only demonstrates
great physical meaning but also significantly enhances the functionality of MR sensors
with more tuning dimensions. The Mn Ge,_ system with the advantages of well-controlled
MR, and high compatibility with Si technology may set a stage for designing a new breed
of MR sensors applicable in magnetic read head and biomedical sensor with much higher
performance.
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Abstract

The family of double perovskites first received attention in the 1960s, but the discovery of
low field magnetoresistnace (LFMR) and half metallicity of the Sr,FeMoO, (SFMO) com-
pound was made by Kobayashi et al. in 1998. A fully spin polarized half-metal SFMO (T, >
400) with excellent magnetoresistance response relatively at small applied fields and high
temperatures makes SFMO an ideal candidate for room temperature spintronics applica-
tions. Primarily, most of the research work on double perovskites SFEMO has been focused
on bulk ceramic samples and aimed to understand their structural, magnetic, and magneto-
transport properties, along with correlation among them. A material such as SFMO that
exhibits a large decrease in resistivity and magnetically order well above room tempera-
ture is necessary for the advancement of spintronic devices. If the bulk properties observed
could be reproduced in thin films, industrially produced SFMO-based spintronic devices
could become a reality. Therefore, the purpose of this chapter is to present the detailed
background and descriptions of the double perovskite Sr,FeMoO, (SFMO) thin films and
heterostructures with main emphasis to improve or achieve room temperature magnetore-
sistance properties especially for room temperature magnetoresistive device applications.

Keywords: double perovskite Sr,FeMoO,, thin films, magnetic tunnel junctions, tunneling
magnetoresistance

1. Introduction

Spintronics is a field of research exploiting the influence of electron spin on the electrical
conduction. Spintronics materials have the unique possibilities for use in new functional
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microelectronic devices and adequate potential to become the ideal memory media for
computing and it is a step in the direction of quantum computing due to its advance-
ment in nonvolatility and magnetic random access memory (MRAM). This technology
could also be used to create electronic devices, which are smaller, faster and consume less
power. Spintronics is one of the emerging technology, which has extended the Moore’s
law and industry is trying to put more than Moore. Any technology can replace the cur-
rent world of electronics if it reduces any one of the very large scale integration (VLSI) cost
functions like area, power consumption, speed, etc. Fortunately, spintronics can reduce
heat dissipation significantly. In charge-based device to switch from logic “0” to logic “1,”
the magnitude of the charge must be changed in the active region of the device due to
which current flows from source to drain. It is not possible with charge-based electronics
to reduce the power (or heat) dissipation, since charge is a scalar quantity and the presence
or absence of charge gives logic “1” or logic “0.” Therefore, to meet the objective scientific
community is developing the novel kind of materials that relies on magnetism instead
of the flow of current through electron. The first widely acknowledged breakthrough in
spintronics was the exploitation of giant magnetoresistance (GMR), a technology, which is
now employed in the read heads of most hard drives. The discovery of giant magnetore-
sistance (GMR) has been cited as the first demonstration of a spintronics application and
has been awarded the Nobel Prize in Physics in 2007 [1, 2]. GMR is a quantum mechani-
cal effect observed in thin film heterostructures formed by alternating ferromagnetic and
nonmagnetic (NM) layers. When a magnetic field (H) is applied, the thickness of NM layer
is chosen such that there is a change in the direction of magnetization in another layer,
which reflects a huge change in resistance. That is why the effect is called GMR, a large
change in electrical resistance in presence of a magnetic field [2-4]. Baibich et al. repre-
sented the GMR of Fe/Cr magnetic superlattices by varying the magnetic field, thickness
of NM (Cr) layer and by varying the number of superlattice structure [2]. They reported
a large change in resistance or resistivity by applying the small magnetic field, which has
a wide application in designing MRAM memories, magnetic read heads, MEMS device,
etc. After that, a lot of experiments have been carried out using polarized neutron reflec-
tometry (PNR) tool which clearly illustrates Fe/Cr superlattices that led to GMR effect [5]
but PNR has some limitations also [6]. First magnetic sensor using GMR was released in
1994 [7], later, IBM produced the first GMR-read heads for reading data stored in mag-
netic hard disks [8, 9]. The first GMR-based RAM chips were produced by Honeywell in
1997. Today, GMR-based read heads are frequently used in laptops/computers, iPods,
CD/DVD player, and other portable devices. In the twenty-first century, tunneling mag-
netoresistance (TMR)-based read heads began to displace GMR-based read heads. MRAM
chips based on TMR devices are now marketed by several companies, such as Freescale,
SanDisk, etc. Current efforts in designing and manufacturing spintronics devices is to
optimize the existing GMR-based technology by either developing new materials with
larger spin polarization of electrons or making improvements or variations in the existing
devices that allow for better spin filtering and try to find new ways to generate and utilize
the spin-polarized currents. Till date, magnetic multilayers using giant magnetoresistance
(GMR) and tunneling magnetoresistance (TMR) have dominated the data storage industry
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for many years using simple ferromagnetic metals such as iron and chromium. The inves-
tigation of manganite-based magnetic tunnel junctions (MT]s) has deepened our under-
standing of spin-polarized tunneling and the interface properties of these complex oxides.
However, the initial hopes of using them for room-temperature spintronics applications
have not been satisfied. Several attempts to replace current microelectronic devices with
nanoscale devices have led to a search for new materials with multifunctional proper-
ties (multitasking materials that can be manipulated by independent sources). Therefore,
many potential half-metallic materials have been predicted and investigated [10-19],
although to date roadblocks have occurred in each case. Half-metallic materials are of
great interest due to their wide variety of physical properties, including ferromagnetism,
ferroelectricity, superconductivity, and many more. In the last few decades, there has been
a spectacular enhancement in research activities related to doped manganites, sparked by
the discovery of colossal magnetoresistance (CMR) in lanthanum-doped manganites such
as La,_ Ca MnQO, [20]. The large CMR effect of the order of 10° percent is observed at large
magnetic fields of several Tesla at low temperature. One of the first working devices using
CMR materials was constructed by Sun et al. in 1996 [21]. That consists of two layers of
ferromagnetic La, Ca ,,MnO, compound, separated by a thin SrTiO, spacer layer, which
showed a resistance decreased by a factor of 2 in a field of less than 20 mT. However,
the main disadvantage of this device was the grain-boundary assisted magnetoresistance
properties or in ferromagnetic tunneling junctions is that the large magnetic field sensi-
tivities are only achieved at low temperatures. Furthermore, the CMR effect vanishes far
below room temperature due to their low Curie temperatures [21, 22], which make their
integration to be difficult for room temperature spintronics applications. The CMR devices
exploiting some of the transport properties of manganites close to room temperature have
however been proposed, such as contactless potentiometers [23] or bolometers [24, 25],
but none of these are strictly speaking spintronics devices. The remarkable magnetoresis-
tive (MR) properties at low-temperature in half-metallic manganites soon motivated the
search for new half-metals with higher Curie temperatures [26, 27]. Several high Curie
temperature compounds have been predicted to be half-metallic in the 1980s, like semi-
Heusler alloys (NiMnSb) [10, 28-31], full-Heusler alloys [32, 33], zinc-blende structure
materials [34-36], magnetic oxides (e.g., rutile CrO, [13, 37-40] and spinel Fe,O, [41, 42]).
However, the first spin-polarization measurements of the Fe,O, and Heusler alloys com-
plex structures were disappointing [43]. CrO, has both good conductivity and high T,
but is an unstable metastable phase that makes incorporation into devices very difficult
[12]. Therefore, the half-metallic compounds with high spin polarization can dramatically
enhance device performance and are required for a new generation of spintronic devices.

Much effort for the discovery of new high-T_half-metals focused on perovskites, for which
a great experience had been accumulated through the study of manganite films and hetero-
structures. The family of double perovskites first received attention in the 1960s [44—47], but
the discovery of low-field magnetoresistnace (LFMR) and half-metallicity of the Sr,FeMoO,
(SFMO) compound were investigated by Kobayashi et al. [48]. A fully spin polarized half-
metal, SFMO exhibits a high Curie temperature (>400 K) and excellent magnetoresistance
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response at relatively small applied fields and at high temperatures compared to manganites,
making it an ideal candidate for room temperature spintronics applications.

2. Study of double perovskite Sr,FeMoO,

Primarily, most of the research works on double perovskites Sr,FeMoO, (SFMO) has been
focused on bulk ceramic samples and aimed to understand their structural, magnetic, and
magnetotransport properties, along with correlation among them. The magnetoresistive (MR)
properties in double perovskite SFMO generally arises from spin-dependent scattering at the
grain boundaries. The underlying conduction mechanism is electron tunneling across insulat-
ing grain boundaries. Such magnetoresistance is reported to exist in polycrystalline samples
in a magnetic field (~0.1 T), which are considerably lower fields than those utilized for man-
ganite-based devices. The large MR, relatively at smaller external magnetic fields and at room
temperature, is required in double perovskites compounds from the applications point of
view. A material such as SFMO that exhibits a large decrease in resistivity and magnetically
order well above room temperature is necessary for the advancement of spintronic devices.

In our studies, we had synthesized the polycrystalline Sr,FeMoO, sample by conventional solid-
state reaction method (shown in Table 1). In brief, the stoichiometric amounts of high purity
oxides and carbonates, such as SrCO,, Fe,O,, and MoO,, were mixed thoroughly as per above-
mentioned formula and calcined at 900°C in Argon (Ar) for 10 h. The calcined powder were
reground and pressed into thin pellets of uniform size and sintered at 1200°C for 10 h in a gas

flow of 5% H, and 95% Ar. The details of the have been provided in our earlier reports [49-52].

Figure 1 shows the rietveld fitted X-ray diffraction patterns of the polycrystalline Sr,FeMoO,
sample, which confirm the phase purity of the samples without any observable impurity
phases. All the observed peaks of double perovskite phase are clearly visible with significant
presence of ordering (103, 211) peaks.

Figure 2 shows the scanning electron micrographs with elemental analysis done at two
regions: one at the grain and another at the grain boundary, represented by A and B. The Fe/
Mo content ratio calculated through EDS results are 94% at the grain and 93% at grain bound-
ary for SFMO sample, which show the good correlation.

Magnetoresistance versus applied magnetic field plots for Sr,FeMoO, samples are shown
in Figure 3 at 300 and 77 K, respectively. The MR values were calculated by using formula,
MR =100 = [p(H) - p(0)]/p(0), where p(0) and p(H) are the resistivity of sample without
and with magnetic field, respectively. The pristine Sr,FeMoO, sample shows nearly 11 and
22% magnetoresistance values at 300 and 80 K, respectively, at an applied field 0.72 T.
The observed 11% magnetoresistance value at room temperature at 0.72 T magnetic fields
confirms the good quality of samples. High LEMR values observed in the pristine SEMO
sample may be due to the optimization of intergranular (grain boundaries) and intragranu-
lar (domain walls and antisite ordering defects) barrier conditions. However, the role of
intergranular barriers has the main contribution in magnetoresistance properties for dou-
ble perovskite Sr,FeMoO, compound [52-54].
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5rCO, Fe,0, MoDy

¥

All Powder are 59.9% Pure or even mare

¥

Dry mixed in Powder form in Agate Mortar

N

*

// BO0°C,/10 hrsin Ar gas
+

I Grinding thoroughly & adding binder [palyvinyl aleohol) & then pelletized

First
Heating

b

1200°C /10 hours

in 5%H,+95% Ar gas

Second
Heating

I Product: Single Phase Double perovskite samples

Table 1. Flow chart for the synthesis of Sr,FeMoO, compound.

The observation of high LFMR in such double perovskite system is due to the optimization of
the high spin polarization of the carriers and grain boundary adjustment. Recent studies pro-
pose anew type of MR, where the spin polarization of grain boundaries is more crucial than the

I (Arb. Unit)

20 (Degree)

Figure 1. Rietveld fitted X-ray diffraction pattern of the samples Sr,FeMoO,.
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Figure 2. Scanning electron micrographs of Sr,FeMoO, sample. A and B represents the regions where EDS pattern has
been recorded at the grain and grain boundaries.

MR (%)

Figure 3. MR plots for the Sr,FeMoO, at 300 and 77 K.

bulk polarization of samples [53, 55, 56]. Furthermore, the grain boundaries are magnetically
hard compared to bulk in such double perovskite, which provides a different magnetic switch-
ing field for magnetoresistance and magnetization. The different behavior of the curves for
normalized (M/Ms)? versus magnetic field (H) and normalized MR versus H can be observed
as one of the indication of such magnetically hard nature of grain boundaries. In our pristine
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sample such MR does not follow (M/Ms)?, rather (M/Ms)* versus H curve saturate sharply
compared to MR versus H curve, which suggest a MR mechanism similar to as reported by
Sarma et al. [53]. Moreover, we estimated the low field behavior of MR and coercive field from
magnetization M (u,/f.u.) plot and found that the peak in MR is invariably several times larger
than the value of coercive field (H ) for pristine Sr,FeMoO, samples as described by Sarma et
al. [53, 56]. This suggests that intragrain properties are not the key determinants for this MR. A
remarkable 11% magnetoresistance was observed at room temperature under the presence of
low magnetic field (0.72 T). The achieved low-field magnetoresistance value in the sample may
be due to the optimized synthesis conditions to get better intergranular tunneling through
grain boundaries.

3. SEMO thin films and magnetic tunnel junctions for room temperature
magnetoresistive devices

Ultimately, if the bulk properties observed could be reproduced in thin films; industrially
produced SFMO-based spintronic devices could become a reality. The most used and opti-
mized method for the growth of SFMO thin film is pulsed laser deposition (PLD) [57-71],
however due to inherent complexity of SEMOQ, its growth as a thin film, has proven to be an
arduous task. A brief look through the vast array of SFMO thin film literature reveals that the
growth conditions are still in need of perfection [72-83]. The substrate temperature, vacuum,
oxygen partial pressure, and gas atmosphere vary from one reference to the next, making it
difficult to ascertain the optimal set of growth conditions for SFMO thin films. In the very first
study, Manako et al. [71] presented the effect of oxygen pressure and substrate temperature
in order to get epitaxial SFMO on SrTiO, substrates. The phase diagram reported by them
demonstrated only a narrow range of oxygen pressures (10° to 10 Torr) and temperature
higher than 900°C (which is not easy to access by PLD) lead to single-phase, good quality
thin films. In contrast, Santiso et al. [72] also grown the SFMO thin films and studied the
effect of growth conditions, but found the formation of secondary impurity phases at high
growth temperatures. Their results showed that the growth of SFMO thin films at 950°C in
ultra-high vacuum (pressure less than 10® mbar), metallic iron precipitates can form, whereas
in a flow of oxygen (pressure of 10 mbar), iron oxides can be formed. In situ X-ray photo-
electron spectroscopy (XPS) analysis confirms the presence of secondary phases including
S5rMoQ, and SrFeO, on the samples grown at lower pressures (above 10™* mbar). Borges et al.
[75] have also grown the SFMO thin films on SrTiO, substrate at different temperatures and
reported significant increment in saturation magnetization (Ms) (1.4-3.5 p,/f.u.) by increas-
ing the growth temperature from 770 to 950°C. Similar growth conditions were also used for
films grown on slightly larger lattice mismatched MgO substrates. The saturation magnetiza-
tions for films were significantly lower than those grown on SrTiO,. These results indicate
a direct correlation between substrate temperature and degree of lattice mismatch. In com-
parison, Song et al. [83] determined that antisite ordering and saturation magnetization were
maximized for films grown at 850°C (Ms =3 p,/f.u.). However, substrate temperatures below
850°C and exceeding 900°C resulted in films with a considerable amount of antisite disorder
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defects. The influence of substrate temperature upon the degree of ordering has also been
demonstrated in several studies. While, Westerburg et al. [70] have been able to achieve the
highest saturation magnetization (Ms) close to the ideal theoretical value of Ms =4 i /f.u. for
SFMO thin film using combination of high and low growth temperature in PLD. Recently,
Venimadhav et al. [73, 74] also obtained ideal value of saturation magnetization Ms =4 p_/f.u.
at high growth temperature of 960°C by using the mixture of reducing and oxidizing (O, and
Ar) atmospheres. It is apparent that the substrate temperature and atmosphere conditions
have a large impact on the ordering of SFMO films and should be coupled together to achieve
high-quality SFMO thin films.

Another important factor that can affect crystalline quality of the SFMO films is the choice of
substrate. The most admired and used substrate for growing SFMO films is SrTiO, (100) due
to the close lattice matching [71, 77, 81, 82]. However, possible presence of oxygen vacancies
[74] and low-level magnetic impurities in the SrTiO, substrate could lead to unusual electrical
behavior, potentially causing difficulties in interpreting the data. Other substrates including
MgO, LaAlO, [74, 80, 82, 84], and NdGaO, [85] have also been used to obtain epitaxial films of
SFMO. There have been several studies probing the effects of lattice mismatch on the order-
ing and magnetization [78, 86]. Asano et al. [86] reported one of the highest magnetizations
attained by depositing SFMO (via sputtering deposition) on a lattice matched buffer layer,
Ba, St TiO,, then on SrTiO, to minimize the effect of 1% lattice mismatch between SrTiO,
and SFMO. A considerable increase in magnetization of 2.3-3.8 u/f.u. and the reduction of
the expanded SFMO out-of-plane lattice parameter were observed with the use of the buf-
fer layer. When experiments with the same buffer layer were performed by Sanchez et al.
using PLD, slightly lower saturation magnetization value ~3.2 p/f.u. was obtained [78]. In
contrast, Yin et al. [80] found their magnetic and transport properties to be independent of
the substrates.

The most important and challenging task is to attain good value of MR in SFMO thin films
along with the structural and magnetic properties, which will make it ideal for spintronics and
magnetoresistive sensors applications. However, epitaxial thin films of SFMO do not show a
large MR effect due to lack of grain boundaries. As a means to obtain large MR effects, there
have been attempts by varying the deposition conditions and/or the surface of substrates [63,
64, 66]. Therefore, securing a reliable means to fabricate high-quality SFMO thin films and pos-
sessing a large MR would be immensely helpful for practical device applications. Manako et
al. [71] have reviewed the growth conditions of SFMO thin films, which could only be obtained
in a narrow range of deposition temperature and oxygen partial pressure. They studied the
magnetoresistance behavior (~5 and ~20% at 300 and 5 K, respectively) of SEMO thin films
grown on SrTiO, (111) and (001) substrates. Their observation showed the large MR effect
in (111) oriented films as compared to (001). This might suggest less scattering of carriers at
grain boundaries for the (001) oriented film than for polycrystalline samples, since a perfect
crystal is expected to show no MR at the temperatures far below T In addition, larger MR of
(111) oriented films than that of (100) oriented films may be due to the presence of antiphase
domain boundaries in such a way that the superstructure direction is aligned to the growth
direction. At the same time, Asano et al. [76] also deposited the SrZFeMOO(ry thin films on STO
(001) substrate using two-step growth processes. The growth conditions were found to lead
either highly conductive metallic thin films or semiconducting films. The metallic films show a
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positive magnetoresistance (MR) as high as 35%, while the semiconducting films show a small
negative MR of -3% at a temperature of 5 K and a field of 8 T. Yin et al. [80] deposited the SFMO
epitaxial thin films on LaAlO, and SrTiO, (001) substrates. They defined the Wheatstone bridge
arrangement straddling a bicrystal boundary to verify that the spin-dependent electron trans-
fer is through a grain boundary or not and found that an intergranular effect is responsible for
the LFMR in polycrystalline thin film samples like in the case of bulk polycrystalline samples.
Song et al. [63] have also grown the SFMO thin films on SrTiO, substrates at optimized con-
ditions. They found that the dominant MR mechanism operating in the SFMO films indeed
spin-polarized tunneling between the magnetic grains with different orientations across the
grain boundaries and concluded that it was possible to achieve a low-field MR value in the
film grown at high temperature (935°C), comparable to that of a bulk sample. Shinde et al.
[67] have also reported the best quality SEMO films on single-crystalline and polycrystalline
SrTiO, substrates and found that the best quality films could only be grown at particular sub-
strate temperature and oxygen partial pressure. According to their observation, the epitaxial
film showed a very small negative MR (1.5% at magnetic field of 8 T), which is almost linear.
However, the polycrystalline SFMO film also showed linear type MR behavior with magni-
tude around (4% at magnetic field of 8 T), which is larger than that of the epitaxial film. Some
other efforts have been made to deposit the SFMO thin films in different gas environments and
also postannealing treatment to achieve the LFMR by modifying the grain boundary nature
[73, 78, 87]. More recently, Saloaro et al. [85] have grown the SFMO thin films on different
substrates and observed the absence of traditional magnetoresistance.

Despite the large amount of research reports available for the advancement of magnetore-
sistance in SFMO thin films, the growth conditions vary from one reference to the next and
the results are still controversial. The growth parameters including various substrates and
growth temperature can directly affect the surface quality and properties. Furthermore, the
fabrication of SFMO-based MT]Js structure was rarely reported [61, 68, 88, 89]. There are few
groups, including Bibes et al. [68], Asano et al. [88], and Fix et al. [61, 89], who have fabricated
the magnetic tunnel junctions and reported the tunneling magnetoresistance (TMR) at very
low temperature (5 K). However, it was noticed that the above studies mentioned the growth
of MT] on single crystalline SrTiO, substrates. In particular, as it was observed that one of
the most important considerations for fabrication of the multilayered structure for spintronic
device applications is surface/interface quality of the films. High vacuum conditions and
in situ fabrication of multilayers is generally preferred in order to minimize the amount of
secondary phase on the surface of the films. Another obstacle that can slow down the pro-
cess of using these materials as a source of spin injector is the high growth temperature and
complicated growth process. Furthermore, low deposition temperature and silicon substrate
is required for their applications in microelectronics industry. Therefore, by considering all
above aspects, firstly, we have fabricated the SFMO thin films on Si substrate by pulsed laser
deposition and explored the magnetoresistance (MR) behavior besides the structural and
magnetic properties. We have optimized the growth conditions and deposited the SFMO thin
films at different temperatures ranging from 500-800°C and observed the magnetotransport
behavior of SFMO polycrystalline thin films grown on Strontium titanate (STO) buffered Si
(100) substrate. After that, we had fabricated the SEFMO/ SrTiO3/ SFMO MT] structure on SrTiO,
buffered Si (100) substrate to obtain the room temperature magnetoresistance. We observed
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the ~7% TMR in SEMO/STO/SFMO MT], which can be attributed to spin-dependent electron
tunneling across the interfaces. The presented results will open up the future prospects of
integration of such polycrystalline SFMO thin films for magnetoresistive applications.

A pulsed laser deposition technique was used to deposit the SFMO thin films on SrTiO, buff-
ered Si (100) substrates. The experimental details are provided below.

1. To optimize the growth conditions of SFMO thin films, substrate temperatures were varied
from 500 to 800°C under the base vacuum pressure higher than (>5 x 107 Torr).

2. Prior to the deposition of SFMO films, STO buffer layer was grown on Si substrate in the
presence of high purity (99.99%) oxygen at an ambient pressure of ~50 mTorr at 500°C and
subsequently annealed in situ at 800°C in O, pressure of ~500 mTorr.

3. After the deposition of STO buffer layer on Si (100) substrate, SEMO thin layers were de-
posited at fixed temperature under the base vacuum pressure (~ 5 x 107 Torr) and subse-
quently annealed in situ at the same conditions for 10 min.

4. The temperature of substrate was ramped down at 10°C per minute after deposition to
prevent thermal shock and cracking of the film.

5. In this study, we fixed all growth parameters and varied only substrate temperature to
optimize the growth conditions.

Figure 4, shows the XRD patterns of SFMO thin films grown on STO buffered Si (100) sub-
strate at four different elevated temperatures ranging from 500 to 800°C at a step of 100°C.
The growth of SEMO thin film at low temperature (< 600°C) do not produce the stoichiometric

(200)

Intensity (a.u.)

Figure 4. X-ray diffraction pattern of SFMO thin films grown on STO buffered Si (100) substrate at temperatures 500,
600, 700 and 800°C.
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SFMO phase and an additional spurious peak of strontium molybdate (5SrMoQO,) phase (as
indicated by * in Figure 1) was formed. The secondary impurity phases can be commonly
observed at low growth temperatures of SFMO thin films [90, 91]. These impurity phases also
develop the antisite disorder in the double perovskite lattice, which further affect the magnetic
and magnetotransport properties of SFMO thin films [92, 93]. However, the aforesaid impu-
rity phases were completely disappeared, and a single phase formation of polycrystalline
SFMO thin films was observed when the growth temperature was raised to 700°C and above.

The SFMO thin film grown at 800°C shows a series of peaks at 20 = 31.7, 45.2 and 56.3° cor-
responding to the (200), (202), and (204) planes, respectively of SEMO phase, which are con-
sistent with the results of Jalili et al. [90]. However, noticeable change in the shifting and
sharpening of XRD peaks were observed with increasing growth temperature. This is appar-
ently a consequence of the enhancement in the crystallinity of film with increasing growth
temperature. A shifting of peak positions indicates that the thin films are not fully relaxed
at low growth temperatures (< 600°C). Therefore, we observed that the substrate tempera-
ture (T,) plays crucial role for exact phase formation and improving the crystalline nature of
SEMO films.

The magnetoresistance properties of SFMO thin films deposited at different temperatures
were measured using four probe resistivity setups at magnetic field up to +8 T. The magne-
toresistnace values are 0.009, 0.017, 0.16, and 0.35% for films deposited at 500, 600, 700, and
800°C, respectively, at room temperature and magnetic field of +8 T as shown in Figure 5.
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Figure 5. MR behavior of all the SFMO thin films at room temperature.
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It is clearly observed that the film grown at low temperature (<600°C) exhibited the small
MR effect and further it was found to be enhanced with growth temperature. This enhanced
behavior of MR may be due to the improvement in the crystallinity of the intragranular nature
and also by decrement in the antisite disorders effect. Improvement in structural and mag-
netic properties strongly supports the enhanced magnetoresistance at room temperature. The
MR values are 0.35 and 12% at 300 and 5 K for polycrystalline SFMO film grown at 800°C,
which shows almost linear type of behavior with magnetic field.

Pulsed laser deposition was used to fabricate SFMO/SrTiO,/SFMO Magnetic tunnel junctions
on S5rTiO, buffered Si (100) substrate. The details of the experiments are given below.

1. In the first step, we have optimized the thickness of STO layer by controlling number of
laser shots, which was estimated in separate experiments by an empirical relation of thick-
ness and laser pulse counts.

2. The STO bulffer layer was grown on Si (100) substrate in the presence of high purity
(99.99%) oxygen at an ambient pressure of ~50 mTorr at 500°C and subsequently annealed
in situ at 800°C in oxygen pressure of ~500 mTorr.

3. The STO buffer layer was characterized by X-ray diffraction technique and found to be
crystalline in nature.

4. The SFMO bottom electrode has been deposited at 800°C in the base vacuum pressure
higher than ~5 x 107 Torr and annealed in sifu at 800°C for 10 min.

5. The crystal structure and phase purity of SEMO bottom layer was examined by X-ray dif-
fraction and micro Raman microscopy, which shows single-phase formation of SFMO thin
film without any impurity phases. The XPS analysis confirms that the Fe:Mo ratio is almost
equal (~1:1.1) over the surface of SFMO thin films.

6. Then ~2 nm STO barrier layer was deposited at 800°C with 5 x 107 Torr pressure. Again
SFMO top layer was deposited at the same conditions as that of bottom SFMO electrode.

7. The shadow mask having lateral dimension 40 um x 40 um was used during the fabrica-
tion of trilayer SFMO/STO/SFMO structure.

Figure 6(a) shows the schematic of SFMO/STO/SEMO MT]J structure as pattern on STO buff-
ered Si (100) substrate.

The thickness of the SFMO electrodes was kept (250 nm) to insure the half-metallic nature
of grown SEMO layers [64] and the thickness of STO barrier layer was kept ~2 nm to exam-
ine the tunneling effect. The cross-sectional high-resolution field emission scanning electron
microscopy (FESEM) image of SEFMO/STO/SFMO MT] structure grown on STO buffered Si
(100) substrate as shows in Figure 6(b). The thickness of STO buffer layer is (~10 nm), which
is grown on Si substrate. The presence of (~2 nm) STO barrier layer is clearly seen by bright
horizontal contrast in the FESEM image, which is perfectly sandwiched between top and bot-
tom SFMO electrodes.
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Figure 6. (a) Schematic of the typical SFMO/STO/SFMO MT]J structure. (b) Cross-sectional FESEM image of SFMO/STO/
SFMO structure grown on STO buffered Si substrate at 800°C.

Figure 7(a) represents the current voltage (I-V) behavior of SEMO bottom layer and SFMO/
STO/SEMO MT] structure at room temperature. It can be seen from Figure 7(a) that I-V
behavior of the SFMO bottom layer is almost linear while it shows nonlinear and asymmet-
ric behavior for SFMO/STO/SFMO MT] at room temperature. This behavior of MT]J is quite
different from the SFMO electrode layer and shows the typical characteristic of tunneling
assisted transport across a thin insulating barrier [68, 94]. The tunneling conductance in
SFMO/STO/SFMO magnetic tunnel junction is further confirmed by fitting the conductance
(dI/dV) characteristics as shown in Figure 7(b) using Brinkman'’s formula [95] intended for
direct tunneling transport through a rectangular barrier. The thickness of the STO barrier
layer was calculated from the fitting of the experimental data and was found to be ~1.5 nm,
which is in close agreement with the estimated thickness of the STO barrier layer through
FESEM image (~2 nm).
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Figure 7. (a) Current-voltage characteristics of SFMO thin films and SEMO/STO/SFMO MT] at 300 K. (b) Conductance
fitting of SFMO/STO/SFMO MT].
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Figure 8 shows the magnetic field dependence of the resistance for a SFMO/STO/SFMO
MTJ with a junction area of 40 x 40 um? measured at 300 K. This is defined as (R,, - R)/R,,
where R, and R, , are the resistances for parallel and antiparallel magnetic configurations
of the two electrodes, respectively. When sweeping the field from negative to positive
values, the resistance of the junction rises from 2.74 to 2.95 M), yielding a TMR ratio of
~7% at 300 K.

This type of abrupt change in resistance is related to the reversal of two electrodes within
the constriction as already observed in Co/I/SFMO [68] and LSMO/STO/LSMO [96] MT]
trilayer junctions fabricated using similar approach. The TMR ratio of MT] device is related
to the spin polarizations P, and P, of the two ferromagnetic electrodes as TMR = 2P P,/1 -
P P,using classical Julliere expression [97], where P = P, = P, The observed high value of
spin polarization (~18%) at room temperature is attributed to electrons tunneling between
SFMO layers through thin (~2 nm) insulating STO barrier. Further to confirm the TMR effect
in SEMO/STO/SEMO MT]J, we have independently studied the MR behavior of SFMO film
and observed a very small change in MR (~0.35%) at room temperature, which is quite com-
parable with the reported value for epitaxially grown SEMO films on STO substrate [85, 98].
Based on these results, we propose that the enhanced spin polarization and TMR in SEMO/
STO/SFMO MT]J devices is due to the spin-dependant tunneling through ultra-thin insulat-
ing and atomically flat STO barrier layer sandwiched between two ferromagnetic SFMO
electrodes with sharp interfaces. The sharp change in TMR at the switching field (Hs), where
the magnetic moments of the SFMO electrodes realigned from parallel to antiparallel, sug-
gests an entire flip of the magnetic domains against the applied magnetic field. However,
the switching field (Hs) at 300 K is less than 30 Oe, which agrees with the coercivity (Hc)
of the SFMO film. Hence, the observation of room temperature (~7%) TMR in SEFMO/STO/
SFMO MT] can be attributed to spin dependent electron tunneling across the interfaces.
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Figure 8. Magnetoresistance behavior of SEMO/STO/SFMO MT]J at 300 K.
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4. Conclusions

We had synthesized and presented the double perovskite Sr,FeMoO, bulk compound, which
shows the remarkable 11% low-field magnetoresistance at room temperature at low mag-
netic field (0.72 T). This value is one of the high MR value at 300 K, which was only achieved
due to the optimized synthesis conditions to achieve better intergranular tunneling through
grain boundaries. The brief overview of the synthesis of SFMO thin films has been provided.
Furthermore, low deposition temperature and silicon substrate are required for their appli-
cations in microelectronics industry; therefore, we have fabricated the SFMO thin films on
Si substrate at optimized growth conditions by pulsed laser deposition. The polycrystal-
line Sr,FeMoQ, thin films have been grown on STO buffered Si (100) substrates. We also
made an attempt to observe the room temperature magnetoresistance in Sr,FeMoO,-based
magnetic tunnel junctions (MTJ]). The micrometer-sized (Sr,FeMoO,/SrTiO,/Sr,FeMoO,)
devices were grown by pulsed laser deposition. FESEM micrograph analysis revealed the
presence of ultrathin (~2 nm) STO barrier layer. Magnetization measurements showed the
good ferromagnetic loop behavior with high Curie temperature (T) well above 375 K. The
current-voltage characteristics of the MTJ devices at room temperature exhibited nonlin-
ear and asymmetric behavior in agreement to the predictions of tunnel conductance. The
observed large tunneling magnetoresistance (TMR ~ 7%) at room temperature can be attrib-
uted to spin-dependent tunneling across a uniform ultrathin STO tunnel barrier sand-
wiched between two identical SFMO electrodes in MT] devices. Finally, we showed that the
polycrystalline SFMO thin films and its MT] structures have enough potential for magne-
toresistive and spintronic devices and their possible integration with existing Silicon-based
microelectronic devices.
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Abstract

In recent decades, new magnetic sensors based on giant magnetoresistance (GMR)
have been studied and developed intensively. GMR materials have great potential for
next-generation magnetic field sensing devices. The GMR material has many attrac-
tive features, for example, its electric and magnetic properties can be varied in a very
wide range, low power consumption, and small size. Therefore, GMR material has
been developed into various applications of sensor based on magnetic field sensings,
such as magnetic field sensor, a current sensor, linear and rotary position sensor, data
storage, head recording, nonvolatile magnetic random access memory, and biosensor.
In this chapter, the recent development of a GMR thin-film-based ferrite material will
be reviewed. Furthermore, recent and future trend application of GMR sensor will be
discussed.

Keywords: biosensor, ferrite, giant magnetoresistance, GMR sensor, magnetic sensor

1. Introduction

In recent years, many attempts were made to improve the reliability of the sensors and sen-
sor systems and at the same time lower the cost of fabrication. This aims to make the price
of the sensor become relatively cheap. The sensors and sensor systems have been developed
for various applications such as in motor vehicles, housing (e.g., for security, regulation of air
circulation, temperature regulation, setting humidity), delivery of food, or warehouse storage
of food (e.g., temperature, humidity, gas concentration).

In general, a sensor is defined as a device that converts physical, chemical, or biological
quantities into electrical quantities. The capability of a sensor or sensor system is determined
by the strong interaction of the three main constituent components, such as sensor structure,
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manufacturing technology, and signal processing algorithms. The development of sensor
technology is also influenced by the development of these three areas as shown in Figure 1.

IC Insights 2017 [1] has reported that all sensor categories such as pressure sensors, accelera-
tion sensors, and magnetic sensors and most actuators have double-digit sales in 2016. The
market for sensors and actuators in 2017 is predicted to increase by 7.8% and hit a record high
of $12.8 billion. Sales of sensors/actuators estimated over the next 5 years will be driven by
the deployment of automated control functions that are integrated with the vehicle (includ-
ing autonomous driving capability), unmanned aircraft, systems of industrial and robotics,
everyday electronics, and measurement unit related to Internet of Things (IoT).

The need for new sensors and electronic interfaces, particularly in portable applications,
which show small dimensions and the ability to reduce both the supply voltage and power
consumption, is in continuous growth. In particular, multiple sensors and electronic circuits
for interfacing developed in an integrated technology can be combined into just one chip, and
enabling it to produce “smart sensor.”

The phenomenon of giant magnetoresistance (GMR) has been providing cutting-edge sensor
technology, especially for affordable and sensitively detect and quantify of micro-particles
and nano-magnetic in very weak magnetic fields. In recent decades, sensors based on GMR
effect have been researched and developed intensively [3]. The discovery of GMR has opened

Sensor
Structure

fix,.. )P, PL P,

x.

oo Signal
25 Processing

Figure 1. The three main components forming the sensor technology (adapted from Ref. [2]).
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opportunities in many fields of applications. GMR material has been developed into vari-
ous applications of sensor based on magnetic field sensing, such as magnetic field sensor, a
current sensor, linear and rotary position sensor, data storage, head recording, and nonvola-
tile magnetic random access memory. The GMR material has many attractive features, for
example, its electric and magnetic properties can be varied in a very wide range, low power
consumption, and small size. Meanwhile, ferrite is one of the candidates of magnetic oxide
material that could potentially be used as a constituent layer of GMR [4].

This chapter is organized as follows: the magnetic sensor, the GMR sensor based on ferrite
material, and the GMR sensor design. Finally, the recent and the future trends of this exciting
GMR sensor for various applications are discussed.

2. Magnetic sensor

Research in the magnetic sensor has been carried out by researchers in recent decades.
Magnetic sensors have a significant impact over the past five decades in a variety of different
fields of technology. Magnetic sensor has great potential to be developed for various applica-
tions such as magnetic storage, automotive sensors, navigation systems, nondestructive mate-
rial testing, security system, structural stability, medical sensors, and military instruments [5].

Based on the measurement range of the magnetic field, approximate sensitivity ranges of dif-
ferent magnetic field sensors are low field (smaller than 0.1 nT), medium field (0.1-1 nT), and
high field (above 1 nT), as shown in Figure 2.

Figure 2 shows measurement range of the magnetic field of some magnetic sensors. The GMR
sensor can detect magnetic fields in the range of 10-10° nT and has a die size close to 1 mm.

Hall Effect -i—
GMR=w e
Lorentz Force ~——
AMR ———
Optical Fiber--——
Fluxgate-———

Search Coi - —

SQUID -

I 1 I 1 T T >
10" 10" 10° 10* 107 10°
Magnetic field range (Tesla)

Figure 2. Approximate sensitivity range of magnetic sensor (adopted from Ref. [6]).
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The dependence on temperature of the offset and sensitivity of the GMR sensor is higher than
the AMR (anisotropic magnetoresistance) sensor. In addition, GMR sensors can operate at
temperatures above 225°C [6].

The term “magnetic sensor” is widely used to express a sensor that works on the magnetic
principles. Magnetic sensors usually work without contact with the object to be sensed and
also reliable. The most important field in the application of magnetic sensors includes secu-
rity, health care, information technology, geomagnetic exploration, and nanotechnology.
Magpnetic field sensor technology has been driven by the need to increase the sensitivity, small
size, low power, low cost, and compatibility with electronic systems. To achieve these require-
ments, the magnetic sensors are usually created by micrometer sized or sub-micrometer with
a multilayer structure.

The resistance of the material depends on the state of magnetization, called the magnetoresis-
tance effect. Magnetization in the material can be changed by applying an external magnetic
field. Therefore, the material which has a magnetoresistance effect can be used as magnetic
field sensor.

The basic effect of normal magnetoresistance emerged from the Lorentz force on the electrons
due to the presence of a magnetic field applied to it. Normal magnetoresistance occurs in all
metals, including nonmagnetic metals as a consequence of Lorentz forces. For example, in
metal thick film, cobalt (Co) with a thickness of 100 nm was observed to be positive and varies
with B? above magnetoresistance saturation, where B is applied in a magnetic field. However,
Co thin films with a thickness of 3 nm show negative normal magnetoresistance over satu-
rated magnetoresistance. Normal magnetoresistance emerged from semiclassical arguments
via the Lorentz force on electrons that are defined as

F = m(4a) = eE + (5 x B) (1)

and the current density

i = (e vm)E+ (2 v/n)s B 2

where F = Lorentz force, 7 = electron velocity, 7 = current density, m = electron mass, e = elec-
tron charge, E = electric field, B = magnetic field, n = electron concentration, and 7 = relaxation
time.

The components of the electric field along the direction of j do not change without the
presence of the magnetic field B, so magnetoresistance is normally equal to zero. The pres-
ence of a magnetic field will produce a Hall field that is perpendicular to the j direction so
that the Lorentz force acting on the charge carrier will increase the resistance in a magnetic
field. Using the model of free electrons and then normal magnetoresistance is obtained as
(Ap/p) = (R, /p)*B?, where R, is the Hall resistance.

Electronic devices in the future will turn on a new field called spintronics. Spintronics is a new
field that explores the influence of spin on electronic transport in magnetic nanostructures.
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Spintronic births are marked by the discovery of giant magnetoresistance effects (GMR) on
magnetic multilayer Fe/Cr more than two decades ago. Accordingly, spintronics is a technology
that exploits the quantum property of electrons called spin. Ordinarily, electron spins have both
“up” and “down” directions and can be described as clockwise or counterclockwise around
their axes. The spin gives magnetic properties on electrons that can be affected by external mag-
netic fields. More recently, research on spintronic devices developed very rapidly [7-9].

3. The GMR sensor based on ferrite material

The GMR-based magnetic sensor is a sensor that works based on effect of a very large change
in the resistance of metal or device when an external magnetic field is applied. The magneto-
resistance (MR) ratio value is written in Eq. (3):

_ AR _ RED-RH=0
MR = 3 = = Rt-0 ®)

where R(H) is the resistance when the device is influenced by an external magnetic field,
R(H = 0) is the resistance of the device without the applied external magnetic field, and H is
the magnetic field intensity.

GMR material could have several structures where each structure will produce different GMR
ratios. This structure consists of a sandwich, spin valve (pinned sandwich), multilayer, and
granular (Figure 3). The sandwich structure is also called pseudo spin valve, which consists of
three layers with the arrangement of materials (ferrimagnetic or ferromagnetic)/nonmagnetic/
(ferrimagnetic or ferromagnetic). Accordingly, in spin valves, an additional antiferromagnetic
(pinning) layer is added to the top or bottom part of the sandwich structure. Meanwhile, a
multilayer structure is a structure with repetition of the sandwich layer. Similarly, the granular
structure consists of granules of magnetic materials of nanometer scale scattered in nonmag-
netic material as the host material.

The benefit of the GMR phenomenon is on the development of nanometer-sized technologies
and possibly in the atomic scale of magnetic structures. This very thin structure has physi-
cal, chemistry, and biology properties which change dramatically, therefore, superior when
compared to the bulk materials. A very thin layer can be made as an epitaxial layer (where the
layer has a certain crystal arrangement with excellent monocrystalline quality) by molecular
beam epitaxy (MBE) method or polycrystalline film by sputtering method [10].

Meanwhile, measurement of GMR effects has two main geometries, i.e., current In plane (CIP)
and current perpendicular to plane (CPP). These two geometric shapes are shown in Figure 4.

Until now, researchers have continued to conduct research on GMR thin film, regarding on
growth methods, constituent materials, as well as the GMR structure. Particularly for GMR
constituents, ferrite is a transition metal oxide and one of the potential candidates used as the
constituent material of the GMR thin film [11, 12]. Transition metal oxides are an important
functional material for new electronic devices due to their unique properties such as perfect
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Figure 3. Various types of GMR structures: (a) multilayer, (b) spin valve, and (c) granular films.

Cip CPP
substrate substrate
current flow v
current flow current flow
(a) (b)

Figure 4. Geometry of GMR measurement (a) CIP and (b) CPP.
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spin polarization, large metal insulator transitions, ferroelectric, multiferroic and resistive
switching effects [13]. In addition, ferrite has ferrimagnetic properties and Curie temperature
above room temperature. For temperatures below the Curie temperature, ferrimagnetic mate-
rials exhibit the same behavior as ferromagnetic materials. The behavior is having a sponta-
neous magnetization at room temperature, consisting of saturated magnetic domains, and
shows hysteresis phenomena [14]. Among the ferrite materials that have been used as GMR
constituent layers are Fe,O, and CoFe,O,.

The phenomenon of magnetoresistance has been observed among others the nanowires Fe,O,
single crystal [15], Fe,O, thin film [16, 17], Fe,O,/GaAs/Fe,O, junction [18], and Fe,O, nanopar-
ticles [19]. Recently, we report the results of studies relating to the synthesis of a novel ternary
CoFe,0,/CuO/CoFe,O, thin film as a GMR sensor [20]. The CoFe,O,/CuO/CoFe,O, thin film
has been prepared onto silicon substrate via dc magnetron sputtering technique with targets
facing each other. The GMR ratio maximum at room temperature obtained has reached 70%
for the thickness of each layer of CoFe,O, and CuO, which are 62.5 nm and 14.4 nm, respec-
tively. These findings provide the impact on GMR sensor technology based on ferrite material.

4. The GMR sensor design

The performance of the GMR sensor is influenced by various parameters. Among them is
the composition of GMR constituent material, layer thickness, and GMR structure. The GMR
structure is concerned with applications on applied technology. For example, the condition
of the technology affects the performance of the spin-valve structure, so it is quite a concern
because this structure is a very promising candidate for sensors and reading heads.

The following features are used to determine a good quality GMR sensor, that is [21], a large
magnetoresistance ratio, large sensitivity, narrow hysteresis characterized by a low coercive
field (Hc), low anisotropy field (Hk) (Hk influences sensitivity), large exchange bias field (Hex),
minor changes of parameters with temperature, and have great reliability and repeatability.

The advantages of GMR sensor have a larger output than AMR sensor or Hall effect sensor
and can be operated on the field above the AMR sensor field range. Some advantages of the
GMR sensor compared with the AMR sensor or Hall effect sensor are listed in Table 1.

Advantages GMR AMR Hall
Physical size Small Large Small
Signal level Large Medium Small
Sensitivity High High Low
Temperature stability High Medium Low
Power consumption Low High Low
Cost Low High Low

Table 1. Benefits of magnetic sensors [22].
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The design and development of GMR sensors are based on assessments derived from the
various areas to obtain functional devices. In addition, the special design will always be asso-
ciated with specific applications. The sensor design will have an impact on the device perfor-
mance. For example, both linear and thermal sensor characteristics affect the characteristics
of the sensing structure and the final encapsulation. A more detailed knowledge of the sensor
parameters is necessary before embarking on the development of sensors.

As a sensing element, the Wheatstone bridge circuit has been highly recommended in the
design of resistive sensors. In this case, the Wheatstone bridge circuit provides a differen-
tial output as a function of the resistance variation. Depending on cases deemed or specific
requirements, we can use multiple bridge configuration.

The GMR sensor made using the Wheatstone bridge principle aims to reduce the effect of hys-
teresis and to improve the output linearity. Ordinarily, the GMR sensor structure consists of
four resistors. Two resistors are protected from exposure to the magnetic field, and two other
active resistors are between two flux concentrators. The sensitivity of the GMR sensor can be
changed by changing the length and distance between two flux concentrators.

Figure 5 displays a summary of the possibility of the Wheatstone bridge configuration that
has been furnished by calculating the output voltage. As shown in Figure 5, a full bridge con-
figuration is the best choice in terms of the signal level and linearity (Figure 5, right). Due to
the stage dependence on the fabrication process of GMR structure, a half bridge configuration
with two active resistors and two shielded resistors is often obtained when using a single-
stage deposition. However, full bridge configuration is obtained if using two-step deposition.

Vs

R, =R, =R; =R R, =R; =R R, =R, =R +AR
_ AR/R _ . AR/R _
Yo = Vs 30+ARR) Vo = Vs2TARR ¥u = FaRAIE)

Figure 5. Wheatstone bridge configuration (a) special elements, (b) half bridge, (c) full bridge [23].
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In the design of GMR thin-film structures, it is useful to operate at the resistivity determined
for the condition w =L (w and L are width and length of GMR thin film, respectively):

P
sq t

4)

where R = resistance “ohms per square,” p = resistivity, and ¢ = thickness of the film. One
important factor in GMR sensor application is the resolution associated with the ratio of sig-
nals to noise. According to Ref. [24], the signal-to-noise ratio (SNR) is estimated to be propor-
tional to the square root of the device area, following Eq. (5):

SNR = cVLw ®)

where c is a constant.

Nordling et al. [25] have used the Wheatstone bridge to develop integrated GMR sen-
sors. This system consists of four GMRs that are integrated into serpentine, as shown in
Figure 6. Two GMRs are formed interlocked as folded fingers act as sensing resistors (R,
and Rg,), whereas two GMRs are spatially separated as reference resistors (R, and R.,).
The width of each strip is 2 pm, the separation distance is 2 pm, and the total length is
more than 11 mm. Accordingly, the edges of the sensing and reference GMRs are sepa-
rated by 30 pum to each other, to isolate the inbred magnetic field of each resistor, which is
a function of current from leads. Hereafter, the GMR sensing elements are coated with a
silicon nitride thin film to form an active surface and protect it from being in contact with
the sample.

% 1100 pm

Figure 6. (a) Wheatstone bridge circuit. (b) A micrograph image of GMR sensing showing the reference GMR traces (top
and bottom) and the GMR sense pad (center). (c) The schematic of the Wheatstone bridge at (b) in a circuit also shows
the direction of the external field and the relative motion of GMR to the sample (adapted from Ref. [25]).
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This type of resistive sensor interface of the Wheatstone bridge shows a low sensitivity
value and cannot be recovered. This weakness can be corrected by using a differential input
OpAmp-based voltage amplifier, to increase the sensitivity as shown in Figure 7.

Furthermore, the Wheatstone bridge configuration can be made “automatic” (so the cir-
cuit does not require initial calibration) through the development of a topology as shown
in Figure 8. This circuit using a tunable resistor implemented through a voltage-controlled
resistance based on the use of an analog quadrant multiplier. The variations follow those of
the resistive sensor and a suitable feedback loop.

More specifically, the circuit in Figure 8 represents a suitable configuration for ground resis-
tive sensors placed in the lower positions of the left branch of the bridge. The output of the
differential bridge is connected to an OpAmp-based differential amplifier with a voltage gain
of A. Consequently, the single-ended output is sent to a voltage-inverting integrator whose
goal is to create a stable negative feedback loop and provide a correct control voltage value
(Vergy) for tunable resistors (R, .)- If the measuring variation occurs to a specified range, the
unbalanced output voltage is amplified, and the integrator produces a path that tracks the
R, elements until a new equilibrium condition is reached (i.e., automatic range).

Several studies have been conducted by researchers to improve the measurement accuracy of
GMR sensor. Recently, Li and Dixon [27] have proposed the use of the closed-loop circuit to
improve the measurement accuracy of GMR sensor. By using the biasing coil and feedback

O &+ | A Ilil'\‘!:l'LIT
vIN
D —

RseNns R>

Figure 7. Differential-to-single ended Wheatstone bridge output by using a voltage differential amplifier (adopted from
Ref. [26]).




Giant Magnetoresistance Sensors Based on Ferrite Material and Its Applications
http://dx.doi.org/10.5772/intechopen.70548

preRassassdsnannan,

X Re
ot v f o’ AN A Vour
vm A VB
R N\ Regns
ver” SENS;
A VerrL J‘

Figure 8. Block schemes of bridge-based interfaces (adopted from Ref. [26]).

circuit, the current flowing in the biasing coil is controlled by the GMR output voltage to
make the GMR output constant. Hysteresis and nonlinearity of the GMR sensor have greatly
minimized. Therefore, linearity and accuracy of magnetic field measurements have improved
significantly.

Various efforts have been made to improve the performance of GMR sensors. An increase of
4 dB in the signal-to-noise ratio of CPP GMR sensors has been reported by Mihajlovic et al.
[28]. They use Heusler alloy magnetic layers and insert an In—Zn—O electrically conductive
oxide into an Ag-based metallic spacer layer.

Recently, Choi et al. [29] have shown an effective method for the enhancement of MR ratio of
CPP-GMR spin-valve sensor by improving order in the B2 polycrystalline Heusler alloy films
by inserting a CoFeBTa or CoBTi amorphous ferromagnetic underlayer.

5. Application of GMR sensor: recent and future trends

GMR sensors have been widely used in power systems, aerospace, modern transport sys-
tems, and the biomedical field due to the high sensitivity and wide range of magnetic field
frequency response. The first application is a read head in a magnetic disk drive with the
spin-valve structures. A spin-valve sensor is made of a magnetic layer exhibiting a strong
coercivity (hard layer) separated by a magnetic layer with a very low coercivity (soft layer)
by a thin metallic spacer.
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A basic understanding of GMR device is traveling electrons from ferromagnetic layer to the
other ferromagnetic layer through the conductive metal layer. If the magnetic moment in the
two ferromagnetic metals is parallel then the device has a low resistance (state “0”) and if
the anti-parallel has high resistance (state “1”). The main attraction in the GMR technology
is its ability to detect the low magnetic field. Information is stored in magnetic bits, whereas
the magnetization is stored as “0” in one direction and as “1” in the other direction. This is a
magnetic field detected by the GMR head. If the GMR head passes through the magnetic bits,
the direction of the free layer magnetization of the head will respond with the field of each bit
either spin up or down. Consequently, the magnetic moment of the free layer becomes paral-
lel or antiparallel. This results in a change of resistance in the layers. This resistance change
is detected by the GMR sensor and produces a voltage across the GMR head (while the fixed
current passes through the GMR element).

The reading/writing head-integrated devices consist of a top ferromagnetic layer that is
referred to as the sensing layer, and the lower ferromagnetic layer is referred to as the stor-
age layer. The thickness of each of ferromagnetic layers is different in order to make a dif-
ference in their coercive field. The principle of reading and writing process is almost the
same. However, the writing process requires a high magnetic field to rotate the moment in
the storage layer.

Information is read and written by the pulse current (external magnetic field) that can detect
the magnetic direction of each bit. Definition of writing is to change the magnetic moment of
the storage layer (requiring high current pulses or high magnetic fields). Meanwhile, reading
information on bits is changing the magnetic moment in the sensing layer (it takes a lower
current pulse). The steady current passing through the GMR element is called the current
sense, while the current that generates the magnetic field to rotate the magnetic moment
called the word current.

The GMR sensors have been applied to measure the position of machine components as lin-
ear position detectors and transducers. A small movement of machine components (such as
metal rods, gears, and other components) can produce magnetic fields. The movement along
the y-axis, for example, can be determined from this magnetic field variation detected by the
GMR sensor, Bx (with sensitive areas along the x-axis).

5.1. GMR sensor for detecting magnetization of liquid-contained iron

Almost all metal materials, including Fe, can be magnetized by an external magnetic field.
Without an external magnetic field, the magnetic moment of the material has an irregular
orientation. The magnetic moment of the material will align following the direction of the
external magnetic field when the external magnetic field is applied.

The GMR sensor has been used to detect magnetic fluids containing Fe** [30] and obtain the
output voltage of the GMR sensor that is proportional to the molar concentration for concen-
trations between 0.01 M and 0.4 M. For further experiments, it is suggested that the experi-
ment should be conducted in a Faraday room so that the earth magnetic field cannot affect
the sensor output.
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More recently, GMR sensor has successfully to detect porphyrin concentration [31]. To con-
firm the effectiveness of this method in detecting porphyrin, we varied the flow rate and
concentration of Fe**-modified porphyrin solution. Figure 9 shows the effects of solution con-
centration and flow rate of the solution on the GMR output voltage. Turbidity decreases with
decreasing concentration as shown in the inset image.

The result showed that the GMR sensitivity increases gradually with the increase in concen-
tration and decrease the flow rate. Since this developed method is simple but effective for
detecting porphyrin concentration, we believe that further development of this method will
be a benefit for many applications, specifically relating to the medical uses.

5.2. GMR sensor for read head

Currently, we are approaching a new era of the Age of Data. Consequently, the situation
changes the way we live, work, and play. That change has been initiated from the autono-
mous car to humanoid robots and intelligent personal assistant to the smart home devices.
All of them require data storage media with very large capacity. According to a report from
the International Data Corporation sponsored by Seagate, it recently states that the amount of
data created worldwide will increase tenfold in 2025 [32].

In the field of digital data storage, hard disk drive (HDD) maintained its leading position
among other data storage devices. In the HDD-based magnetic recording such as GMR sen-
sors, the information is stored in the area that has been magnetized in a thin film. Transitions
between similar areas are named a “bit” to be detected by a “read head” on the HDD. The
number of bits per unit area is called the “areal density.” Since the 1990s areal density is
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Figure 9. Effects of solution concentration and flow rate on the GMR sensor sensitivity [31].
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increased dramatically, with a compound growth rate (CGR) increased to 100%, as shown in
Figure 10. Accordingly, the need of magnetic storage media with a large capacity and small
size requires a serious development of magnetic field sensors based on GMR material.

The GMR head is an analog device that detects magnetic marks with magnitude above high-
resolution disks, rather than directly detecting the binary magnetization of stored bits. GMR
head development trends are intended to achieve large-scale data storage densities. A simple
diagram of the GMR head is shown in Figure 11. The sensing layer in the GMR head consists
of a free and a reference layer, which is separated by a nonmagnetic layer.

Another phenomenon related to GMR is spin torque. Nowadays, a high-sensitivity spin-
torque oscillator (STO) for ultrasmall field sensors has been used for storage devices. STO
usually appears in one of two very different architectures: (i) nano-pillars approximately
100 nm in diameter and (ii) nano-contact, where the current enters a long magnetic structure
through constriction [34].

The increase of the capacity of data storage devices raises the gap between processor speed
and off-chip memory speed, resulting in increased demand for on-chip memory, more
recently. The way to limit power consumption and to save memory gaps is by modifying the
memory hierarchy by integrating instability at different levels, which will cause static power
and also pave the way to normal-off/instant-on computation [34].
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Figure 10. Trend of the increase of areal density of HDD and flash disk to the year of production [33].
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5.3. GMR biosensor and biomedical application

Since the late 1990s, magnetoelectronics has emerged as one of several new platform technol-
ogies for biosensor and biochip development [36]. This technology is based on the detection
of biologically functionalized micrometer- or nanometer-sized magnetic labels, using high-
sensitivity microfabricated magnetic field sensors.

The development of a biosensing platform that is powerful, flexible, and high throughput is
expected to have broad implications in medicine, nursing clinical diagnostics, pharmaceuti-
cal drug development, genomics, and proteomics research. It is enabled by nanotechnolo-
gies, which is emerging rapidly (i.e nanoparticles, nanotubes, and nanowires) and micro
manufacturing technology (i.e MEMS- micro electro mechanical systems, microfluidics, and
CMOS- complementary metal-oxide-semiconductor). Some platforms new sensing has been
proposed and tested for biomedical applications, one of which is a GMR biosensor [37].

Biomolecular detection using GMR sensors is based on the principle that the resistance of
the GMR sensor changed when an external magnetic field is applied. When a magnetically
labeled biomolecule is brought close to the sensor, a signal will be transmitted and read by the
GMR sensor. Today, GMR-based biosensors are very sensitive to detect magnetic information
so that it has become a dominant player in the field of biosensors.

The use of GMR sensors for magnetic marker detection was first developed by Tondra et al.
[38]. They concluded that all sizes of a single magnetic marker can be detected by the GMR
sensor provided the sensor size is almost identical to the size of the marker as well as a thin
isolated protective layer. Millen et al. [39] has proposed the incorporation of GMR structures
on bacterial sensing as shown in Figure 12. Surface sensing regions of GMR need to be modi-
fied to allow for binding of antibody capture. If a sample solution containing a target antigen
concerns the GMR sensor, then a complex bond exists between the target antigen and the
antibody. Furthermore, it is followed by the addition of magnetic-coated antibody particles
and labeled the antigen target to form a sandwich-like structure.

Currently, one of the topics of biomedical research interest is the detection of biological spe-
cies. Basic research in this field will result in many immediate applications, such as food-borne
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Figure 11. A simple diagram of the GMR head (adopted from Ref. [35]).
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Figure 12. Bacterial detection scheme with GMR biosensor (adapted from Ref. [39]).

pathogen detection, biological war defense, or bio-diagnosis. In this scenario, it is necessary
to develop an easy, inexpensive, and quick method to detect this agent. Manteca et al. [40]
combined superparamagnetic particles with GMR sensors to detect target species. Recently,
Elaine et al. [41] have shown examples of sensitive and specific multiplexed detection of major
peanut allergens and wheat allergens gliadin using an array of GMR sensors. They found that
the multiplexing capability of GMR sensor arrays provides higher levels of information that
is unavailable with current commercialized enzyme-linked immunosorbent assay (ELISA)
detection kits.

Krishna et al. [42] have developed a simple and sensitive method for detecting influenza A
viruses using GMR biosensors. This test uses monoclonal antibodies against viral nucleopro-
teins (NP) in combination with magnetic nanoparticles (MNPs). The presence of influenza
viruses allows the binding of MNPs to GMR sensors; consequently, their binding is propor-
tional to viral concentrations. The binding of MNP to the GMR sensor causes a change in the
sensor resistance, as measured in real-time electrical readings. Illustration of GMR biosensor
for detecting influenza A virus is shown in Figure 13.

The GMR sensor has been used in heart rate monitoring. Kalyan et al. [43] have developed a
simple cardiac rate monitoring system using GMR sensor. The GMR sensor is placed on the
human wrist and provides a magneto-plethysmographic signal. This signal is processed by a
simple analog and digital instrumentation stage to give an indication of heart rate. The proto-
type of this system is shown in Figure 14.
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Figure 13. Schematic representation of GMR biosensor. (a) Schematic diagram of GMR biosensor surface functionalization.
(b) Schematic drawing of a typical sandwich structure (biotinylated detection antibody/target antigen/capture antibody).
(c) Schematic illustration of influenza A virus detection (adopted from Ref. [42]).
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Figure 14. Simplified diagram of the proposed GMR heart rate monitor. It uses a GMR sensor and magnet in the sensor
unit to get the plethysmograph (v, .) and heart rate (adopted from Ref. [43]).

5.4. GMR sensor as magnetometer

The GMR sensors have advantages of low power consumption, low cost, high detection capa-
bility, linearity, and three-dimensional (3D) measurement capabilities, thus matching the
need for a magnetometer. Luong et al. [44] have proposed a three-dimensional GMR sensor
design with a single bridge and one flux guide for the three-dimensional magnetometer. This
design helps to reduce the sensor size, power consumption, and fabrication cost.

Recently, Xiao [45] has reported the use of GMR sensors for steering wheel angle sensors with
high accuracy, wide measurement range, and simple structure. It used two GMR chips to
detect magnetic fields. The GMR chip measures the rotation angle of the multipole magnetic
ring with 120 couples of a magnetic pole, whereas each magnetic pole of which outputs an
angle signal of 0-360.

In nondestructive test (NDT), GMR sensor as a magnetometer has implemented to detect the
material defect profile. The sensing axis of the GMR sensor is set perpendicular to the direc-
tion of the excitation magnetic field; consequently, the information collected primarily reflects
changes in the eddy current caused by the defect. Moreover, application of the GMR sensor as
a signal receiver has increased the sensitivity of this technique in the detection of small defects
[46]. The implementation of the GMR sensor on NDT eddy current techniques is still new, and
many issues related to hybrid systems (coils-GMR) will continue to be explored by researchers.

Recently, Gao et al. [47] have designed a 4-GMR probe with a rectangular coil as the excitation
coil and an eddy current detection system to detect weld defect (Figure 15). The experiments
conducted by Gao et al. [47] showed that through the method of the proposed detection system,
the recognition rate was 92% for flawless welding and 90% for welding with defects, with an
overall recognition rate of 90.9%. This shows that the method can detect weld defects effectively.
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Figure 15. Schematic graph of eddy current testing system and weld inspection based on GMR sensor (adopted from
Ref. [47]).

6. Conclusion

The use of GMR material for sensor applications is increasing rapidly, as a result of its small
size, high signal level, high sensitivity, high-temperature stability, low power consumption,
low cost, and compatibility with CMOS electronics. Some sensor applications have been
developed using GMR material, e.g., magnetic sensors, read head sensors, biosensors, and
many others. In the future, the development of GMR-based sensors will increase continu-
ously, especially for health application, data storage, and daily needs.
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Abstract

To improve the performance of anisotropic magnetoresistance (AMR) sensor, a low-noise
driving circuit for the AMR sensor was developed and the magnetic field noise spectral
densities of 12 pT/root(Hz) at 1 kHz and 20 pT/root(Hz) at 100 Hz were achieved. The driv-
ing circuit could operate in amplifier mode or feedback mode. For the driving circuit with
feedback, the distortion of the system was reduced and the AMR sensor was suitable for
the applications in the environment without shielding. The Set/Reset method was used to
reduce the low frequency noise of the AMR sensor. Due to the low noise of AMR sensor,
the eddy current testing (ECT) system with the AMR sensor had the advantage of detecting
deep and small defects in metal structures. The dual frequency ECT system was developed
to reduce the influence of lift-off variance. Using the ECT system with the AMR sensor, we
successfully detected the small defects in the combustion chamber of liquid rocket.

Keywords: AMR (anisotropic magneto-resistance) sensor, NDE (nondestructive evaluation),
ECT (eddy current testing), driving circuit, defect, combustion chamber

1. Introduction

Eddy current testing (ECT) is an effective nondestructive evaluation (NDE) method to detect
defects in metal (or conductive) structures. For the ECT NDE method, alternating magnetic
field is produced when alternating current (AC) current flows in the excitation coil; so eddy
current is induced in the conductive sample and the defect in the sample changes the ampli-
tude and the distribution of the eddy current. By measuring the change of the eddy current,
the defect can be detected.

Many magnetic sensors have been used to construct ECT NDE systems, such as inductive coil
[1], hall sensor [2], giant magnetoresistive (GMR) sensor [3, 4], anisotropic magnetoresistance
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(AMR) sensor [5, 6], flux gate [7, 8] and superconducting quantum interference device (SQUID)
[9-11]. Compared with other sensors, SQUID has the lowest noise, but it needs liquid nitro-
gen or liquid helium for the cooling, which is not convenient for some industrial applications.
Stutzke et al. [12] measured the noise spectral densities in the frequency range from 0.1 Hz to
10 kHz on a variety of commercially available magnetic sensors of GMR sensors, AMR sensors
and tunnel magnetoresistance (TMR) sensors. The results show that AMR sensor had the lowest
magnetic field noise spectrum density with the order of 100 pT/root(Hz) in the frequency range
from 1 Hz to 1 kHz. And we also achieved much better performances by optimizing the driving
circuit of the AMR sensor [13], so we chose AMR sensor to construct our ECT NDE systems.

In this chapter, we will summarize our research on AMR sensor and its application on ECT
NDE. Firstly, we will give an introduction of AMR sensor; secondly, describe the optimiza-
tion of the AMR sensor: lowering the noise, feedback operation and reducing the temperature
effect using Set/Reset method; then, the application of AMR sensor to NDE for the defect
detection of the combustion chamber of liquid rocket; finally, the conclusion.

The AMR effect was first discovered in 1857 by Thomson [14]. Different from the ordinary
magneto-resistive effect in metals, the AMR effect appeared in ferromagnetic materials [15],
which was explained as the spin-orbit interaction. In this effect, the resistivity depended
on the orientation of magnetization with respect to the direction of the electric current. The
change of the longitudinal resistivity of the material magnetized parallel to the current direc-
tion was larger than that of the transverse resistivity of the material magnetized perpendicu-
lar to the current direction [15]. In the absence of the external magnetic field, the direction
of the magnetization was along the anisotropy axis (the so-called easy axis). To change the
direction of the magnetization, the applied magnetic field should be perpendicular to the
anisotropy axis, so the direction perpendicular to the anisotropy axis was called the sensitive
axis. The thin film of the NiFe alloy (permalloy) was most frequently used for preparing AMR
sensors. Figure 1 shows the typical magnetoresistive coefficient AR/R for a thin film permal-
loy magnetoresistor.

2.5 L) T T

AR/R (%)

-1 -0.5 0 0.5
Magnetic field (mT)

Figure 1. Typical magnetoresistive coefficient of an AMR thin film permalloy magnetoresistor.
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To obtain the linear characteristics of an AMR sensor, the current path should be 45° inclined
to the anisotropy axis [16], as shown in Figure 2.

The resistive Wheatstone bridge was often used to construct the AMR sensor, such as the
HMC1001 of Honeywell [17]. For the AMR sensor with Wheatstone bridge, it only required
a supply voltage to bias the sensor. Figure 3(a) shows the Wheatstone bridge element of an
AMR sensor. The sensitive directions of magnetoresistor 1 and 3 were opposite to the sensi-
tive directions of magnetoresistor 2 and 4. For some commercial AMR sensors, Offset straps
and Set/Reset straps were often integrated with the AMR sensor chips. Figure 3(b) shows it.

The Offset strap was a spiral of metallization that coupled to the sensor element’s sensitive
axis. Using the Offset strap, the unwanted signal could be compensated, such as the offset
voltage of the bridge and the DC magnetic field. Another advantage of the Offset strap was
that it could be used to construct the feedback circuit of the AMR sensor and the distortion of
output signal could be reduced.

When AMR sensor was exposed in a strong magnetic field (>4-20 Gauss), which could demag-
netize the AMR sensor [18], the AMR effect was reduced and the sensitivity of the AMR sen-
sor could be significantly reduced. To recover the sensitivity of the AMR sensor, the Set/Reset

AA NN
A

I Sensitive uxis
Fasy axis

Figure 2. AMR sensor with the inclination of the current path by the angel 45° to the easy axis.

Set/Reset

Vb
Out-
1 . 2 B

Vb GND Out+ Out-

Offset

(a) (b)

Figure 3. (a) Magnetoresistive Wheatstone bridge elements of AMR sensor. (b) The construction of AMR sensor with
Offset strap and Set/Reset strap.
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strap was used, which was another spiral of metallization that coupled to the sensor element’s
easy axis (perpendicular to the sensitive axis on the sensor die). When a high current pulse was
applied to the Set/Reset strap, the magnetization of the AMR sensor was recovered and the AMR
sensor was Set/Reset to high sensitivity. The sensitive direction was reversed when the reset cur-
rent direction was opposite. Using the Set/Reset strap, we developed a reversal bias method to
reduce the influence of temperature drift to the AMR sensor, which will be described in Section 2.

Table 1 shows the typical performance data of the HMC1001 AMR sensor of Honeywell. To
understand the properties of the sensor, we give some explanations about the specifications
of the AMR sensor. The sensitivity (S) of a magnetic sensor means the output voltage of the
sensor when one Gauss magnetic field is applied. The typical sensitivity of the AMR sensor
HMC1001 is 3.2 mV/V/Gauss. For the AMR sensor, the sensitivity has relation with the bias
voltage. If the bias voltage is 5 V, the sensitivity is 3.2 x 5 = 16 mV/Gauss; if the bias voltage is
10V, the sensitivity is 3.2 x 10 = 32 mV/Gauss.

For an AMR sensor with driving circuit, the signal is amplified (amplifier mode) or changed
(feedback mode). We use field/voltage transfer coefficient (AB/AV) to express it, which means
the corresponding magnetic field for 1 V output signal. For a sensor works in amplifier mode,
if the total gain of the amplifier is G, we have AB/AV = G/S.

Using spectrum analyzer, we can measure the output voltage noise spectral density V| of the
sensor. Then we can get the magnetic field noise spectral density B =V *(AB/AV).

Bridge supply voltage (V) 5
Resistance (Q) 600-1200
Sensitivity (mV/V/Gauss) 32

Field range (Gauss) -2~2
Operating temperature (°C) =55 to 150
Linearity error at +1 Gauss (%FS) 0.1
Linearity error at +2 Gauss (%FS) 1
Equivalent input voltage noise density at 1 Hz (nv/¥Hz) 29
Bridge offset (mv) -60 to 30
Magnetic field noise by 10 Hz bandwidth (uGauss) 27
Set/Reset Current (A) 2~5
Offset temperature drift without Set/Reset (%/°C) +0.03
Offset temperature drift with Set/Reset (%/°C) +0.001
Offset constant (mA/Gauss) 51
Bandwidth (MHz) 5

"27 is the root mean square (RMS) value.

Table 1. The specifications of the AMR sensor HMC1001 [17].
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V_ has relation to the gain of the driving circuit, but B_has no relation to the gain of the driv-
ing circuit. B_is more commonly used to express the characteristics of a magnetic sensor. If the
signal bandwidth is Af, then the magnetic resolution is B_*(Af)"”. If Af is 1 Hz, the magnetic
field resolution is equal to B_, so sometimes, we also call B_ the magnetic field resolution.

Due to its small size, low cost and high sensitivity, anisotropic magnetoresistance (AMR)
sensor has been used for many applications, such as navigation, nondestructive evaluation
(NDE) and vehicle detection. To improve the performance of the AMR sensor, we optimized
the driving circuit of the AMR sensor. Lower noise was obtained. The distortion was reduced
using feedback method, and the influence of temperature fluctuation was reduced using Set/
Reset method.

2. Optimization of the AMR sensor: low noise, feedback and Set/Reset

We developed a low noise driving circuit for the AMR sensor. Figure 4 shows the block dia-
gram of the circuit. The driving circuit could operate in amplifier mode or feedback mode
[13]. We used a voltage source to bias the AMR sensor. The output of the Wheatstone bridge
of the AMR sensor was sent to a differential preamplifier made by low noise operational
amplifier of LT1028. The total gain of the preamplifier and the amplifier was 500. The switch
SW1 was used to change the operation mode. If SW1 was turned to OFF, it was in amplifier
mode, and the output of the amplifier V. measured the magnetic field. If SW1 was turned to
ON, the circuit was in feedback mode. For the feedback mode, an integrator and a feedback
resistance R, were used. Through the feedback resistance R, the feedback current was sent to
the Offset strap of HMC1001, the signal of V_  measured the magnetic field.

SW2  10kQ
i HMC1001 = AAA—— 10V
i ! iSet/Reset |
IOI.IFI
| Va.mp C
V L]
00Q

Figure 4. Block diagram of the driving circuit for AMR sensor.
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The response bandwidth of the driving circuit was determined by the feedback resistance R,
the resistance R and the capacitor C of the integrator. When R, of 500 , R of 2 kQ and C of
220 pF were used, the response bandwidth was about 300 kHz. The offset magnetic field was
adjusted by the DC voltage of V. When the driving circuit of AMR sensor operated in feed-
back mode, the operation point was locked to a fixed point, thus, the distortion of the output
signal was reduced.

To restore the high sensitivity of the AMR sensor, a simple Set/Reset method was used in our
circuit. When the switch SW2 was OFF, the capacitor of 10 uF was charged to 10 V through
the resistance of 10 kQ. When switch SW2 was momentarily closed, a Set pulse with current
amplitude of about 4 A was produced to restore the AMR sensor.

The sensitivity of the AMR sensor was proportional to the bias voltage. From the data sheet
of HMC1001, the typical bias voltage was 5V and the maximum bias voltage was about 12
V. Our experiments proved that the bias voltage could be increased to 24 V and the AMR sen-
sor still was not damaged. There were three contributions to the total noise of the AMR sen-
sor: the noise produced by the driving circuit; the thermal noise of the resistance of the bridge;
and the intrinsic magnetic noise of the AMR sensor itself. Figure 5 shows the equivalent input
voltage noise spectral density for different bias voltages from 4 to 24 V. The noise spectral
density was measured when the driving circuit was at amplifier mode. For higher frequency
(above 1 kHz), the thermal noise of the bridge had a big contribution to the total noise. The
white noise increased a little bit for higher bias voltage. The reason was that the temperature

~

Iz

B

o

= 1004 \ 22

R ]

= 18

wy

o ]

©

©

8 8\

Q

2 104 .

a ]

2]

(@] ;
= 1 10 100 1000 1000
=

Frequency(Hz)

Figure 5. The equivalent input voltage noise spectral density for the bias voltage from 4 to 24 V.
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of the sensor chip was increased with higher bias voltage. For lower frequency, the noise of
the AMR sensor was mainly determined by the intrinsic magnetic noise of the AMR sensor,
which might be caused by the random movement of the magnetic domain in the sensor film.

When the driving circuit was in feedback mode, to calibrate the AMR sensor’s output, a 10
turn circular coil with a diameter of 50 cm was used to produce a magnetic field when an AC
current of 230 Hz was applied to the coil. A Gauss meter and the AMR sensor were put in
the center of the coil to measure the magnetic field. After calibration, the transfer coefficient
of the magnetic field and the output voltage of the AMR sensor (AB/AV) was about 0.039
Gauss/V. Now, we made a simple estimation of the transfer coefficient. Since the feedback
resistance was 500 (), the feedback current for 1 V output was 1000/500=2 mA/1V. Considering
the offset constant (Table 1) was about 51 mA/Gauss, we could calculate the transfer coeffi-
cient 2/51 = 0.0392 Gauss/V, which was very close to the measured value of 0.039 Gauss/V.
Figure 6 shows the magnetic field noise spectral density of the AMR sensor for different bias
voltages. The measurement was done in a magnetic shielding room. The low frequency mag-
netic field noise spectral densities were almost same for all bias voltages. The reason was that
the intrinsic magnetic noise of the AMR sensor determined the total noise. At high frequency,
the AMR sensor had lower magnetic noise spectral density when bigger bias voltage was
used. When the AMR sensor had the bias voltage of 24 V, the magnetic field noise spectral
densities were about 12 pT/root(Hz) at 1 kHz and 20 pT/root(Hz) at 100 Hz. These values
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Figure 6. The magnetic field resolution of AMR sensor.
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were obtained when the driving circuit was at feedback mode. We could estimate it using
the sensitivity and the equivalent input noise spectral density of the AMR sensor. When the
bias voltage was 24 V, the sensitivity of the AMR sensor was about 3.2 x 24 = 76.8 mV/Gauss
=0.768 nV/pT. From Figure 5, the equivalent input voltage noise spectral density was about
7 nV/root(Hz) at 1 kHz; then we could estimate the magnetic field noise spectrum was about
7/0.768 =9 pT/\/HZ, which was close to the measured value of 12 pT/\/Hz.

When AMR sensor was biased by a voltage, the power produced by the AMR sensor made
the temperature of the AMR sensor higher than environmental temperature. When a sample
was close to the AMR sensor, it caused a small thermal disturbance and the AMR sensor had
a signal output. We observed this phenomenon [19] and developed a method to reduce the
influence of this heat transfer effect [20].

Figure 7 shows the setup of the experiment. A small platinum resistance of FK222-1000-A
with the size of 2.3 x 2.1 x 0.8 mm?® was used as the temperature sensor and it was tightly glued
to one side of the AMR sensor. Due to its small size, it had small influence to the temperature
of the AMR sensor. The resistance of the Pt resistor was 1000 Q at 0°C, the temperature coeffi-
cient was about 3850 ppm/K, and the temperature resolution was about 0.15°C. A DC current
of 0.1 mA was used to bias the Pt resistor, and the voltage across the Pt resistor was amplified
by an amplifier with the gain of 40 dB. The sample was fixed on the X-Y stage for the scanning.
A computer was used to control the movement of the X-Y stage and to make the data acquisi-
tion and the data procession.

Figure 8 shows the temperature of the AMR sensor with different bias voltages from 0 to
33.4 V (a correction to [19], the bias voltage in [19] should be 2 times). For higher bias volt-
age, the thermal power of the AMR sensor was also bigger, so the temperature of the AMR
sensor increased with the bias voltage. The temperature was 22.5°C in our laboratory. When

Driving circuit

B
40]
8 PC
AMR sensor R <Dt
Thermal sensor I
Sample t 1 |awvP , L
X-Y stage “

Figure 7. The experimental setup of simultaneously monitoring the temperature and the signal output of the AMR
Sensor.
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Figure 8. Temperature of the AMR sensor versus the bias voltage.

there was no sample, the temperature of the AMR sensor was about 42°C for the bias voltage
of 24 V; when a 15 x 15 x 1 mm? copper plate was put under the AMR sensor with the lift-off
distance of 0.2 mm, the temperature of the AMR sensor decreased to about 39.5°C.

For the AMR sensor of HMC1001, the temperature fluctuation causes the changes of the
sensitivity, the resistance and the bridge offset, so the output signal of the AMR sensor also
changes with the temperature of the AMR sensor. To measure the temperature fluctuation
and the signal output of the AMR sensor correctly, we put a small copper plate with the size of
about 15 x 15 x 1 mm? on the X-Y stage for the scanning. The lift-off distance between the AMR
sensor and the copper plate was about 0.2 mm. The bias voltage of the AMR sensor was 24
V. The curves of (a) and (b) in Figure 9 show the output signal and the temperature change of
the AMR sensor when the copper plate was moved close to the AMR sensor. The two curves
were very consistent, which proved that the output signal change of the AMR sensor was
caused by the temperature fluctuation.

To reduce the influence of temperature drift and the heat transfer effect of AMR sensor, we
developed a driving circuit for the AMR sensor with the Set/Reset method. Figure 10 shows
the block diagram. Figure 11 shows the waveforms of the testing points in Figure 10. In our
AMR sensor system, a square wave generator was used to produce a square wave with the
frequency of about 20 kHz, which was the waveform 1 shown in Figure 11. After a power
amplifier, a capacitor of 0.2 uF was used to produce the pulse to Set/Reset the AMR sensor.
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Figure 9. (a) Signal output of AMR sensor when a copper plate was close to the sensor. (b) Temperature change of the
AMR sensor when the copper plate was close to the sensor.
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Figure 10. Block diagram of the AMR driving circuit with set/reset.

The pulse width was about 2 ps, which was the waveform 2 in Figure 11. The waveform 3 in
Figure 11 shows the output signal of the AMR bridge after a preamplifier with the gain of 40
dB. A multiplier was used to do the demodulation of the signal. After demodulation, a low-
pass filter (LPF) with the cut-off frequency of 2 kHz was used and the waveform after the LPF
was shown by waveform 4 in Figure 11.
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Figure 11. Waveforms of test point 1, 2, 3, and 4 in Figure 10.

We measured the output voltage signals for the AMR sensor with and without the Set/Reset
method. The measurements were done in a magnetic shielded box. The measurement time
was about 5 min with the measuring bandwidth from DC to 5 Hz. Figure 12 shows the output
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Figure 12. Output signal for the AMR sensor with Set/Reset and without Set/Reset.
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signals. The total gains of the driving circuits for two methods were same. We observed that the
output of the AMR sensor with the Set/Reset method was almost flat and the noise was smaller;
however, the output without the Set/Reset method was not flat and the noise was bigger. The
Set/Reset method was effective to reduce the influence of the variation of the temperature.
Considering the total voltage/field transfer coefficient was about 6 mV/nT, the magnetic field
resolution of the AMR sensor with the Set/Reset method was about 0.5 nT for the bandwidth
from DC to 5 Hz.

3. Application to NDE

For the liquid rocket using liquid oxygen and liquid hydrogen, such as the H1-A rocket of Japan,
the combustion chamber was made of Cu-Cr-Zr copper alloy (Figure 13). It was the ultra high
temperature gas of about 3000 K inside of the combustion chamber. For cooling it, rectangular
coolant passages were made in the wall of the cooper alloy and liquid hydrogen flew in them.
With the very thin wall of 1 mm between the high temperature gas and the cooling liquid hydro-
gen, a big thermal gradient and an excessive thermal strain were generated in the inner wall
of the combustion chamber. Due to the repeat of the oxidation/reduction, or the melting of the
surface, some small cracks were generated. Now there was no effective method to detect the tiny
defect in such complex structure. We were planning to detect the small defect in the copper alloy
wall of combustion chamber using eddy current testing (ECT) with highly sensitive magnetic
Sensors.

We developed an ECT system using the AMR sensor and we successfully detected the artifi-
cial defects in plate-type samples [21, 22] and chamber-type samples [23], in which grooves
and artificial defects were made to simulate the wall of the combustion chamber of a liquid
fuel rocket. All experiments were done in an environment without shielding. Figure 14 shows
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Figure 13. Combustion chamber of liquid rocket.
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Figure 14. Magnetic field noise spectrum in our laboratory measured by AMR sensor.

the magnetic field noise spectrum measured in our laboratory using the AMR sensor. The
peaks were 50 Hz interference and its harmonics.

First, we used an aluminium plate to simulate the complex structure of the inner wall of the
liquid rocket combustion chamber. Figure 15 shows the specimen. It was an aluminium plate
with the size of 100 x 110 mm? and the thickness was 4 mm. Many parallel periodic ditches
were made on one side of the aluminium plate. The depths of the ditches were 3 mm. The
width of the ditches was 1 mm. Nine notches with different depths and lengths were made
under the bottom of the ditches to simulate the defects of the combustion chamber.

Figure 16 shows the setup of the ECT system using the AMR sensor. The coil was used to
produce the excitation field, and eddy current was induced in the specimen. The magnetic
field produced by the eddy current was measured by the AMR sensor. The output signal of
the AMR sensor was sent to a lock-in amplifier to get the amplitude signal or phase signal.
The lock-in amplifier was also used to produce the sine signal sent to the excitation coil. In this
AMR ECT system, the specimen was fixed on an X-Y stage. The movement of the X-Y stage
was controlled by a computer. The movement resolution of the X-Y stage was about 50 pm,
but the step of our measurement was set to 1 mm.

The excitation frequency was chosen according to the wall thickness between the scanning
surface and the bottom of the notch. For the aluminium specimen, it was 1 mm, so 8 kHz was
used, which had the penetration depth of about 1 mm. The current amplitude flow in the
excitation coil was about 1 mA. The aluminium plate was fixed on the X-Y stage. The scan-
ning was done over the backside of aluminium plate, where the ditches could not be seen. The
scanning direction was perpendicular to the direction of crack.
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<)

Figure 15. The aluminium specimen to simulate the combustion chamber and the defects. The depth and length of the
notch defect under the bottom of some grooves: ®: depth of 0.25 mm. @: depth of 0.5 mm. @: depth of 0.75 mm. A: length
of 2 mm. B: length of 5 mm. C: length of 10 mm.
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Figure 16. (a) The block diagram of the experimental setup of ECT using AMR sensor. (b) The circular excitation coil. (c)
The double-D excitation coil.



AMR Sensor and its Application on Nondestructive Evaluation
http://dx.doi.org/10.5772/intechopen.70334

Circular coil or differential coil, shown in Figure 16(b) and (c), could be used as the excita-
tion coil. When circular coil was used, the circular coil was 3 mm with 20 turns wound by
0.1 mm copper wire. The coil was attached to the bottom of the AMR sensor and the position
of the coil was adjusted to make the output of the AMR biggest. When using circular coil, the
strong background field was detected by the AMR sensor. When differential coil was used to
produce the excitation field, the differential coil was 3 mm with 20 turns, which was attached
to the bottom of the AMR sensor to produce the excitation field. When using differential coil,
the background excitation field could be cancelled well. The position of the coil was adjusted
to make sure that the AMR sensor had a smallest response to the excitation field. The other
experimental conditions were same as that when using circular excitation coil.

Figure 17(a) shows the notch signals for one scanning using the circular coil, and Figure 17(b)
shows the notch signals for one scanning using the differential coil. The signal-to-noise ratio
was good for the cracks. Figure 18 shows the 3D graph of the scanning results using the
circular and Figure 19 shows the 3D graph of the scanning results using the differential coil.
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Figure 17. (a) The notch signal for one scanning when using circular excitation coil. (b) The notch signal for one scanning
when using differential excitation coil.
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Figure 18. 3D graph of the results when using circular excitation coil.
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We also prepared a chamber-type specimen made of copper alloy [23]. Grooves were fabri-
cated to simulate the cooling grooves of the combustion chamber; and artificial notches were
made under the bottoms of some grooves to simulate crack defects in the combustion cham-
ber (Figure 20). The widths of the notches were about 0.3 mm. Notches with different lengths
and depths were made. The lengths of the notches were 2, 5 and 10 mm, respectively; the
remaining thickness of the wall at the positions of the notches was 0 mm (through), 0.2, 0.4
and 0.6 mm, respectively.

For chamber-type specimen, the lift-off variance during scanning might have a big influence
to the output signals. Dual-frequency ECT [11, 23] was an effective method to reduce the influ-
ence of lift-off variance. Figure 21 shows the schematic block diagram of the dual frequency
ECT system with AMR sensor. The excitation coil was used to produce the AC magnetic field.
Eddy currents were induced in the conductive specimen, and the AMR sensor was used to
detect the magnetic field produced by the eddy currents. The sensing direction of the AMR
sensor was along Z direction, which was perpendicular to the surface of the specimen. Two
lock-in amplifiers and two frequencies were used in this ECT system. The amplitude output
signal V,, and V,, of the two lock-in amplifiers were used and sent to a computer through an
analog-to-digital (AD) board. Digital subtraction of V, and V,, was done by the computer. The
phase signals of the lock-in amplifiers were not used in our experiments.

The penetration depth of the applied AC magnetic fields could be estimated by the for-
mula § = (nfuo)™? where 6 was the penetration depth, f was the frequency, y was the
magnetic permeability of the material and o was the electrical conductivity of the material.
For high frequency f2, the penetration depth was small, so mainly the surface roughness
and variance of lift off were detected. For low frequency f1, the penetration depth was big;
both the inside and surface properties of the material could be detected. If we subtracted
the amplitude outputs (V1 and V2) of two lock-in amplifiers and choose a proper subtrac-
tion factor, it was possible to cancel the signals produced by the variance of liftoff during
scanning.

Copper alloy

Inner wall

(3000K)

Figure 20. Chamber-type specimen to simulate the combustion chamber of liquid rocket.
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Figure 21. Dual frequency ECT system with AMR sensor.

The excitation coil was a 20 turn circular coil with an outer diameter of about 3 mm.
The AMR sensor was located at the center of the excitation coil. The low frequency was
2 kHz and the high frequency was 20 kHz. The conductivity of the copper alloy was about
5 x 107 S/m. According to the wall thickness of the chamber (1 mm), 2 kHz was used as
the low excitation frequency. The corresponding penetration depth was about 1.5 mm.
The high excitation frequency was 20 kHz and the corresponding penetration depth was
about 0.5 mm. The amplitude of the AC current flow in the excitation coil was about 10
mA. Scanning was realized by rotating the chamber with a motor. The rotating speed of
the chamber was about 4 degree/s. The lift off between the surface of the specimen and the
excitation coil was about 0.5 mm, and the variance of the lift off was about 0.2 mm during
scanning.

Amplitude signals of the two lock-in amplifiers were used. Figure 22 shows the scanning
results for the notches with the remaining thicknesses of 0 mm (through) and 0.2 mm. Notches
with the remaining thickness of 0 mm were detected by the low excitation frequency (2 kHz)
and the high excitation frequency (20 kHz). For the notches with the remaining thickness of
0.2 mm, the signals became smaller for the high excitation frequency. During the scanning,
the variance of the liftoff was about 0.2 mm, which causes the non-flatness of the lock-in
amplifier output signalsof V, ,, andV, .. .V, .. -kV_ . was the subtraction result and k was
a constant. For our experiments, when k = 0.46 was used, liftoff-related noise was compen-
sated well. This proved that the dual frequency method was effective to reduce the influence
of the variance of lift off.
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Figure 22. Scanning results for notches with the remaining wall thicknesses of 0 mm (through) and 0.2 mm.

Figure 23 shows the scanning results for the notches with the remaining wall thicknesses of
0.4 and 0.6 mm. For the low excitation frequency of 2 kHz, the defect signals could be obvi-
ously observed. For the high excitation frequency of 20 kHz, due to its small penetration
depth, the notch signals were very small. Both the output signals of V,,,, and V, were
not flat, which was caused by the variance of the lift off during scanning. The subtraction

result of V,, . -kV, ... became flat, here k = 0.46 was also used. This also proved that the dual
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Figure 23. Scanning results for the notches with the remaining wall thicknesses of 0.4 and 0.6 mm.
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frequency method was effective to reduce the influence of the variance of lift off. The small
periodic signals were the signals produced by the grooves.

4. Conclusion

We improved the driving circuit of the AMR sensor. Using the commercial AMR sensor of
HMC10001, lower magnetic field noise spectral densities of 12 pT/root(Hz) at 1 kHz and
20 pT/root(Hz) at 100 Hz were achieved. When the driving circuit operated at feedback
mode, the distortion of the output was reduced. Using the Set/Reset method, the low fre-
quency noise and the DC level drift caused by temperature effect were reduced. Using the
optimized system of AMR sensor, we developed a high sensitive ECT NDE system and the
small defects in the combustion chamber of liquid rocket were successfully detected.
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