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Abstract

Significant advances in the growth, measurement, and characterization methods in the field of
nanoengineering have made Co-based magnetic hybrid (ferromagnetic and non-magnetic) nanostructures

increasingly important for the development of giant magnetoresistance (GMR) sensors and high magnetic-

moment biocompatible nanoparticles for use in the future magnetic technology. This thesis presents the growth,

measurement, and characterization of magnetic hybrid nanostructures (multilayers, alloys, and nanoparticles)
that exhibit interesting magnetoresistance (MR) and magnetic properties, which are significant in the

development of state-of-the-art magnetic technology for use in the electronics and biomedical sectors.

Firstly, Co/Au multilayers have been grown on glass substrates using e-beam evaporation, and then Co/Ag
and Co/Cu multilayers have been grown on polyimide substrates using pulsed-current deposition. All of these
multilayers exhibited the GMR effect at room temperature. The maximum MR for Co/Au, Co/Ag, and Co/Cu
multilayers was 2.1 %, 9.1 %, and 4.1 %, respectively. The e-beam evaporated multilayers exhibited strong
magnetic anisotropy when the films were deposited at the angle of 45°. The electrodeposited multilayers
exhibited strong magnetic anisotropy when strain was introduced externally. In both the cases, the GMR is
strongly influenced by the ferromagnetic and nonmagnetic layer thicknesses and interfacial states between

layers.

Secondly, novel nanocomposites Co nanoparticles embedded in Au matrix have been developed using
pulsed-current deposition on polyimide substrates. They exhibited interesting MR, grain size, and saturation
magnetization characteristics. The maximum room temperature GMR found was 4.6 %. X-ray diffraction,
magnetization, and low temperature measurements suggest that a smaller grain size formed during higher

current density correlates with the larger MR values for these nanocomposites.

Thirdly, high-magnetic-moment biocompatible FeCo nanostructures have been developed using pulsed-
current deposition. The nanostructures exhibited saturation magnetization of up to 240 emu/g, which is much
larger than the saturation magnetization of either Co or Fe.

The less expensive and highly sensitive GMR sensors if coated with specific probes, and if the target
biomolecules are labelled with high-moment biocompatible nanoparticles presented in this thesis, the GMR
sensors have potential for use in improving the early detection and treatment of chronic diseases (e.g., prostate

and lung cancer) using biomagnetic technology.
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Chapter 1: Introduction

Artificially synthesized ferromagnetic hybrid nanostructures such as, multilayers, alloys, and nanoparticles
are central to modern research projects due to the interesting electronic, magnetic, and spin related properties
that these nanostructures demonstrate, have opened up numerous applications in electronics, automotive, and
biomedical industries [1], [2]. Besides these areas, the application of electrochemical and oblique incidence
vacuum evaporation principles used in the production of these nanoengineering materials is undergoing
paradigm shift. Combining ferromagnetic, nonmagnetic, and organic materials into new nanoelectronic
materials is a dynamic area of research. The objective of this thesis is to develop Co-based hybrid
nanostructures, such as, magnetic multilayers [3]-[6], granular alloys [7], and biocompatible nanoparticles [8],
[2], [9] with, the promise to yield innovative device materials with increased functionality, that will impact

future magnetronic and biomedical technologies.

Magnetic multilayers based on 3-d transition metal Co and group 1B nonmagnetic metals Cu, Ag, and Au
grown at the nanometer scale have great potential to become technologies not only in spintronics (e.g., magnetic
random access memory, field detectors, quantum information devices, reconfigurable logic devices, etc.) [10],
automation controls (e.g., wheel speed sensors, speed and position sensors, steering wheel sensors, etc.) [11],
but also in biomedical sectors (e.g., surface plasmon resonance biosensors, magnetoresistance sensors for real
time detection of cancer biomarkers) [8], [2], [9], [12], [13]. This is mainly because these magnetic multilayers
exhibit the giant magnetoresistance (GMR) effect, a large decrease in electrical resistance due to a small applied
magnetic field, and a possibility of inducing strong magnetic anisotropy, a dependence of the internal energy on
the orientation of magnetic moments, leading towards the development of highly sensitive GMR sensors. Due
to the quantum mechanical effect that occurs in these nanostructures and the sensitivity to small magnetic field
as compared to the anisotropic magnetoresistance (AMR) effect, a decrease or increase in electrical resistance
depending on the direction of the applied field and the current, reported so far [14], [15], they enable GMR
sensors to be extremely small size. Both the high sensitivity and the miniaturized size of the GMR sensors will
be necessary requirements for the next-generation magnetronic industry, which demands GMR sensors with the

room temperature MR of 10 % or above [12], which is over four times larger than the AMR effect [14].



While the GMR and magnetic properties exhibited by nanomagnetic multilayers continue to attract great
attention in terms of fundamental research and technological applications [16], [17], these multilayers seldom
exhibit any magnetic anisotropy. Although several reviews on inducing magnetic anisotropy in ferromagnetic
multilayers via external means, such as the application of magnetic field [18] and magnetic annealing [19], are
available in the literature [20], [21], only a few have addressed magnetic anisotropy using strain [22]. The
questions of how and to what extent strain has an effect on the physical properties of these multilayers have yet
to be answered.

In addition, GMR and magnetic anisotropy properties of the magnetic multilayers have been strongly
influenced by the ferromagnetic and nonmagnetic layer thicknesses and the interfacial states between the layers
[23], [24]. The quality of the interfacial states between the ferromagnetic and the nonmagnetic layers affecting
magnetoresistance (MR) and magnetic anisotropy is dependent upon the types of growth methods employed
[25]. The primary physical methods involved in the growth of these multilayers are normal evaporation [26],
[27] and oblique incidence evaporation [28], both at high vacuum, whereas chemical methods involve
potentiostatic and galvanostatic deposition in aqueous electrolytes [29], [30]. However, it is still uncertain as to
what extent the growth methods has an effect on the physical characteristics of these multilayers. In this thesis,
magnetic multilayers and alloys have been produced both using pulsed-current deposition and e-beam
evaporation growth methods, and their effect on the GMR and magnetic anisotropy properties have been

investigated.

Co bhased magnetic alloys prepared via pulsed-current deposition in aqueous electrolytes have been found to
possess very interesting microstructure, magnetization, and MR effects [31]. Several researchers [31], [32] have
reported room temperature MR of 0.5 % for the as-deposited Co-Au alloys and of up to 1.5 % when annealed at
573 K. Previous studies [33] have shown GMR values of up to 4.0 % for the as-deposited Co-Au alloys
prepared using pulsed-current deposition in a cyanide solution and demonstrated how closely GMR and
saturation magnetization are correlated with the film thickness and composition [34]. However, it is not yet
fully clear to what extent deposition current density, annealing, and layer thickness have an effect on the grain
size and on the electrical and magnetic properties of Co-Au alloys. Therefore, the study in this thesis describes
the effect of current density and annealing on the composition and particle size of Co in the Au matrix for the
Co-Au alloy prepared using pulsed-current deposition. A relationship between the MR ratio, saturation
magnetization, and Co grain sizes in the alloys has also been investigated. Both deposition current density and
annealing have been found to have appreciable effects on the GMR, saturation magnetization, and grain size of
Co in the Au matrix. A low temperature measurement suggested that the larger MR ratio in the Co-Au

nanocomposites correlates with the smaller Co grain size [34], [7].

Ferromagnetic nanoparticles such as FeCo possess many interesting magnetic properties. One such property
consists of engineering the saturation magnetization by manipulating layer thickness, composition, and lattice
spacing [35], [36]. The same cannot be achieved for 3-d transition metals Fe and Co and their bulk alloys [37].

So far, maximum reported saturation magnetization in FeCo is 212 emu/g [38], and 205 emu/g [39] at room



temperature. This limits its use in magnetic biosensing. In addition, the questions as to how and in what way the
internal states of these nanostructures have an effect on the saturation magnetization has not yet been fully
understood. In this thesis, the saturation magnetic moment of the FeCo nanostructure is studied as the stacking
number is changed. By adjusting the width and the interval time of the pulsed-current wave, FeCo
nanostructures have been produced by alternately stacking Fe and FeCo in various ratios. The FeCo
nanostructures produced at the atomic scale exhibited saturation magnetization values of up to 240 emu/g at
room temperature, which is much larger than the magnetization values of either Fe or Co reported so far [38],
[39]. The magnitude of the saturation magnetization is found to be strongly dependent on the microstructure
[40], [41].

A specially designed oblique incidence arrangement has been used in this thesis to grow buffer layers and
multilayers on polyimide and glass substrates at various angles of evaporation to induce magnetic anisotropy by
preferential growth of crystalline Co. The oblique incidence e-beam evaporation method is very efficient
because the materials are directly heated by electron bombardment and the evaporation rate can be easily

controlled via electron beam intensity.

Pulsed-current deposition is another preferred method used in this thesis, in which magnetic multilayers,
alloys, and nanoparticles have been grown from a single electrolyte [42]-[46]. This method has many merits
over high vacuum and elevated temperature deposition methods. For example, pulsed-current deposition is a
room temperature technology, which offers precision in growth on an atomic scale. The pulsed-current plating
set-up is simple. It is also a cost effective deposition method as compared to high vacuum vapor deposition
methods. The electrical and magnetic properties can be easily manipulated by controlling the film composition
(pulse amplitude) and thicknesses (pulse widths) on the atomic scale. In addition, it does not require extensive

training to develop nanostructured films [47].

The materials produced in this thesis will enable researchers to develop these GMR sensors in an array chip
to detect stray magnetic fields induced by high-magnetic moment nanoparticles that can be attached to human
cells to detect early symptoms of chronic diseases. These results lay out the basis for developing magnetronic
and biomagnetic technology to be used in improving the early detection and treatment of various chronic

diseases.

The introduction section starts with a discussion of the films (Section 1.1) and temperature dependence of
their resistivity (Section 1.2) and various MR effects (Section 1.3). It reports on various types of MR
characteristics and discusses and lists experimental surveys of the GMR effect in magnetic multilayers with
current-in-the-plane (CIP) and current-perpendicular-to-the-plane (CPP) geometries (Section 1.4). In addition, it
reports MR characteristics and experimental surveys of the GMR effect in magnetic granular alloys (Section

1.5). Section 1.6 discusses the induced magnetic anisotropy in magnetic multilayers related to this thesis.

While ferromagnetic 3-d transition metals exhibit the AMR effect and large magnetic anisotropies
(crystalline and shape) depending on which crystalline axis the magnetic field is applied to, the magnitude is

small [14]. On the other hand, ferromagnetic multilayers and alloys exhibit the GMR effect, which is much



larger than the effect exhibited by 3-d transition metals and their alloys, but they do not exhibit large magnetic
anisotropies. Although the discussion of the MR effect in 3-d transition metals, multilayers, and alloys points to
the qualities that make these nanostructures very attractive for industrial applications, it also reveals the
shortcomings of the physical properties, such as the lack of strong magnetic anisotropy, low sensitivity, and
small saturation magnetization in these structures. These are the issues that motivated me to conduct research
presented in this thesis.

This thesis follows the manuscript-based thesis guidelines and Chapters 2 through 6 consist of manuscripts
that are published or accepted for publication. The repetition of contents from chapter to chapter has been
avoided. Chapters 2 through 4 of this thesis present results on Co/Au, Co/Ag, and Co/Cu multilayers. Chapter 5
presents results on Co-Au hanocomposites, and Chapter 6 presents results and discussions on high-moment
FeCo nanostructures. The theory of electron transport in metals, magnetic multilayers, and alloys, starting with
the electrical conductivity in 3-d transition metals, has been addressed in Sections 1.7.1 through 1.7.4.
Similarly, the theory on magnetic anisotropy in ferromagnetic nanostructures has been discussed in Section
1.7.5. Section 1.8 briefly discusses various film preparation methods and approaches taken to characterize
magnetic nanostructures. The remainder of Chapter 1 discusses scope of the current research and organization
of the thesis. Chapter 7 presents conclusions, focusing mainly on the contributions resulting from this research,
and highlights practical implications of this research, describes some of the limitations, and suggests for future

work regarding the use of ferromagnetic hybrid nanostructures in spintronic and magnetic technologies.

1.1 Films

In spin-electronics, typically the term “film” refers to thin films [48]. Magnetic multilayers and alloys are
also termed as films. Figure 1-1 shows a range of films based on thicknesses. Films that have thicknesses of up
to 10 nm are called ultra-thin films, that have thicknesses in the range of 10 nm to 1 pm are called thin films,
films that have thicknesses greater than 1 pm, and up to few tens micrometers are termed as thick films. Due to
the quantum nature of ultra-thin films, they exhibit unique properties that cannot otherwise be observed in thick

films.

A range of film thicknesses

100pm Inm 10nm 100nm 1um 10 um 100 pm

\ )\ e >
| |

Ultra-thin Films Thin Films Thick Films

Figure 1-1 Classification of thin films based on their dimensions.



Ultra-thin films have been increasingly popular for industrial applications in material science and
engineering due to the presence of interesting characteristics that they demonstrate. The physical properties of

ultra-thin films are highly sensitive to microscopic phenomena.

With the current state-of-the-art technology, ultra-thin films can be grown with much more accuracy and
surface flatness. With the advancement of fabrication technology, any number of atomic or molecular layers in a
stack can be controlled to tailor new physical properties. In addition, new techniques can be applied to introduce

impurities and alloying. The major applications of ultra-thin films are in microelectronic devices, etc., [49].

In the following sections, 1.1.1 through 1.1.4, some of the physical characteristics exhibited by ultra-thin

films, relevant to this thesis, are briefly discussed.

1.1.1 Microstructural Characteristics

The microstructural characteristics of ultra-thin films are governed by variety of sources. One of them is
deposition method. The size of the deposited grains varies from several nanometers to several micrometers
depending on how films are grown. Others include current density, substrate temperature, crystal structure of
the substrate surface, and annealing. For example, the sizes of the grains of electrodeposited films are found to
be smaller when deposited at higher current densities [7]. Similarly, grain sizes of the vacuum deposited films
are found to depend on the substrate temperature at which they are grown [1]. Irrespective of growth methods,
the crystalline states of the deposited films are found to be strongly influenced by the crystal structure of the
substrate surface on which they are grown. In addition, a post-deposition annealing treatment at higher
temperature modifies the grain sizes. The overall characteristics of these particles are governed by nucleation

and diffusion of atoms on the surface during deposition.

1.1.2 Electrical Characteristics

The electrical characteristics of ultra-thin films depend on the lattice defects and scattering of the conduction
electrons at the interface between the layers in multilayers and the grain boundaries in the granular alloys.
Hence, the electrical resistance of such films is higher than the electrical resistance of the thick films. In
addition, when the mean free path of the electrons become smaller than the ferromagnetic layer thickness in the
multilayer or than the diameter of the ferromagnetic grains in the alloys or nanoparticles, the probability of
electron scattering at the interface increases, resulting in significantly higher electrical resistance of the films.
The mechanism of electron scattering and how it relates to the electrical conductivity in 3-d transition metals,

multilayers, and alloys will be discussed in Sections 1.7.1 through 1.7.4.

1.1.3 Mechanical Characteristics

The mechanical characteristics of ultra-thin films are different from those of thick films. For example, ultra-
thin films may be characterized by a strong internal stress and numerous lattice defects. Due to the high internal
stress resulting from the smaller grain size, the hardness of the ultra-thin films is significantly greater than the

hardness of the thick films. On the other hand, the lattice defects have the effect of increasing elastic strength.



The mechanical strength of ultra-thin films can be several hundred times larger than that of thick films. One of
the challenges with ultra-thin films is that the bonding strength of the deposited film to the substrate is usually
low, and, therefore, the probability that the deposited film will either peel off or develop cracks, is high.

1.1.4 Magnetic Characteristics

The magnetic properties of ultra-thin films have been found to vary significantly depending on their
dimensions. In normal conditions, thin films exhibit isotropic characteristics, i.e., the magnetization is
independent of the direction of the applied magnetic field. However, by controlling deposition parameters, they
can be tailor made to exhibit remarkable electrical and magnetic anisotropy. For instance, by specially
depositing films at an oblique angle, using magnetic annealing, and introducing strain via stress, the shape and
size of the deposited grains in the film can be manipulated, and the easy axis of the magnetization (an
energetically favorable direction of spontaneous magnetization) can be rotated from its parallel to perpendicular

state or vice versa. This is further discussed in Sections 1.6 and 1.7.5.

In the following, Sections 1.2 through 1.5, electrical and magnetic characteristics of ultra-thin films are

discussed, and start with the 3-d transition metals.

1.2 Electrical Resistivity and Magnetism

The discovery of how electrical resistivity changes with temperature in transition metals (both ferromagnetic
and non-magnetic) dates back to the mid-19™ century [50]. In particular, experimental evidence was given on
the high electrical resistance of Group 10 (also referred to VIII) transition metals (Ni, Pd, and Pt) and their
alloys with Group 11 (also referred to IB) metals (Cu, Ag, and Au). It was demonstrated that the effective
number of conduction electrons of Group 10 metals is almost the same as the effective number of conduction
electrons of Group 11 metals [51]. In addition, the mean free path of the Group 10 conduction electrons is
believed to be very small (~1 nm). That means under the influence of small lattice vibrations, these conduction
electrons can make transitions to the un-occupied d states. The probability of having these transitions is several
times greater than the probability of ordinary scattering in Group IB metals. Since the 3-d electrons are
responsible for the ferromagnetism in 3-d transition metals, it is believed that there exists a direct relationship

between the electrical resistivity and magnetism in these materials.

Figure 1-2 shows experimental measurements of the normalized electrical resistance versus normalized
temperature curve for ferromagnetic Ni and nonmagnetic Pd, both being Group 10 transition elements [51]. In
Figure 1-2, Ry, is the electrical resistance at the Curie temperature of Ni, T¢ (670 K). The electrical resistivity
of ferromagnetic Ni below 670 K is always smaller than that of Pd. At 670 K, Ni experiences its order-disorder
transition, whereas Pd does not. Above 670 K, the resistivity curves follow the same path for both metals. This
kind of transition of electrical resistance at 670 K is believed to arise from the magnetic spin states of
ferromagnetic Ni, whereas in Pd the spin states are unaffected by the variation of temperature. The mechanism

of electron transport in ferromagnetic metals is further discussed in Section 1.7.3.
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Figure 1-2 Temperature dependence of resistivity of ferromagnetic Ni and paramagnetic Pd [51].

1.3 Magnetoresistance Types

In the preceding section, the effect of temperature on the electrical resistivity of Ni and Pd is introduced. In
this section, the effect of magnetic field on the electrical resistivity of the transition metals, multilayers, and
alloys will be discussed. All metals and their multilayers or alloys exhibit the MR effect, a change in electrical
resistance due to an external magnetic field [51]. However, the magnitude of MR can be positive (increase in
resistivity) or negative (decrease in resistivity), depending on the electronic configuration of the metals or their
positions in the periodic table. Moreover, the MR effect depends not only on the strength of the applied
magnetic field but also on how the magnetic field is applied with respect to the current. Three distinct categories
of MR effects will be reviewed here: (1) ordinary magnetoresistance, (2) anisotropic magnetoresistance, and (3)

giant magnetoresistance. The materials and mechanisms for all three MR effects are markedly different.

1.3.1 Ordinary Magnetoresistance

The ordinary magnetoresistance (OMR) effect is an increase in electrical resistance (the resistivity of the
material is always positive) due to an external field, and is independent of the direction of an applied field.
Although the effect is small, the transverse resistivity, p |, i.e., the resistivity of a material when the magnetic
field is applied perpendicular to the current, is always larger than the longitudinal resistivity, p,,, i.., the
resistivity of a material when the magnetic field is applied parallel to the current [52]. The OMR effect is
demonstrated by non-magnetic metals, i.e., metals that do not possess spontaneous magnetization, such as Cu,
Ag, Au, Mg, Zn, Cd, Ga, Ti, Sn, Pd, Pt, etc., [52], [53]. The magnitude of the OMR effect (< 1 %) makes it

unsuitable to most technological applications.



1.3.2 Anisotropic Magnetoresistance

The anisotropic magnetoresistance (AMR) effect is an increase or decrease of the electrical resistance due to
an external magnetic field. It depends on the direction of applied field and the angle that the spontaneous
magnetization makes with the direction of the current [14]. Figure 1-3 shows (a) a normal view of a film,
direction of magnetization, M, and the angle, 0, that it makes with the current, 7, and (b) the resistivity, p, when
the magnetic field is applied parallel or perpendicular to the current. As shown in Figure 1-3(b), p is a
maximum when both the magnetic field and the current are parallel to each other and a minimum when they are

perpendicular to each other.

p is given by [14],
P =P, + APy COS* 0, (L.1)

where Apar = P, — P, - The resistivity of the film is a function of the angle between the magnetization, M,

and the current, 1. The ratio Pu =Py is known as the anisotropic magnetoresistance (AMR) ratio.
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Figure 1-3 (a) Schematic of a film showing the direction of the magnetization and the current (b)

resistivity versus magnetic field.

The maximum reported AMR effect in ferromagnetic metals and alloys is on the order of 2-3 %. This effect
is believed to be due to the spin-orbit interaction, which affects the scattering rate of conduction electrons when
the magnetic field is applied, and thus, the electrical resistivity of the 3-d transition metals. Although this
magnitude is small, the AMR effect in ferromagnetic transition metals is several orders of magnitude greater
than the OMR effect in metals.



1.3.3 Giant Magnetoresistance

The giant magnetoresistance (GMR) effect, as the name suggests, is a large change in electrical resistivity
due to a small applied magnetic field, H. Figure 1-4 shows a schematic of the GMR effect in magnetic
multilayers. At H = 0, it shows a high resistivity and at H # 0, it shows a low resistivity. If the electrical
resistivity at the zero magnetic field and the applied magnetic field are denoted by p(0) and p(H), respectively,

the change in the electrical resistivity per original resistivity is called the MR ratio, and is given as:

-p(0
RzMHp)(O)p()]' (1.2)

What distinguishes the GMR effect from the OMR or AMR effects is not only that its magnitude is large but

also that it is independent of the direction of the current or the applied magnetic field.

p(0)

p(H)

/

v

Figure 1-4 The GMR effect in ferromagnetic hybrid nanostructures.

1.3.3.1 Mechanism of the GMR Effect in Multilayers

The mechanism responsible for the GMR effect is believed to be different from the mechanism responsible
for AMR or OMR effects. The GMR effect is believed to arise from the spin-dependent scattering, i.e. the
interaction of the 4-s electrons of the nonmagnetic metals and the 3-d electrons of the ferromagnetic metals at
the interface between the ferromagnetic and nonmagnetic layers. The probability of scattering conduction
electrons depends on the relationship between the spin direction of the 4-s conduction electrons in the

nonmagnetic layer and the direction of the magnetization of the 3-d electrons in the magnetic layers [54].



Figure 1-5 shows a cross-sectional view of a Co/Cu multilayer consisting of alternating layers of
ferromagnetic Co and nonmagnetic Cu. The direction of the magnetic moments of 3-d electrons in Co (grey
arrows with large arrowheads) and the 4-s conduction electrons in Cu (small black arrows in open circles) are
labeled with the corresponding arrows. The long black arrows are connected to the conduction electron’s
scattering path. Under normal conditions, when no magnetic field is applied, such as the case in Figure 1-5(a),
ferromagnetic moments in the adjacent Co layers are aligned antiparallel. In this situation, 4-s conduction
electrons of Cu with spin up and parallel to the magnetic moments of 3-d electrons of Co pass through the first
Co layer without scattering. However, when they encounter the second Co layer that has magnetic moments of
3-d electrons aligned antiparallel to the spin direction of the 4-s conduction electrons of Cu, they are scattered
(it is assumed that the spin orientation of the conduction electrons is not changed even after scattering).
Similarly, the 4-s conduction electrons with spin down and antiparallel to the magnetic moments of 3-d
electrons undergo multiple scattering in each layer that they travel. The movement of both the spin up and spin
down conduction electrons is therefore, repeatedly interrupted by scattering processes. A repeated scattering,
therefore, results in high resistivity. If the magnetic field is applied to overcome the antiferromagnetic coupling
(antiparallel alignment of magnetic moments) and achieve parallel alignment of magnetic moments in the
adjacent ferromagnetic layers as shown in Figure 1-5 (b), although the spin down electrons of Cu are still
scattered by the magnetic moments of the 3-d electrons of Co, the spin-dependent scattering of the spin up
conduction electrons dramatically reduces. The result is the large decrease in resistivity. The decrease in

resistivity is so high that it can go up to 2 orders of magnitude.

(2H=0 | (b)HZ£0 |

S —— Co /—~—+
©>7 N T~ O Cu-8% / T <6
~— @ Y/ =+
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| — co [/ \—db
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Figure 1-5 Cross-sectional view of a Co/Cu multilayer and the scattering of the 4-s conduction electrons

by the local magnetic moments (a) at the zero magnetic field (b) at the applied magnetic field, H.
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For practical multilayers, not only are the spin arrangements along the cross-section of the multilayer
important but so are the spin arrangements along the surface of the film. Figure 1-6 shows (a) isotropic and (b)
anisotropic multilayers showing magnetic moments along the surface of the ferromagnetic layers. In order to
have a large GMR effect, a method is required to change the relative orientation of the magnetic moments in the
adjacent magnetic layers from a random orientation, as shown in Figure 1-6 (a) to an uniaxial orientation shown
in Figure 1-6 (b). In addition, to have a large GMR effect, the thickness of the non-magnetic layer must always
be less than the mean free path of the electrons. Reviews of the GMR effect in ferromagnetic multilayers and
granular alloys are discussed in Sections 1.4 and 1.5, respectively. The mechanism of spin-dependent resistivity
in magnetic multilayers is discussed in Section 1.7.4.
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/ AN —_—
_— >
/d _—
e ®
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Figure 1-6 Isotropic multilayer (i.e., magnetic moments are randomly orientated) and (b) anisotropic

multilayer (i.e., magnetic moments are uniaxially oriented).

Detail discussions of mechanism of transport properties in various types of multilayer structures using semi-
classical transport model [25], [55], quantum model [25], Ruderman-Kittel-Katsuya-Yoshida (RKKY) coupling
[56], [57], Kondo effect [58], etc., are outside the scope of current work.
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1.3.3.2 Mechanism of the GMR Effect in Granular Alloys

The mechanism causing the GMR effect in granular alloys is the same as that of causing the GMR effect in
multilayers (see Section 1.3.3.1). In both the cases, the GMR effect arises due to spin-dependent scattering. For
magnetic multilayers, the scattering takes place at the interface of the ferromagnetic and nonmagnetic layers,
see, Figure 1-5, whereas in granular alloys the same occurs at the interface of the ferromagnetic and

nonmagnetic nanoparticles, see, Figure 1-7.

Figure 1-7 The GMR mechanism in the granular alloys consisting of superparamagnetic (circles) and
ferromagnetic (ellipsoids) nanoparticles in the non-magnetic matrix [59].

Figure 1-7 shows a scenario of spin-dependent scattering between superparamagnetic (circles) and
ferromagnetic nanoparticles (ellipsoids) embedded in a nonmagnetic matrix [59]. The arrows attached to each
superparamagnetic nanoparticle indicate random orientation and fluctuation of superparamagnetic
nanoparticles. The magnetic moments of the ferromagnetic particles have orientations determined by their
shapes. The arrow connecting superparamagnetic and ferromagnetic particles shows a path of a conduction
electron in the alloy. An electron polarized by the superparamagnetic nanoparticles can undergo multiple spin-
dependent scattering due to the orientation of magnetic moments of the ferromagnetic particles. This results in
the GMR effect.

The degree of alignment of the magnetic moments at which spin-dependent scattering takes place,
determines the GMR effect. The GMR effect is, therefore, influenced by the overall magnetic states in the
alloys. The volume concentration of the magnetic particles, their size distribution, and the inter-particle
separations, etc., contributes to the interfacial spin-dependent scattering of the conduction electrons, and, thus,
GMR effect. Further details are available in [60].
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1.4 Experimental Survey of the GMR Effect in Multilayers

The GMR effect was first observed in 1988 in antiferromagnetic Fe/Cr multilayers. Since then it has been
found in many different magnetic multilayers consisting of magnetic layers of a few nanometers thick separated
by nonmagnetic layers. In this section, a brief survey of the main experimental results on the GMR effect in

ferromagnetic multilayers is presented.

1.4.1 Current-in-the-Plane Geometry

Ferromagnetic multilayers with current-in-the-plane (CIP) geometry (i.e., current flows parallel to the plane
of the multilayer) consisting of layer thicknesses in the range of few nanometers have attracted great attention
because of the possibility of creating artificial materials with potentially new properties or combinations of new
properties [6], [5], [61]. As discussed in Section 1.3.3, an interesting feature of the GMR effect is that there is
no difference between the longitudinal (magnetic field applied parallel to the current) and transverse (magnetic
field applied perpendicular to the current) MR effects. In addition, the GMR is always negative as opposed to
the OMR or AMR effects.

A
R/R(H=0)

Fe (3 nm)/Cr (1.8 nm)

Fe (3 nm)/Cr (1.2 nm)

Fe (3 nm)/Cr (0.9 nm)

] ] ] ] T ] ] ] ] >
-4.0-3.0-20-1.0 0 1.0 2.0 3.0 4.0

Magnetic Field (H/T)

Figure 1-8 The GMR effect in Fe/Cr multilayers [62].

Figure 1-8 shows the MR effect in the experimentally demonstrated CIP Fe/Cr multilayers [62] for three

different Cr layer thicknesses. As shown in Figure 1-8, the resistance decreases with the applied magnetic field.
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The decrease in resistance is almost the factor of 2 when Cr layer thickness is decreased from 1.8 to 0.9 nm at
4.2 K. The magnetization measurement studies performed on these films using vibrating sample magnetometer
showed interesting hysteresis characteristics, which are shown in Figure 1-9. This figure shows magnetization
curves for various Fe/Cr multilayers [62]. The strength of the magnetization changes from being a purely
ferromagnetic for [Fe (6.0 nm)/Cr (6.0 nm)]s multilayers to being poorly paramagnetic for [Fe (3.0 nm)/Cr (0.9
nm)]4o multilayers, where the subscripts 5 and 60 refer to the number of Fe/Cr bilayers. The gradual tilting of
hysteresis loop, as the thickness of non-magnetic Cr layer is decreased, is a signature of the change in

antiferromagnetic coupling between the adjacent Fe layers.

A: [6.0 nm Fe/6.0 nm Cr]s
B: [3.0 nm Fe/3.0 nm Cr]y,
C: [3.0 nm Fe/1.8 nm Crls,
D: [3.0 nm Fe/1.2 nm Cr]y,
E

: [3.0 nm Fe/0.9 nm Cr],,

A 4

-0.5

Figure 1-9 Magnetization curves of Fe/Cr multilayers [62].

Following the work of Albert’s group in 1988 in the antiferromagnetically coupled Fe/Cr multilayers [61],
[62] Parkin’s group in 1994 [63] examined the relationship between the GMR effect and antiferromagnetic
interaction of magnetic moments in the ferromagnetic Co layers by systematically changing the Cu layer
thickness. The effect of the change in Cu layer thickness resulted in the oscillatory GMR effect. This is shown
in Figure 1-10. The oscillatory GMR effect in ferromagnetic multilayers has been explained by RKKY coupling
theory [56]. Hitherto, many other ferromagnetic multilayers in the CIP geometry have emerged with enhanced

GMR effect in Co/Ru [64], Fe/Cu [65], [66], Co/Cu [66], [42], [16], Co/Au [33], Co/Ag [4], etc. In this thesis,
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the GMR effect and its mechanism have been studied by systematically varying the ferromagnetic layer

thicknesses in Co/Cu [67], Co/Au [3], and Co/Ag [68] multilayers.

Co-based ferromagnetic multilayers and spin-valve nanostructures dominated most of the research in the
soft magnetic materials in the last decade and are still a major research focus. Table 1-1 lists the GMR effect in
Fe/Cr, Co/Au, Co/Ag, and Co/Cu CIP magnetic multilayers that are relevant to the multilayers prepared in this
thesis. The comparison of MR ratio is made among sputtered, MBE grown, e-beam evaporated, and pulsed-
current deposited multilayers. The multilayers in this thesis have been prepared using oblique incidence

evaporation and pulsed-current deposition methods at room temperature.
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Figure 1-10 Cu layer thickness dependence of the MR ratio for Co/Cu multilayers (the subscript 30

indicates the number of bilayers in the film) [63].

GMR values for Fe/Cr multilayers are large and up to 46 % at low temperature (4 K) and at high magnetic
field (50 kOe). While these results are extremely useful from the fundamental point of view studies, they are
less significant from the application point of view. Similarly, the GMR ratio of Co/Cu multilayers is found to be
up to 46 % for the sputtered deposited films and up to 81 % for the MBE grown films at 5 K and 50 kOe. While

these numbers are large, they are not very significant when it comes to real-word applications. Similarly, the
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GMR ratio of Co/Ag multilayers is found to be up to 41 % at 77 K and 20 kOe. In order for them to be useful, a
large MR ratio at low magnetic field, as well as at room temperature, is highly desirable. The GMR ratios of
Co/Au multilayers prepared by all four methods have been found to be low. Magnetization measurements
reveal that the hysteresis curves of Co/Au multilayers saturate at low field and also the coercive force is small,
which is good for the application point of view. Furthermore, experimental evidence shows that they exhibit

magnetic anisotropy at low fields, if proper deposition conditions are established [3].

The overall MR ratio of oblique incidence e-beam evaporated and pulsed-current deposited multilayers is
comparable to, and sometimes larger than, the MR ratio of other vapor deposited multilayers as reported in
Table 1-1. The MR effects of the oblique incidence evaporated Co/Au multilayer films in this thesis are
comparable to the MR effects in multilayers prepared by other vapor deposition methods. Similarly, the MR
ratios of pulsed-current deposited films were comparable to, or higher than those of other vapor deposited
multilayers, such as Fe/Cr (8 % at 10 kOe), Co/Ag (9.1 % at 10 kOe), Co/Cu (4.1 % at 1kOe), and Co/Au
(4.1 % at 20 kOe), all at room temperature.

Table 1-1 Reports of the GMR effect in multilayers

Multilayer Thickness Preparation Temperature Magnetic MR Ref.
Films [nm] Methods K] Field [kOe] [%] #
Fe/Cr 3.0/1.2 DC-Sputtering 4.2 50 8 [69]

3.0/0.9 MBE 4.2 20 46 [62]
3.7/0.1 e-beam 77 8 37 [70]
2.5/0.5 Pulsed-current 300 10 8 [71]
Co/Cu 1.02/2.29 Sputtering 4.2 6.7 46 [22]
0.9./0.9 MBE 4.2 50 81 [72]
1.0/1.5 e-beam 300 20 6.1 [42]
1.0/1.5 Pulsed-current 300 1 4.1 [5]
Co/Ag 1.0/2.0 Sputtering 10 12 37 [73]
0.6/2.5 MBE 77 20 41 [74]
1.0/0.4 e-beam 300 3.5 1.5 [75]
1.0/1.5 Pulsed-current 300 20 9.1 [4]
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Multilayer Thickness Preparation Temperature Magnetic MR Ref.

Films [nm] Methods K] Field [kOe] [%e] #

Co/Au 1.0/2.5 Sputtering 5K 3 2.1 [76]
0.4/2.5 MBE 300 1 1.9 [77]
1.0/2.0 e-beam 300 20 2.1 [3]
1.0/2.0 Pulsed-current 300 20 4.1 [33]

1.4.2 Current-Perpendicular-to-the-Plane Geometry

In the previous section, we discussed the pros and cons of the GMR effect in the CIP multilayers prepared
using both physical and chemical methods. In this section, a brief description is given for the GMR effect in

current-perpendicular-to-the-plane (CPP) geometries.

Metallic multilayers with the CPP geometry, where the current is passed to the plane perpendicular to the
surface of the multilayers, have great potential for industrial applications [25]. However, the film preparation for
the CPP geometry using existing high vacuum evaporation is not as easy as the CIP geometry, discussed in
Section 1.4.1. Pulsed-current deposition, on the other hand, can be used to deposit highly confined spaces or
complex geometries that are not possible via sputtering or molecular beam epitaxy or e-beam evaporation
methods. Figure 1-11 shows an example of magnetic nanowires [78] prepared in an insulating polymer matrix
using electrochemical method. It shows Co/Cu multilayered nanowires in cylindrical nanopores of track etched

polycarbonate membranes. Further details of the GMR effect in CPP geometry are available in [78].

Figure 1-11 Schematic of the array of Co/Cu nanowires in an insulating polymer matrix [78].
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1.5 Experimental Survey of the GMR Effect in Alloys

With the discovery of the GMR effect in magnetic multilayers, search for new materials continued and
extended to artificial materials consisting of nanometer size ferromagnetic metal granules embedded in
nonmagnetic media. This led to the discovery of the GMR effect in Co-Cu [79] and Co-Ag [80] granular alloys,
which developed significant interest in further development of GMR granular materials. Further study in
magnetic granular alloys is prompted by the simplicity in growth and use of relatively cheap and fast processes
[5]. Since then, a large number of magnetic alloys have been reported, e.g., Co-Au [7], FeCo-Au [81], Co-Ag
[45], Co-Cu [42], Fe-Cu [82], Fe-Ni-Cu [83], Co-Pt [84], [85]. Further works on granular alloys are available in
the literature [7], [21], [18], [86].

The GMR effect and the field sensitivity (MR ratio per applied field) of granular alloys are much larger as
compared to the Hall effect in ferromagnetic metals and the AMR effect in Ni-Fe alloys. Although the GMR
effect in granular alloys is comparable to or larger than the GMR effect in multilayer system, the field
sensitivity of granular materials is still low comparatively. However, granular alloys display a number of very
interesting magnetic and transport properties such as, super-paramagnetism, magnetothermal conductivity, etc.,

making them attractive for both scientific investigation and application in industry.

Like Co-based ferromagnetic multilayers, Co-based magnetic granular alloys have dominated most of the
research in soft magnetic materials and they are currently considered to be important. Table 1-2 lists the GMR
effect in Co-Cu, Co-Ag, Co-Au, and Fe-Cu granular alloys prepared using wide range of methods, and that are
relevant to the granular alloys prepared in this thesis. A random comparison of MR ratios in these alloys is made
among sputtered, melt-spun, mechanical alloying, and electrochemically deposited granular alloys. Among all
of the reported results, the overall MR ratio of sputtered Fe-Cu and pulsed-current deposited Co-Ag showed the
largest room temperature GMR effect of up to 9.1 %.

Table 1-2 Reports of the GMR effect in alloys

Alloys Composition Preparation Temp. Field MR Ref.
[at %] Methods K] [kOe] [%o] #

Co-Cu Co19Cug; Sputtering 10 20 22 [79]

Co,oCug Sputtering 5 20 17 [87]

Co4¢Cuy Melt-spun 300 6.5 11 [88]

Co16Cugy Electrodeposition 300 11 6.2 [89]

Co-Ag Co7Ag30 Pulsed-current 300 10 9.1 [45]
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Alloys Composition Preparation Temp. Field MR Ref.

[at %] Methods K] [kOe] [%] #
CossAugs Pulsed-current 300 1 4.6 [7]
Co-Au Co;sAugs Arc Melting 5 20 28 [90]
Fe-Cu Fe;oCuyp Sputtering 5 20 9.0 [91]
FesoCus Mechanical 300 4 15 [92]
Alloying

Based on the results listed in Table 1-2, the pulsed-current deposition method seems to be one of the best
methods when it comes to growing magnetic alloys and nanoparticles. In addition, a literature search revealed
that composition modulated alloys prepared by the pulsed-current deposition method show GMR values that
were comparable to the GMR values reported for multilayers and granular alloys [93]. An up-to-date and
extensive literature review is available in [33] and [59]°.

1.6 Induced Magnetic Anisotropy in Multilayers

Magnetic anisotropy is a very important material characteristic, in which the internal energy of
ferromagnetic metals, multilayers and alloys, and nanoparticles is dependent on the direction of the spontaneous
magnetization [14]. In magnetic hybrid nanostructures it is classified into three categories: (1) crystalline
anisotropy (due to the crystalline structure), (2) shape anisotropy (due to the size and shape of the film), and (3)
induced uniaxial anisotropy (e.qg., stress/strain, high magnetic fields, etc.). Crystalline anisotropy is an intrinsic
characteristic, which does not depend on the shape or size of the materials. One such metal that shows
crystalline magnetic anisotropy is hcp-Co (see Figure 1-19). Shape anisotropy arises from the dipole-dipole
interaction, and as the name suggests, it depends on the shape of the film. For ultra-thin films, shape anisotropy
usually favors in-plane anisotropy [94], [95].

Many magnetic multilayers and granular alloys developed so far, are isotropic in nature, i.e., they do not
naturally exhibit any permanent magnetic anisotropy properties. However, magnetic anisotropy can be induced
via external means, such as strain and magnetic annealing. Experimental evidence has shown that obliquely
deposited materials also exhibit magnetic anisotropy [96]. Induced uniaxial anisotropy in ultra-thin films arises
from dipole-dipole interaction, and a good thing about it is that the effect does not go away even if the forces
are removed. The following section briefly describes various contributions to magnetic anisotropy in
ferromagnetic nanostructures relevant to this thesis.

2 These papers include some of the author’s earlier work, not included in this thesis.
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1.6.1 Artificial Generation of Magnetic Anisotropy
Magnetic anisotropy in ferromagnetic hybrid structures can be induced artificially in many ways [22], [4],
[97]. In this section, experimental approaches taken to generate magnetic anisotropy artificially in magnetic

nanostructures, again relevant to this thesis is briefly covered.

1.6.1.1 Oblique Incidence Evaporation

Oblique incidence evaporation is one of the preferred methods for inducing magnetic anisotropy in magnetic
thin films [3], [28], [98]. In this method, films are deposited on the surface of the substrate by changing the
deposition angle. Figure 1-12 shows a schematic of oblique incidence evaporation and corresponding atomic
positions on the surface of the substrate. The easy axis of magnetization is found to align along the

perpendicular to the plane of oblique incidence of evaporation.
The mechanism behind magnetic anisotropy in this process can be explained as [94]:

e The deposited particles form a chain of crystallites, leaving behind some vacant sites (this is also

known as the shadowing effect).

e The area that is left behind with vacant sites leads to an array of fine crystals and a chain of the crystals

extending in a direction perpendicular to the direction of incidence.

e The easy axis of magnetization lies along the direction of these chains, which is perpendicular to the

plane of incidence of evaporation.

Normal to Substrate 1 Direction

hard axis

substrate

Figure 1-12 (a) Schematic of oblique incidence evaporation for the as-deposited layer with randomly
arranged atoms. 0 is the angle between the evaporated vapor and the substrate surface.

1.6.1.2 Magnetic Annealing
Magnetic annealing is a thermal process in which a film is heated and cooled down in the magnetic field [3],

[19], [99]. This causes magnetic moments to align along the direction of the applied field.
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Figure 1-13 (a) Schematic of magnetic annealing and (b) alignment of magnetic moments towards the

applied magnetic field, H.

Figure 1-13 shows (a) a schematic of magnetic annealing (i.e., a film is placed between two electromagnets
and heated at a pressure below 10 Torr) and (b) the alignments of atoms (magnetic moments) along the
direction of the applied field. The magnetic field must be large enough to saturate the film if the resulting
anisotropy to be developed to its maximum extent [100]. Multilayers produced in this thesis were able to

develop maximum anisotropy at the magnetic field of 3 kOe.

1.6.1.3 Application of Strain
This section briefly describes how uniaxial magnetic anisotropy is induced via strain. Figure 1-14 (a) shows
the direction of the applied force and the magnetic field and (b) correspondingly induced strain in the films. The

easy axis of magnetization is along the field perpendicular to the direction of strain.
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Figure 1-14 Experimental setup showing the direction of the force and the magnetic field and (b) normal
view of a film. Reprinted from [6] with permission. © 2012 American Institute of Physics.

Theoretical aspects of magnetic anisotropy in ferromagnetic materials relevant to this thesis are covered in
Section 1.7.5 using the spin-pair model. Further details of the theory have been described elsewhere [101],
[102].
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1.7 Electron Transport and Magnetic Anisotropy in 3-d Metals

and Multilayers

In Sections 1.1 through 1.6, we introduced various MR effects in ferromagnetic metals, multilayers, and
alloys, and means for artificial generation of magnetic anisotropy in these materials. This section begins with
the free electron model applied to metals [103]. It is the simplest theory, but still gives a very good description
of the conductivity in metals. The theory will be expanded to multilayers from the quantum theory point of
view. The section ends with a description of magnetic anisotropy using dipole-dipole interaction and spin-pair

models.

1.7.1 Electrical Conductivity in Metals

The electrical conductivity of a metal is derived from Ohm’s law of electrical resistance, where an electron
is considered to move freely independently of others. It is usually expressed in terms of voltage and current, but
can also be expressed in the form of current density (current per unit area) and electrical potential (voltage per
meter). The conduction is an intrinsic property of a metal. When an electric field is applied to a metal, electrons
experience a constant force, F = —eE, where, e is the electronic charge and E is an electric field experienced by

the charge. The velocity of electrons under this force is given as [103],

er
v=—=~E, (1.3)
m
where T is the time constant (half-time between successive collisions) and m is the electron mass (mass of a free
electron). If, in a constant electric field, there are n electrons per unit volume (electron density), the electrical
current density, /, is given as [103],
ne’E

J= . (L.4)
m

As the current density and electrical fields are related to each other, the electrical conductivity of metals, o, can

be expressed as:

(1.5)

In quantum theory of conduction, for real solids, (1.5) still holds true, but with two important modifications:
(1) the mass, m is replaced with the effective mass, m* (where, m* > m), and (2) the time constant, t is

determined from the scattering of spins.

1.7.2 Electron Mobility in Metals

In Section 1.7.1, the conductivity of a material is analyzed using the relaxation time. In this section, the

same is expressed using the mobility of the electrons.
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The drift velocity of the electron, V,, is given by the product of the electron mobility and the electric field

as:
v, = uE. (1.6)
Substituting (1.6) into (1.3), we obtain the mobility, u, as:

_er

7 (1.7)
m
By substituting (1.7) into (1.5), the conductivity can be expressed as:
1
o=nNeu=—. (1.8)

P

As is obvious from (1.8), the electrical conductivity, g, is inversely proportional to the resistivity, p, and is
directly proportional to the electron density, n, and mobility, u. The large electrical conductivity of metals is

primarily due to the high electron density.

1.7.3 Spin-dependent Resistivity in Ferromagnetic Metals

Spin-dependent resistivity in 3-d transition metals can be described using Mott’s two-current model [51],
which arises due to the different resistivities, as a result of the asymmetry in the density of states at the Fermi
surface. Figure 1-15 shows the density of occupied states (number of states per unit volume), N (E), of the 3-d
transition metals that is split into the spin up and spin down bands. The term E inside the parenthesis denotes
energy. Note that the magnetic splitting of the s-bands is neglected as it has almost no effect on N(E) close to
the Fermi energy, Er. A detail description of the band theory of ferromagnetic metals is beyond the scope of

this section, which is described elsewhere [104].

We observe a relative shift of the d bands for the spin up and spin down electrons. The N(E) of the 3-d spin
up electrons is completely filled up and lies below Eg, whereas the N (E) of the spin down electrons is partially
filled up, and extends beyond Eg. That means the spin down s-electrons, as compared to the spin up s-electrons,
are more prone to scattering due to the available empty space between the spin down 4-s and the spin down 3-
d bands. Since spin down electrons have more unfilled states to scatter to, the resistivity will be higher for these

electrons.

Figure 1-16 shows Mott’s two-current model [51] for 3-d ferromagnetic transition metals. The model is

based on the following assumptions:

1. Spin of the charge carrier is preserved, i.e., no change in spin orientation occurs due to scattering.

2. Conduction takes place almost exclusively by means of s-electrons.

3. Itis assumed that the resistivities due to the scattering of the spin up 4-s and the spin up 3-d electrons
can be added. Similarly, the resistivities due to the spin down 4-s and the spin down 3-d electrons can
be added.
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Figure 1-15 Schematic representation of the density of states of 3-d transition metal. Note the density of d

states with spin down at the Fermi energy, Er.

In Figure 1-16, the resistivities arising from the scattering of the 4-s and 3-d electrons are denoted by pg,
and py,, respectively. The notation ss stands for the interaction that takes place between the 4-s conduction
electrons whereas the notation sd stands for the interaction that takes place between the 4-s conduction
electrons and the 3-d electrons. The 4 and - signs indicate spin up and spin down, respectively. As the
available empty space in the density of states of the 3-d spin down electrons is much bigger than the density of
state of the 4-s spin down electrons (see Figure 1-15), the resistivity due to the sd interaction is much larger
than the resistivity due to the ss interaction. On the other hand, as the density of states of the 3-d spin up
electrons is completely filled up, the 4-s spin up electrons can only scatter to other 4-s spin up states as there is
no room to interact with the 3-d spin up electrons (see again Figure 1-15), the resistivity due to the ss

interaction is much larger than the resistivity due to the sd interaction.

In Figure 1-16, the majority of the resistivity in the lower branch is due to the interaction between the spin
down 4-s and 3-d electrons whereas the majority of the resistivity in the upper branch is due to the interaction
between the 4-s electrons themselves (i.e., pss™ > psq ™). Note that due to the symmetry of the density of states
of s-electrons, pg,~ = pg*. After simplification, the equivalent resistivity, p, of the ferromagnetic material is
given from the parallel combination of the resistivities due to the spin down (p~ = pss~ + psq~) and spin up
(p* = pss' + psa™) electrons as:

.
p=—"LL 19)
(p"+p)
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Figure 1-16 Schematic illustration of two-current model for 3-d transition ferromagnetic metals.

1.7.4 Spin-dependent Resistivity in Magnetic Multilayers

The argument given in Section 1.7.3 for ferromagnetic metals is the basis for the quantitative understanding
of the GMR effect in magnetic multilayers. Figure 1-17 represents Mott’s two-current model (applied to Figure
1-5, page 10, Section 1.3.3.1) when the magnetic moments in the adjacent ferromagnetic layers are ()
antiparallel, i.e., H = 0, and (b) parallel, i.e., H # 0. Figure 1-17(a) shows the resistivity arising from the spin
up and spin down electrons (and thus currents), when the magnetic moments in the adjacent ferromagnetic
layers are aligned antiparallel to each other (when no field is present), and Figure 1-17(b) shows the same but
when the magnetic moments of the adjacent ferromagnetic layers are aligned parallel to each other towards the

direction of the applied field.

The change in resistivity due to the applied field can be given as,

Ao (Pa—pp)
Po Pe

: (1.10)

where p,, is the resistivity when no magnetic field is applied, and is obtained from the parallel combinations of
the resistivities shown in Figure 1-17 (a) and p,, is the resistivity at the applied magnetic field, and is obtained

from the parallel combinations of the resistivities shown in Figure 1-17 (b).

After simplification, the relative change in resistivity due to the applied field is given as [25]:

Ap_(-ay

1.11
R (1.11)
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where « is the scattering asymmetry parameter, and is given by p~/p*. The magnitude of the GMR effect, thus,
depends on the difference between p~ and p* in (1.11), i.e., the difference between the spin up (+) and the spin

down (-) electrons.

(pt+p)2 —> pt —>
(p*+p7)/2 €—— p ——
e Pa > ¢ Py >
(a) (b)

Figure 1-17 Schematic illustration of Mott’s two-current model applied to multilayers when the magnetic
moments of the adjacent ferromagnetic layers are (a) antiparallel (H = 0) and (b) parallel (H # 0). The

black arrows represent the current channels.

1.7.5 Magnetic Anisotropy

Sections 1.7.1 through 1.7.4 covered electron transport in normal metals, 3-d transition metals, and
ferromagnetic multilayers. This section deals with the magnetic anisotropy, an energy change in the
ferromagnetic materials depending on how the magnetic moments are aligned in their crystal lattice. Usually in
metals, if no interaction occurs between the adjacent magnetic moments, spontaneous magnetization can point
in any directions in the crystal. However, in 3-d transition metals Co and Fe, their multilayers, and alloys, the
spontaneous magnetization can have several easy axes along which magnetizations prefer to align [105].
Rotation of the magnetic moments away from their easy axis is possible via external forces (e.g., strain, high

magnetic field, etc.).

The magnetic anisotropy in ferromagnetic multilayers has been attributed to many likely causes, such as
ordered arrays of atoms, crystal magnetic anisotropy due to the symmetry of the crystal, induced magnetic
anisotropy (uniaxial magnetic anisotropy), shape magnetic anisotropy (due to the shape of the film), and
magnetostriction (fractional change in length of the film). In the subsequent sections, magnetic anisotropy
energy will be calculated for the ferromagnetic materials that have cubic and hexagonal lattice structures,

relevant to the materials presented in this thesis.

1.7.5.1 Anisotropy in Cubic Structures
Figure 1-18 shows a cubic lattice structure in the x-y plane. Since the spin-pair energy for distant-pairs is

small, the magnetic anisotropy energy, E, is calculated by considering only the interactions between the first
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nearest-neighbour spins along the x - and y - axes. After simplification [105], the energy of the nearest-

neighbour spin-pairs (due to the dipole-dipole interaction) is given as [106],

E,=-1 (cos2 6—%)

E,=E, :—l{COSZ(ﬂ/Z—Q)—%}hf'

El

and, (1.12)

where [ is an orbital magnetic moment and is given by | = 3m? / 4, rij3 [105], 6 is the angle made by the

magnetic moment with the direction of the easy axis (along the x - axis), p, is the permeability of vacuum, 7 is
a distance multiplier, and 7;; is an interatomic distance between nearest spin-pairs. In Figure 1-18, 7;; is denoted
by r for simplicity. The length of each spin-pair is assumed to be much smaller than the distance between them.
The total energy, E, which is a sum of the interaction energies between the adjacent spin-pairs along the x- and

the y- directions in the lattice, is given as:

(1.13)

Figure 1-18 Two dimensional view (x — y plane) of a cubic lattice structure.

The relationship between the angle made by the magnetic moment with the easy axis, 6, and the direction of

the applied field along the easy and hard axes, as calculated using (1.13) is summarized in Table 1-3.
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Table 1-3 Relationships between the magnetic moments and their orientations.

Direction of the applied Atomic Energy, E Magnetization
magnetic field spacing direction

x-direction (6 = 0°) narrow minimum m // easy axis

y-direction (8 = 90°) broad maximum m // hard axis

1.7.5.2 Anisotropy in Hexagonal Structures

In this section, the directional magnetic properties of hexagonal Co (also known as hcp-Co) crystals will be
studied. At room temperature, the hcp-Co exhibits uniaxial magnetic anisotropy with the easy axis of
magnetization lying along the ¢ - axis. Figure 1-19 shows (a) a crystal structure of the hep-Co and (b) its initial
magnetization curves when the magnetic field is applied along the ¢ - axis [0001] (easy axis) and a - axis [1010]
(hard axis). Interestingly, all directions in a - axis (1010), also known as basal plane, are found to be equally
hard. Under these circumstances, the anisotropy energy, E, depends only on the angle, 6, between the direction
of the magnetization, M, and the ¢ - axis. The difference seen in the orientation of the magnetization curves in

Figure 1-19 (b) is due to the uniaxial magnetic anisotropy.

[0001] c - axis

1,400
1,200
1,000
800
600
400
200

M (Gauss)

0 2,000 4,000 6,000 8,000
[1010] a - axis H(Oe)

(@) (b)

Figure 1-19 (a) Single crystal of hcp-Co and (b) initial magnetization curves for applied field along the ¢ -

and a - axes. 0 is the angle between the magnetization and the c - axis.

The anisotropy energy needed to turn the magnetic moments from the easy axis towards the hard axis by the

angle, 0, can be written to a close approximation as [105],
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E(0)=K,sin?(9), (1.14)

where K, is the uniaxial magnetic anisotropy constant and represents the magnitude of the anisotropy energy. In
(1.14) higher order anisotropic effects have been omitted. For positive K, (i.e., K;, > 0), the energy in (1.14) is
minimum at 8 = 0, and the magnetic easy axis lies along the ¢ - axis. In this case, the magnetization can point
either up or down only. For negative K,, (i.e., K, < 0), the energy in (1.14) is minimum at 8 = 90°, and the
magnetic easy axis lies along the a - axis (i.e., the basal plane). When 8 is neither 0 nor 90°, the magnetic axis

lies anywhere between the easy ¢ - axis and the hard a - axis.

The anisotropy energy in (1.14) of a magnetic material strongly affects the magnetic properties, such as the
coercivity and remnance [104]. The property is therefore, of considerable interest in the design of magnetic
devices. Experimentally, magnetic anisotropy energy can be calculated using the area surrounded by the

magnetization curves between the easy and hard axes.

1.7.5.3 Anisotropy Measurement from Torque Curves

The accurate means of determining the magnetic anisotropy constant, K;,, is using a uniformly magnetized
single domain circular film as shown in Figure 1-20. If the film is magnetically isotropic and posses constant
permeability, any applied magnetic field will distribute uniform magnetic moments in the film. If the easy axis
is near the direction of the magnetization, an application of small magnetic field, H, can easily rotate the
magnetization towards the easy axis. Figure 1-20 (a) is a case where the direction of the magnetization is along
the easy axis, i.e., it is the minimum magnetic anisotropy energy condition in the absence of H fields. If H is
strong enough, the magnetization, M, will be parallel to H and the angle between M, and the easy axis will be

the same as the angle between H and the easy axis. This condition is shown in Figure 1-20 (b).

(a) (b)

Figure 1-20 Magnetization rotation model: (a) the direction of spontaneous magnetization, M, and the

easy axis (@ = 0) and (b) M, makes an angle, 8 with the easy axis.

The angle dependence of the anisotropy energy is given from (1.14) as,
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E(0)=K,sin?(9), (1.15)

where, K,, is the magnetic anisotropy constant. When the energy of the magnetization depends on the angle, the

derivative of the energy with respect to the angle gives rise to a torque. The torque on the crystal per unit volume

is given as:
%E(0)
LO)=——+ 1.16
0)=-=, (L16)
From (1.15) and (1.16), the torque exerted by the crystal on M; can be given as:
L(6)=—K, sin(26). (1.17)

The torque is, therefore, a function of the angle, 8. K, is constant for a given material system.

Experimentally, K, can be obtained from the amplitude of the torque curve.

1.7.5.4 Anisotropy Measurement from Magnetization Curves

The analysis in Section 1.7.5.3 is valid when H field is strong enough to align M, towards its direction.
However, in real situations, this condition is not always met, and therefore, we have the situation as shown in
Figure 1-21. Here, ¢ is the angle made by H with the easy axis and 6 is the angle between M and the easy axis.
The difference between the direction of H and the direction of Mg is ¢ — 6.

magnetization

Easy axis of

Figure 1-21 Magnetization rotation model for small fields, H.
From again equation (1.14), we have the anisotropy energy, E4, per unit volume as:
E, = K,sin?(9). (1.18)
The magnetostatic energy due to the H field is given as:
E,, =M H cos(¢—6). (1.19)
The total energy, E, is thus,

30



E=E,+E, =K,sin*(@)- M¢H cos(¢—0). (1.20)
The condition for minimum total energy is,

oE

i 2K, sin(@)cos(8) - M Hsin(g—6) =0, (1.21)
and,

O°E

77 = 2K, cos(26)+ M¢H cos(¢—6)> 0. (1.22)

From (1.19), the magnetic moment along the direction of the H field is,
M = My cos(p - 6). (1.23)

Two special cases will be discussed below: (1) magnetic field applied towards the easy axis of magnetization

and (2) magnetic field applied towards the hard axis of magnetization.
17541 Magnetic Field towards Easy Axis

If the strong magnetic field is applied towards the easy axis of the magnetization, ¢ is set to 0, and both H

and M, point towards the positive directions. Equations (1.21) and (1.22) can be re-written as,

% = 2K sin(#)cos(8) - M Hssin(0—8) =0, (1.24)
or,
M.H
0)=— s
cos(6) 7K, (125
and,
0’E
Fri 2K, c0s(26)+ M H cos(0—-8)> 0. (1.26)

Eliminating 6 from (1.25) and (1.26), the value of H is obtained as,

H> 2K, or—2Ku

S MS

>H. (1.27)

Substituting (1.25) into (1.23), the magnitude of the total magnetization, M, at ¢ = 0 can be determined as:

Mg
2K

u

M=——SH. (1.28)
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Equation (1.28) shows that the magnitude of M is proportional to the magnitude of H. On substituting the

u

value of H, say, H =+ from (1.27) into (1.28), the magnitude of M can be calculated as:

M =3M,. (1.29)

u

That means, when H equals to , the total magnetization, M, is actually the saturation magnetization,

S
M. Under this condition, magnetic moments in the film are either aligned along the directions of 6 = 0 or

0 = m, meaning that the magnetization curve is a square hysteresis loop.
1.754.2 Magnetic Field towards Hard Axis

If the strong magnetic field is applied parallel to the hard axis of magnetization, ¢is set to /2, (1.21) and

(1.22) can be re-written as,

E_ 2K, sin(8)cos() - M H sin(Z - 0) =0, (1.30)
00 2
or,
. M.H
sin(@0)=——, ,
9) 2K (L.31)
and,
2
8_% = 2K, cos(20)+ M H cos(Z -6 |>0. (1.32)
00 2
Eliminating & from (1.31) and (1.32) gives:
H > 2K, or — 2K, > H. (1.33)
s s
The magnitude of M can be obtained by substituting (1.31) into (1.23) as:
V/d . M2
M =M cos| ——8 |=M,sin(0)=—"H. 1.34
‘ (2 J s sin(0) oK) (134)

2K
At H =+—2"(1.34) becomes:
M
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2 2
M:;:I(S H:ZI(S (iZK“JziMS. (1.35)

When the saturating field, H, equals + —, the total magnetization, M, is actually a saturation
s

magnetization, Ms. In (1.34), M and K,, are constants for any material system, meaning that (1.34) represents a

straight line of M versus H with a constant positive slope (i.e., no hysteresis).

1.8 Film Preparation, Measurement, and Characterization

In Sections 1.4 through 1.6, we introduced experimental surveys of the GMR effect in multilayers and
alloys, and discussed the means for artificial generation of magnetic anisotropy in these nanostructures. Section
1.7 covered theoretical aspects of spin-dependent conductivity and magnetic anisotropy. This section briefly
discusses various film preparation methods and experimental approaches taken to characterize magnetic

nanostructures developed in this thesis.

1.8.1 Classification of Film Preparation Methods

The properties of magnetic materials are governed by the methods by which they are deposited. A wide
variety of deposition methods have been used to develop magnetic thin films, depending on the materials used
and their intended application [48]. Figure 1-22 shows various deposition processes used in the development of
magnetic hybrid nanostructures. It consists of primarily physical vapor deposition processes, chemical

deposition processes, and non-equilibrium deposition processes.

The physical vapor deposition processes are classified into sputtering and thermal processes. Sputtering is a
non-thermal process, and has been widely used for the deposition of multilayers [19] and granular alloys [107]
that show GMR, and high-moment nanoparticles, mostly because it permits almost any combination of elements
to be deposited. It has been useful for depositing high melting point metals. Further literature on these processes

is available in [48] and [97].

Thermal deposition processes are further classified into resistive heating, molecular beam epitaxy (MBE), e-
beam evaporation, and pulsed laser deposition methods. The resistive heating process is the heating of source
materials and evaporating them using resistive filament at pressure below 1x10 Torr. MBE is a slow
deposition process. It demands ultra-high vacuum, at or below 10" Torr, at all times [28]. E-beam evaporation
method used in the growth of the buffer layers and multilayers presented in this thesis is principally similar to
the MBE method and is simpler to operate. The non-equilibrium pulsed laser deposition (PLD) method is an
improved thermal process, and is considered good to deposit alloys and oxide films with a controlled chemical
composition [19], [108]. Other non-equilibrium processes such as melt-spun have been used in the preparation
of a long ductile ribbon [109] whereas mechanical alloying [82], [92] has been used in the preparation of

granular alloys, however, their use is mostly limited to bulk films.
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Figure 1-22 Various film preparation processes.

Chemical deposition processes are classified into potentiostatic (voltage controlled) and galvanostatic
(current controlled) deposition methods. Galvanostatic methods are further classified into constant-current [110]
and pulsed-current [46] deposition methods. Pulsed-current deposition method has several benefits over
constant-current deposition method [93], [110], [111] and has become one of the preferred deposition methods
due to its simplicity and ease of use. Grain sizes of the nanostructures prepared using pulsed-current deposition
method is found to be smaller and finer than that of the grains developed using constant-current method. These
benefits make pulsed-current deposition one of the best methods for the development of magnetic sensors and

high-magnetic moment nanoparticles. This will be further discussed in Sections 3.1 and 3.2.

1.8.2 Measurement and Characterization
1.8.2.1 Experimental Methods

In this section, experimental methods used in this thesis for the measurement and characterization of the
ferromagnetic nanostructures are briefly discussed. Section 1.8.2.2 highlights the composition and the thickness
analysis schemes. Section 1.8.2.3 discusses Bragg’s diffraction. Section 1.8.2.4 discusses various MR
measurement configurations used in this thesis. It also briefly discusses a standard dc four-point probe
resistance measurement scheme and its equivalent electrical circuit. Section 1.8.2.5 discusses the measurement
of magnetic properties using a vibrating sample magnetometer (VSM). This section concludes with a brief

description of the rf-SQUID magnetometer.
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1.8.2.2 Composition and Thickness Analysis

The composition of the film was determined using highly sensitive microbalance and energy dispersive and
X-ray analysis. The thickness of the film was calculated from the measured mass of the deposited film obtained
from the atomic flame emission spectrometer, assuming the density of the film same as the density of bulk
material. For the electrodeposited films, the nominal thickness was calculated using chemical methods, which
will be discussed in Section 3.2. The periodicity of the multilayers was determined using a low angle X-ray

diffractometer.

1.8.2.3 X-ray Diffraction
X-ray diffraction patterns were obtained using a Rigaku diffractometer (CuKa radiation, A = 0.15406 nm, 60
kV, 200 mA) to study the crystallographic structure of the ferromagnetic multilayers, granular alloys, and

nanoparticles.

Figure 1-23 shows Bragg’s diffraction. The condition for constructive interference to occur can be given as,

2dsing, =n4, (1.36)

where 05 is the diffraction angle, d is the plane spacing, n is the order of reflection, and A is the wavelength of
radiation, which is 0.15406 nm.

Figure 1-23 Bragg’s diffraction.

The particle size of the granular film was estimated using the Shearer’s formulae as,

(o 09x2 .
BxSing, (37

where t is the diameter of the particle, B is the full width half maximum, and 65 is the Bragg’s angle.
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With the known value of d from (1.36) and crystallographic plane (hkl) from ASTM? table, the lattice

constant of the crystal can also be calculated.

1.8.2.4 Magnetoresistance Measurement

Figure 1-24 shows a normal view of a film and six different measurement configurations. For the randomly

oriented (isotropic) films, the MR ratio was examined by varying the field, H, and current, I, in two different

configurations, whereas, for the uniaxially oriented (anisotropic) films, the MR ratio was examined by varying

the relative direction of H and I in four different configurations. The corresponding arrows show the orientation

of spins, the directions of the easy and hard axes, the direction of the applied field, and the direction of the

current.
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Figure 1-24 VVarious magnetoresistance measurement configurations.

Figure 1-25 shows (a) the schematic of a four-point probe and (b) the electrical circuit, where R,, is a

(b)

hard axis
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variable resistor, R, R,, and R are the film resistances, E is the drive potential, and x,, x,, x5, and x, are the

probe resistances.
The current flowing through the circuit can be given as:

E
| = :
X +X,+R +R, +R; + R,

V is the voltmeter reading, which can be given as,

% American Society for Testing and Materials.

(1.38)
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ER,

V = . (1.39)
X +X, +R +R, +R; +R,
From (1.38) and (1.39), we obtain,
R, = \i (1.40)

A good thing about the four-point probe measurement scheme is that the measured film resistance does not
include any probe resistances. This eliminates any errors in the MR measurement. From the information of the
amount of the current passed, the distance between the voltage probes, and the cross-sectional area, the

resistivity of the films can be determined [112].

1 4

SAMPLE

(a)

Figure 1-25 (a) Schematic of a four-point probe method and (b) a resistor circuit. The current is fed

through terminals 1 and 4 and the voltage is measured between terminals 2 and 3.

1.8.2.5 Vibrating Sample Magnetometer

In this thesis, the effects of magnetic and non-magnetic layer thicknesses and film compositions on the
magnetic properties (e.g., saturation magnetization, Mg, remnant magnetization, M,., coercive force, H.,
anisotropy constant, K,,, etc.) were all studied using a vibrating sample magnetometer (VSM). The VSM was
calibrated using the standard Ni film (i.e., a sample with known saturation magnetization) that had the same size
and the same shape as that of the films, before taking measurement readings. The theoretical basis for

calculating saturation magnetization from the vibrating dipole magnetic moments is given in Appendix A.

1.8.2.6 Superconducting Quantum Interference Device
Superconducting quantum interference device (rf-SQUID) magnetometer is extremely sensitive to the grain

interactions and provides a good method for investigating magnetic properties of super-paramagnetic like
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granular alloys [1], [80]. In this thesis, rf--SQUID magnetometer was used to obtain the field dependence of
magnetization, i.e., zero-field-cooled (ZFC) and field-cooled (FC) magnetization. The blocking temperature of
our film was obtained from the ZFC curves.

The mean Co grain size was estimated as,
K,V =25k;T;, (1.41)

where K, is the magnetic anisotropy constant, v is the volume of a super paramagnetic Co grain corresponding

to the blocking temperature Tg, and kj is the Boltzmann’s constant.

1.9 Thesis Outline

Chapter 1, Sections 1.7.1 through 1.7.5 of this thesis, consists of theory on the MR effect and magnetic
anisotropy. Section 1.8 consists of sample preparation, measurement, and characterization of the magnetic
nanostructures. The remainder of this thesis (Chapters 2 through 6) presents manuscripts that have been

published or accepted for publication in international journals.

In Chapter 2, the effect of oblique incidence evaporation and magnetic annealing on GMR and magnetic
anisotropy of Co/Au multilayers are presented as the ferromagnetic and nonmagnetic layer thicknesses are
systematically changed.

Chapter 3 introduces pulsed-current deposition and presents experimental results on the effect of strain on
GMR and magnetic properties of Co/Ag multilayers grown on the polyimide substrates as the ferromagnetic
layer thickness is changed. It shows a relationship between the field dependence of the MR ratio and the

magnetization curves for low magnetic fields.

Chapter 4 presents measured results on the GMR effect and the magnetic properties of Co/Cu multilayers
grown using pulsed-current deposition on the polyimide substrates. As in Chapter 3, it reports the effect of
strain and ferromagnetic layer thickness on the physical properties of Co/Cu multilayers. It shows a relationship

between stress, strain, field dependence of the MR ratio, and magnetic anisotropy.

Chapter 5 presents a detail investigation of the GMR effect, the saturation magnetization, and the
microstructure of Co-Au granular alloys. It shows the effect of the deposition current density on the

magnetization, microstructure, and grain sizes.

Chapter 6 describes the preparation of the high-magnetic moment FeCo nanostructures. It then presents

measured results of the magnetization and microstructure of the FeCo nanostructures.

Chapter 7 is the concluding chapter of the thesis. It summarises the thesis, briefly describes some of the

limitations and potential applications, and recommends for future work.
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Chapter 2: Magnetoresistance Effect and Magnetic
Properties of Co/Au Multilayers*

2.1 Introduction

Co/Au multilayers are interesting materials to study for a range of applications that exploit spin-dependent
resistivity behavior, under an applied magnetic field [16], [54]. The spin-dependent resistivity of the Co/Au
multilayer is influenced by the interfacial states between the layers of Co and Au [26], [113]. There isa 15 %
lattice mismatch between Co and Au. In addition, the bulk-phase diagram shows that Co and Au are immiscible

at temperature below 693 K [114], meaning that they can be grown with clear and abrupt interfaces [115], [33].

In the study of the non-magnetic layer thickness dependence of the MR ratio, it has been found that the spin-
dependent resistivity of the multilayer becomes independent of the relative orientation of the magnetic moments
when the ferromagnetic Co layers are separated by the nonmagnetic Au layers that have thicknesses larger than
the mean free path of the conduction electrons [116], [117]. However, the influence of the change of the Co and

Au layer thicknesses in various ratios on the MR effect of the multilayer has not yet been fully understood.
To investigate these effects, we took following two approaches:

1. Co and Au layers with various thicknesses and ratios were grown by varying the deposition angle
using a specially designed oblique incidence evaporation method.
2. The Co/Au multilayers were magnetically annealed at their saturation field to strengthen their magnetic

anisotropy.

These multilayers developed strong magnetic anisotropy (- 0.5 kOe < H < + 0.5 kOe) at room temperature.
The MR effect of the anisotropic Co/Au multilayers was found to be larger than the MR effect of the isotropic
Co/Au multilayers. The improvement of the MR ratio and the magnetic anisotropy in Co/Au multilayers is

attributed to the optimum structure and interfacial states of the film [118].

* A version of this chapter has been published. Reprinted from [3] with permission. © 2007, Elsevier. Rizal, C. Study of magnetic
anisotropy and magnetoresistance effects in ferromagnetic Co/Au multilayer films prepared by e-beam evaporation. Journal of Magnetism
and Magnetic Materials. 3/2007.
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2.2 Experimental Procedure

A series of [Co (t¢,) nm/Au (t,, ) nm]y multilayers was grown onto the glass substrates using e-beam
evaporation, where t., and t, are the thicknesses of the Co and Au layers, respectively. The subscript
N outside the parenthesis indicates the number of bilayers in the film. The multilayers were grown by
alternatively evaporating Co and Au layers on the polished glass substrate using oblique angle e-beam

evaporation. The pressure and deposition rate were maintained at 10 Torr and 0.1 nm/s, respectively.

The thickness of the deposited film was observed using the quartz crystal monitor and later confirmed using
the low angle X-ray diffraction measurement (a preferred method used to study the film periodicity in the
multilayers). The X-ray spectra were collected using a Rigaku X-ray diffractometer in the 8 — 26 scans with the
monochromatic CuK « radiation (4 = 0.15406 nm). The calibration of the diffractometer was done using

standard Au or Si samples.

The deposition angle, 8, of the direction of evaporation, on the plane of the substrate was changed in the
range of 6 = (0° (i.e., its surface normal to the direction of evaporation) to 75° (i.e, at an oblique angle). The

oblique incidence evaporation arrangement was locally built inside the e-beam chamber.

It was assumed that the Co particles were randomly distributed along the substrate surface at the onset of the
e-beam evaporation. Therefore, the multilayers were magnetically annealed at 3 kOe for 30 minutes (this
scheme is given in page 21, Figure 1-13) to strengthen magnetic ordering. The magnetic annealing was carried
out in a tubular glass enclosure, by placing multilayers in between two electromagnets (pressure below 1x10°

Torr and temperature at 573 K).

Magnetic properties of the [Co (t.,) nm/Au (t,,) nm],, multilayers were evaluated using VSM and
magnetic balance by applying the magnetic field along the transverse (in plane) and the longitudinal (in plane)
directions of the easy axis and the current. The magnetic anisotropy constant was determined from the measured

magnetization curves.

The MR was measured in two different configurations for the isotropic multilayers and four different
configurations for the anisotropic multilayers, by varying the relative direction of the applied field, H, and the

current, I, using the standard four-point probe method at the constant dc current of 3 mA.

The field dependence of the MR ratio was measured in six different configurations (the measurement
configurations are shown in page 36, Figure 1-24) by varying the relative direction of H and I as the Co and Au

layers were changed. The magnetic field was applied from 0 to + 21 kOe.

2.3 Results and Discussions

In this section, experimental results of the magnetization, the microstructure, and the MR effect of the (a) as-
deposited (8 = 0) and (b) obliquely deposited (8 = 45°) [Co (t¢,) nm/Au (t4,) nm],, multilayer films are

presented, where t., and t,, indicate the thickness of the Co and Au layers, respectively.
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2.3.1 Magnetic Anisotropy from Magnetization Curves

In this section, magnetic anisotropy is studied using magnetization curves for the [Co 1.0 nm/Au 2.0 nm],,
multilayers deposited at the normal incidence of evaporation (i.e., 8 = 0) and the oblique incidence of
evaporation (i.e., 8 = 0). Only the results of the multilayers prepared at & = 0 and 45° are presented here.
Magnetization curves were measured with the field, H, parallel (in plane) and perpendicular (in plane) to the
direction of the easy axis at low applied fields (- 1 kOe < H < 1 kOe).

2.3.1.1 Normal Incidence Evaporation

Figure 2-1 shows the M — H loops for the [Co 1.0 nm/Au 2.0 nm],, isotropic multilayers deposited at 8 = 0°
at low fields (- 1 kOe < H < 1 kQe). The H field was applied along the parallel (in plane) and the perpendicular

(in plane) to the direction of the easy axis. The magnetism of the multilayer is magnetically isotropic.

M [ X 10* emu/nm]
// direction

Figure 2-1 M — H loops for the randomly oriented (isotropic) films. The notations // and L indicate the

direction of the magnetic field along the parallel and the perpendicular to the easy axis, respectively.
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2.3.1.2 Oblique Incidence Evaporation

Figure 2-2 shows the M — H loops for the [Co 1.0 nm/Au 2.0 nm],, multilayers deposited at the oblique
angle, 8 = 45° when the H field was applied parallel (in plane) and perpendicular (in plane) to the direction of
the easy axis. The multilayer showed a remarkable magnetic anisotropy. The easy axis of magnetization was
found along the perpendicular to the plane of oblique incidence of evaporation. The strong magnetic anisotropy,
at low applied fields (-1 kOe < H < 1 kOe), is believed to be due to the preferential growth (also known as
shadowing effect) of crystallites during evaporation [94] (see also Sections 1.6.1.1 and 1.6.1.2).

M [ X 10* emu/nm]
A // direction

/,

| direction

L
0.5 1.0

H [kOe]

Figure 2-2 M — H loops for the uniaxially oriented (anisotropic) multilayer films. The notations // and L
indicate the direction of the magnetic field along the parallel and perpendicular to the easy axis,

respectively.
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2.3.2 Microstructural Analysis

Figure 2-3 shows a low angle X-ray diffraction (XRD) patterns for the [Co 1.0 nm/Au 2.0 nm],, multilayers.
A broad peak was observed at the diffraction angle of 2.86°. The weaker intensity of the second peak was
because the ratio of Co and Au is 1:2. It is clear that these multilayers have a well-defined periodicity, d, of 3

nm.

[Co 1.0 nm/Au 2.0 nm},,

[20 =2.86"]
[2d sin (B) =n A]
[d =3 nm]

] st

Intensity (a.u.)

2nd

1.0 20 3.0 4.0 50 6.0
26 (deg)

Figure 2-3 XRD patterns of [Co 1.0 nm/Au 2.0 nm],, multilayer.

2.3.3 Field Dependence of Magnetoresistance

The field dependence of the MR ratio was studied to relate the spin-dependent resistivity of the [Co 1.0
nm/Au 2.0 nm], multilayers with the magnetic field. In the following sections, the field dependence of the MR
ratio for the randomly oriented (isotropic) and uniaxially oriented (anisotropic) [Co 1.0 nm/Au 2.0 nm],,
multilayer is discussed by considering the direction of the magnetic field and the direction of the current using
six different measurement configurations (see Figure 1-24): two measurement configurations for the isotropic

and four measurement configurations for the anisotropic multilayers.
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2.3.3.1 Randomly Oriented Multilayers

Figure 2-4 shows the field dependence of the MR ratio for the randomly oriented [Co 1.0 nm/Au 2.0 nm],
multilayer when the magnetic field was applied parallel (H // I) and perpendicular to the current (H L I) at high
fields (- 21 kOe < H < + 21 kOe)®. Two different MR contributions were detected for the [Co 1.0 nm/Au 2.0
nm]ye multilayers: (1) isotropic and (2) anisotropic. The field dependence of the MR ratio observed for H L I
shows the larger value than the MR ratio observed for H // I. The AMR effect, shown in the upper part of Figure
2-4, was deduced from the difference between the GMR effects when the magnetic field was applied parallel

and perpendicular to the current.

Randomly Oriented Multilayer

1.0
I [Col.0 nm/Au 2.0 nm],,

MR ratio (%)
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|
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o

30 20 -10 0 10 20 30
Field, H (kOe)

Figure 2-4 Field dependence of the MR ratio for the isotropic multilayer films. The notations // and L

denote the direction of the applied field parallel and perpendicular to the current, respectively.

® How the data were taken and analysed in this thesis is described in Appendix B.
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2.3.3.2 Uniaxially Oriented Multilayers: Field Parallel to Easy Axis

Figure 2-5 shows the field dependence of the MR ratio for the uniaxially oriented [Co 1.0 nm/Au 2.0 nm]y
multilayer when the magnetic field was applied parallel (H // I, ;) and perpendicular (H L I,) to the easy axis
current at high fields (- 21 kOe < H < 4+ 21 kOe). As in Section 2.3.3.1, two different MR contributions were
detected for the anisotropic [Co 1.0 nm/Au 2.0 nm],o multilayers. The field dependence of the MR ratio
observed for H 1 I, is larger than the field dependence of the MR ratio observed for H // I .. In addition, the
MR ratio of the anisotropic multilayer is almost twice than the MR ratio of the isotropic [Co 1.0 nm/Au 2.0
nm]ye multilayers. The upper part in Figure 2-5 shows the AMR effect obtained from the difference between the
MR ratio measured for H L I.,and H // I..,.

Uniaxially Oriented Multilayer

1.0 i [Co1.0 nm/Au 2.0 nm],,

0.5 5858898

)

=

o
I

-0.5
-1.0

MR ratio (%

-1.5

30 20 -10 0 10 20 30
Field, H (kOe)

Figure 2-5 Field dependence of the MR ratio for the uniaxially oriented (anisotropic) multilayers. The
notations // and L denote the direction of the applied field parallel and perpendicular to the easy axis

current, respectively,
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2.3.3.3 Uniaxially Oriented Multilayers: Field Parallel to Hard Axis

Figure 2-6 shows the field dependence of the MR ratio for the uniaxially oriented [Co 1.0 nm/Au 2.0 nm]y
multilayer when the magnetic field was applied parallel (H // I, ;) and perpendicular (H L I,,,) to the hard axis
current at high fields (- 21 kOe < H < + 21 kOe). As in Sections 2.3.3.1 and 2.3.3.2, two different MR
contributions were detected for the anisotropic [Co 1.0 nm/Au 2.0 nm], multilayers as well. The field
dependence of the MR ratio observed for H L I, is larger than the field dependence of the MR ratio observed
for H I/ I,,. In addition, the overall MR ratio is larger than the MR ratio of both the isotropic and the anisotropic
[Co 1.0 nm/Au 2.0 nm],, multilayers presented in Sections 2.3.3.1 and 2.3.3.2. The upper part in Figure 2-6

shows the anisotropic components of the MR ratio.
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Figure 2-6 Field dependence of the MR ratio for the uniaxially oriented multilayers. The notations // and
1 denote the direction of the applied field parallel and perpendicular to the hard axis current,

respectively.
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2.3.4 Nonmagnetic Layer Thickness Dependence of the MR Ratio

Figure 2-7 shows the Au layer thickness dependence of the MR ratio for the [Co 1.0 nm/Au (t4,,) nm],,
multilayer at high fields (- 21 kOe < H < 21 kOe), where t,,, denotes the thickness of the Au layer. The MR
ratio of the isotropic multilayers shows the average of two data {denoted by open circles (o)} measured by
changing the direction of the current when the magnetic field was applied along the easy and hard axes.
Similarly, the MR ratio of the anisotropic multilayers shows the average of the two data {denoted by closed
circles (@)} measured by changing the direction of the current and the applied magnetic field along the magnetic
easy and hard axes. The MR ratio of both the isotropic and anisotropic multilayers shows a maximum at t,,, =
2.0 nm. Interestingly, the overall MR ratio for the anisotropic [Co 1.0 nm/Au (t,,, ) nm],, multilayers is larger

than the overall MR ratio for the isotropic [Co 1.0 nm/Au (t,, ) nm], multilayers.

[S
-]
I

O

MR ratio (%)

MR: Randomly Oriented

S
N
T

0 | L 1 L | L | L | L | L
12 14 16 1.8 20 22 24

Au layer thickness, ¢, (nm)

Figure 2-7 The MR ratio of the randomly oriented (isotropic) and uniaxially oriented (anisotropic) [Co
1.0 nm/Au (t4,,) Nm]y multilayers at various Au layer thicknesses. Each point in the graph represents the

average of two data.
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2.3.5 Magnetic Layer Thickness Dependence of the MR Ratio

In Section 2.3.4, we studied the MR effect at various Au layer thicknesses. In this section, in addition to the
various Au layer thicknesses, the same will be studied at various Co layer thicknesses, in order to study the
effect of ferromagnetic layer thickness on the MR ratio.

Figure 2-8 shows the plots of the MR ratio for the [Co (t.,) nm/Au (t4,) nm]y anisotropic multilayers as the
thicknesses of Co and Au layers are changed. The subscript N outside the parenthesis denotes the stacking
number. It shows the MR effect when the applied field, H is (a) parallel (H // I) and (b) perpendicular (H L I)
to the current, I. Each point in Figure 2-8 represents an average of two measurements. The Co and Au layer

thicknesses were changed from 0 to 2 nm and 0 to 4 nm, respectively.

-1.5 | -2.5
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S -1.0 | -1.5
2 05| L LKV
; T Co1.5nm 207 Co 1.5nm
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_1.03 Co0 2.0 nm _1.52 020nm
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Au layer thickness (nm) Au layer thickness (nm)

Figure 2-8 The MR ratio versus Au layer thickness at various Co layer thicknesses.

The MR ratio in Figure 2-8 (a) and (b) increases with the Au layer thickness and reaches peak at 2 nm for a
Co layer thickness of 1 nm. This behavior is consistent with the results reported in Section 2.3.4. As the Co
layer thickness is increased from 1 to 2 nm, the peaks of the MR ratios are shifted towards the higher Au layer

thicknesses. However, the overall MR ratio is decreased with increasing Co layer thickness.

The decrease in the MR ratio with the increase in the Co layer thickness seems to be due to the increase in
the ferromagnetic regions not showing optimum antiparallel alignment of the spins when the ferromagnetic
layer thickness is increased over 1 nm. Similarly, the decrease in the MR ratio with the increase in the Au layer
thickness seems to be due to the reduction in the magnetic coupling strength between the adjacent magnetic

moments [116]. The MR ratio of the [Co (t.,) NM/Au (t4,) nm]y multilayer when the field was applied
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perpendicular to the current (H L I) was always larger than when the field was applied parallel to the current
(H ).

2.3.6  Magnetic Anisotropy and the MR Ratio

In Sections 2.3.3 through 2.3.5, we reported MR effects of the isotropic and anisotropic [Co (t.,) nm/Au
(ta,) NnmM]n multilayers. The MR ratio of anisotropic [Co (t.,) nm/Au (t4,) nm], multilayer was always found
to be larger than the MR ratio of the isotropic [Co (t.,) nm/Au (t,,) nm], multilayers. In this section, we
describe the relationship between the MR ratio and the anisotropy constant for the magnetically annealed [Co

1.0 nm/Au 2.0 nm],, multilayers.
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Figure 2-9 The MR ratio and K, versus annealing temperature: open circles (0): H // I and closed circles:
(*) H L I for uniaxially oriented multilayers, and cross (x): H // I or H L I for randomly oriented

multilayers.

Figure 2-9 shows the MR ratio and the magnetic anisotropy constant, K,,, at two different temperatures: (1)
room temperature (i.e., 300 K) and (2) elevated temperature (i.e., 523 K). The lower part shows the MR ratio
and the upper part shows K,, as the temperature was changed from 300 to 523 K. The MR ratio increases owing

to the increase in magnetic annealing [119]. Similarly, K, increases with the increase of temperature. Therefore,
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the increase of MR for [Co 1.0 nm/Au 2.0 nm],, multilayer is directly related to K,,. The overall MR of the
uniaxially oriented multilayers {indicted by (®,0) signs} is larger than the overall MR of the randomly oriented
multilayers {indicated by cross (x) signs}. This result explains why in Sections 2.3.3 through 2.3.5, the MR
effect of the uniaxially oriented [Co 1.0 nm/Au 2.0 nm], multilayers was larger than the MR effect of the

randomly oriented [Co 1.0 nm/Au 2.0 nm],, multilayers.

2.4 Summary

Magnetic anisotropy was induced using oblique angle deposition. The MR ratio was studied by changing
both the non-magnetic and magnetic layer thicknesses. The study of non-magnetic layer thickness dependence
of the MR ratio showed a maximum MR ratio of 1.6 % at room temperature. The maximum MR ratio of the
multilayer shifted towards the higher ferromagnetic layer thicknesses. The result suggested a decrease in the
antiferromagnetically aligned moments on either side of the nonmagnetic layers as the ferromagnetic layer
thickness was increased. Interestingly, the MR effect of the uniaxially oriented multilayers was found to be
larger than that of the randomly oriented multilayers for all layer thicknesses. A low angle diffraction analysis

revealed a well-defined periodicity of the Co/Au multilayers prepared in this thesis.

The effect of magnetic annealing on the MR ratio and magnetic anisotropy was also studied. The magnetic
annealing enhanced both magnetic anisotropy and the MR ratio meaning that the increase in the MR ratio was
directly related to the orientation characteristics of magnetic moments in these multilayers. The observed value
of the coercive force was in a very small range (< 50 Oe) at ambient conditions, indicating that these multilayers

are possible candidates for the sensor applications.
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Chapter 3: Magnetoresistance Effect and Magnetic
Properties of Co/Ag Multilayers®

3.1 Introduction

In Chapter 2, we presented structural, MR, and magnetic anisotropy properties of the isotropic and
anisotropic Co/Au multilayers, specially grown using oblique incidence evaporation for various Co and Au
layer thicknesses. Similar to the lattice mismatch between Co and Au, the lattice mismatch between Co and Ag
is also 15 %. Therefore, it will be interesting to study Co/Ag multilayers for a better understanding of the
growth method on GMR and magnetic anisotropy [68], [120]. In this chapter, we present MR and magnetic
properties of the isotropic and anisotropic Co/Ag multilayers, prepared using pulsed-current deposition, for

various Co layer thicknesses and strains.

Pulsed-current deposition is one of the useful methods for growing materials on the atomic levels using a
single electrolyte at room temperature. Although finding a suitable deposition condition is difficult, it is proved
to be a promising method for producing magnetic multilayers and alloys by controlling the deposition

parameters. In this work, Co/Ag multilayers are grown using pulsed-current deposition method.

Figure 3-1 shows a typical pulsed-current waveform where, J is the current density (A/m?), t is the
deposition time (ms), Ty is the on time, during which the current is applied, and Tj is the off time, during which
no current is applied. Similarly, ], is the on time current density, ] is the off time current density, and /44 is
the average current density. By controlling the deposition time and the amplitude of the current density

multilayers of two or more elements with various compositions and thicknesses can be prepared.

® A version of this chapter has been published. Sections 3.3.1 through 3.3.5 are reprinted from [4] with permission. © 2009 IEEE. Rizal, C.
and Ueda, Y. Magnetoresistance and magnetic anisotropy properties of strain-induced Co/Ag multilayers. IEEE Transactions on Magnetics.
6/2009. Sections 3.3.6 through 3.3.11 are reprinted from [68] with permission. © 2011, IEEE. Rizal, C., Gyawali, P., Kshattry, I. B., and
Pokharel, R. K. Effect of strain on magnetoresistance and magnetic properties of Co(tc,)/Ag nanostructures. IEEE Nanotechnology
Materials and Devices Conference. 10/2011.
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Figure 3-1 Typical pulsed-current waveform.

Figure 3-2(a) shows a schematic of the pulsed-current deposition where the x-axis is the electrode potential

(corresponding to the current density) and the y-axis is the deposition time, and corresponds to the amount of

deposited material in the film. The principle of pulsed-current deposition is as follows: at potential, V,, metal

A deposits whereas at potential V,, 5, an alloy of metal A and metal B deposits. By changing the current

(potential) alternately between these values, any combinations of multilayers, composition modulated alloys,

and nanoparticles can be developed [121]. Further details on the pulsed-current deposition of magnetic

nanostructures are available in [46]".

Time

Potential

h

Time

Potential

Figure 3-2(a) Diagram showing the principle of pulsed-current deposition, (b) deposition time versus

potential corresponding to the pulsed-current, and (c) film structures corresponding to (b).

’ This paper reports author’s previous work, not included in this thesis.
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Figure 3-2(b) shows a pulsed-current wave form with different width and interval time and (c) shows the
corresponding multilayer structures. The composition of each layer of ferromagnetic (FM) and nonmagnetic
(NM) materials in (c) corresponds to the pulse height whereas the thickness corresponds to the pulse width,
which is also a deposition time. The beauty of this process is that by controlling the pulse amplitude and the
pulsed width one can produce various combinations of multilayers and alloys on an atomic scale from a single
electrolyte. The possibility of simultaneously co-depositing different materials, which are normally immiscible,

from an aqueous solution is the main characteristic of the pulsed-current deposition.

It is believed that the magnetic anisotropy of the ferromagnetic layers depends on the values of strain and
lattice mismatches between the adjacent layers. In this chapter, experimental results of the GMR effect and
magnetic anisotropy properties of the as-deposited and the strained ferromagnetic Co layers in the Co/Ag

multilayer are presented.

3.2 Experimental Procedure

Co/Ag multilayer films were grown by means of pulsed-current deposition. Figure 3-3 shows a schematic
for the generation of pulsed-current used in this study. It consists of four major parts: (a) a microcomputer, (b) a
D-A convertor, (c) a regulator, and (d) an electrolyte. A digital signal is fed through the programmable
microcomputer to D-4 converter. The outgoing analog signal is then fed to the regulator (a constant-current
circuit). The output from the regulator is fed to the electrochemical cell, which consists of a single electrolyte

containing two or more elements.

The electrolyte was prepared with 99.9 % pure chemicals in doubly distilled water and pH was adjusted to
3.0. The electrolyte consisted of CoSO4-7H,0, Agl, and KI with a silver anode. In the plating bath, the Co
concentration was changed while keeping the Ag concentration constant, whereas the ratio between Co and Ag
was varied. The substrates consisted of 15-nm thin copper buffer layer vapor deposited on the polyimide film.
The pulsed-current density was switched from 0.1 to 10 mA/cm?. The deposition time was changed from 0.1

milliseconds to several seconds.

The nominal thickness of the deposited film was obtained using Faraday’s laws as:

B A, x1xt

- , 3.1
NxFxdxS (3-)

= A I i x ot
NxFxdxS

where h is the film thickness, t is the deposition time, 4,, is the atomic weight of the material, § is the density
of the deposited material, S is the surface area of the deposit, n is the valency of the material, and F is the
Faraday’s constant, which is 96500 C. The composition of the deposited film was determined using flame
emission and atomic absorption spectroscopy and energy dispersive X-ray analysis. The composition of the
single ferromagnetic layer was 92 at. % Co 8 at. % Ag. The layer thickness was determined from the mass of
the deposited film assuming the density of the film same as the density of the bulk material. Magnetization

curves were measured using vibrating sample magnetometer (VSM) and torque magnetometer.
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Figure 3-3 Schematic of pulsed-current deposition [122].

The strain was induced mechanically by stretching the polyimide and its value was measured using a strain
gauge. The electrical resistance of the multilayers was measured using the four-point probe method at room
temperature with the applied magnetic field always in plane of the multilayers. In order to determine the
anisotropic and isotropic components of the MR effect, the resistance was measured in all six configurations.
The details of these measurement methods are given in page 36, Section 1.8.2.4. The magnetic field dependence

of the MR ratio was examined by varying the relative direction between the magnetic field, H and the current, I.

3.3 Results and Discussions

In this section, magnetic anisotropy and the MR effects are studied extensively using magnetization curves
for the randomly oriented, i.e., as-deposited (¢ = 0) and strain-induced (e # 0) [Co (t¢,) nm/Ag 1.5 nm]y
multilayer films at low magnetic fields (< 1 kOe). The notations t., and N indicate the Co layer thickness and
number of bilayers in the film, respectively. Magnetic anisotropy is also studied using torque curves. The effect
of strain on the magnetization at various Co layer thicknesses is studied. The MR effect is studied by changing
the ferromagnetic Co layer thickness at a constant Ag layer thickness of 1.5 nm. The field dependence of the

MR ratio is studied at both low (< 1 kOe) and high (< 21 kOe) magnetic fields.
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3.3.1 Magnetic Anisotropy from Magnetization Curves

In this section, magnetic anisotropy is studied using magnetization curves for the randomly oriented (i.e.,
& = 0) and the uniaxially oriented (i.e., ¢ # 0) [Co 1.5 nm/Ag 1.5 nm],, multilayer films at the applied field, H,
of + 1 kOe.

3.3.1.1 Randomly Oriented Multilayers

Figure 3-4 shows the M — H curves for the as-deposited [Co 1.5 nm/Ag 1.5 nm],, multilayer. Magnetization
curves were measured in two directions, along the parallel (in plane) and perpendicular (in plane) to the
multilayer, at room temperature. The result shows that the magnetism of the as-deposited [Co 1.5 nm/Ag 1.5

nm],, multilayer is magnetically isotropic.

M [ X 10 emu/nm]

H 06 ]
/\\

H 03H
\\/

Figure 3-4 M — H hysteresis loops for the randomly oriented, i.e., as-deposited (¢ = 0) [Co 1.5 nm /Ag 1.5

nm], multilayer.
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3.3.1.2 Uniaxially Oriented Multilayers

Figure 3-5 shows the M — H curves for the strain-induced [Co 1.5 nm/Ag 1.5 nm],o multilayer.
Magnetization curves were measured parallel (hard axis) and perpendicular (easy axis) to the direction of strain
at room temperature. The result shows that the magnetism of the strain-induced [Co 1.5 nm/Ag 1.5 nm],
multilayer is magnetically anisotropic, i.e., multilayers show uniaxial magnetic anisotropy. The orientation of

the induced easy axis is found to be perpendicular to the direction of strain.

M [ X 10* emu/nm]

Figure 3-5 M — H hysteresis loops for the uniaxially oriented, i.e., strain-induced (g = 1.5 %) [Co 1.5 nm

/Ag 1.5 nm]y multilayer.
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3.3.2 Field Dependence of the MR Ratio in Low Fields

In this section, the relationships between the field dependence of the MR ratio and the magnetization curves
for the randomly oriented (isotropic) and uniaxially oriented (anisotropic) [Co 1.5 nm/Ag 1.5 nm],, multilayer
films are discussed. At low magnetic fields, the field dependence of the MR ratio does not significantly depend
on the direction of the measuring current, but it only has a tendency to depend on the direction of the applied
field.

3.3.2.1 Randomly Oriented Multilayers

Figure 3-6 shows the field dependence of the MR ratio and the corresponding magnetization curve for the
isotropic [Co 1.5 nm/Ag 1.5 nm]y, multilayer films. In the weak magnetic fields (-1 kOe < H < 1 kOe), the
difference for the field dependence of the MR ratio is clearly observed depending on the orientation of the
magnetization curve, i.e., the field dependence of the MR ratio is corresponding to the shape of the

magnetization curve®,

H M [ X 10 emu/nm)]
1

s
W

o1

1 05 0 05 1
H [kOe]

Figure 3-6 Field dependence of the MR ratio and the corresponding magnetization curve for the

randomly oriented (e = 0 %) [Co 1.5 nm /Ag 1.5 nm],, multilayer.

& How the data were taken and analysed in this thesis is described in Appendix B.
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3.3.2.2 Uniaxially Oriented Multilayers: Current Parallel to Easy Axis

Figure 3-7 shows the magnetic field dependence of the MR ratio and the corresponding magnetization curve
for the anisotropic [Co 1.5 nm/Ag 1.5 nm],, multilayer films when the magnetic field was applied parallel to the
easy axis. Similar to the characteristics shown by the isotropic multilayer in Section 3.3.2.1, in the weak
magnetic fields (-1 kOe < H < 1 kOe), the difference for the magnetic field dependence of the MR ratio is
clearly observed, and it depends on the orientation of magnetization, i.e., the field dependence of the MR ratio is
corresponding to the shape of the magnetization curve. However, the magnitude of the MR effect of the

anisotropic multilayer is smaller than the magnitude of the MR effect of the isotropic multilayer.

H M [ X 10 emu/nm]

Apt |

H [kOe]

Figure 3-7 Field dependence of the MR ratio and the corresponding magnetization curve for the
uniaxially oriented (e = 1.5 %) [Co 1.5 nm /Ag 1.5 nm], multilayer, when the magnetic field was applied

parallel to the easy axis.
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3.3.2.3 Uniaxially Oriented Multilayers: Current Parallel to Hard Axis

Figure 3-8 shows the magnetic field dependence of the MR ratio and the corresponding magnetization curve
for the uniaxially oriented (anisotropic) [Co 1.5 nm/Ag 1.5 nm],, multilayer film when the magnetic field was
applied perpendicular to the easy axis. Similar to the characteristics shown by the isotropic (in Section 3.3.2.1)
and anisotropic (in Section 3.3.2.2) multilayers, the difference for the field dependence of the MR ratio in
Figure 3-8 is clearly observed, i.e., the field dependence of the MR ratio is corresponding to the shape of the
magnetization curve at low magnetic fields (-1 kOe < H <1 kOe). Although the MR ratio for the anisotropic
multilayer is smaller than the MR ratio for the isotropic multilayer presented in Section 3.3.2.1, the MR ratio
when the current is parallel to the hard axis (see Figure 3-8) is always larger than the MR ratio when the current
is parallel to the easy axis (see Figure 3-7).

H M [ X 10 emu/nm]

TITY R
LA

N

-6 ' ' ' _
-1 -05 0 0.5 1

H [kOe]

Figure 3-8 Field dependence of the MR ratio and the corresponding magnetization curve for the
uniaxially oriented (e = 1.5 %) [Co 1.5 nm /Ag 1.5 nm],, multilayer, when the magnetic field was applied

perpendicular to the easy axis.
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3.3.3 Cobalt Layer Thickness and the GMR Effect

Figure 3-9 shows the Co layer thickness dependence of the MR ratio for both the isotropic and anisotropic
[Co (tco) NM/AgQ 1.5 nm]y multilayers. The notations t., and N indicate the Co layer thickness and the number
of bilayers in the film, respectively. The thickness of the Ag layer was fixed at 1.5 nm. The MR ratio increases
continuously with the increase of the Co layer thickness and reaches maximum at a Co layer thickness, t, =
1.5 nm. The MR ratio starts to decrease with further increase of the Co layer thickness. The MR ratio for both
the isotropic and anisotropic [Co (t.,) nm/Ag 1.5 nm]y multilayers shows a maximum at the same Ag layer

thickness of 1.5 nm.
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Figure 3-9 Co layer thickness dependence of the MR ratio for Ag layer thickness of 1.5 nm: (a) randomly
oriented [Co (t¢,) nm/Ag 1.5 nm]y film and (b) and (c) uniaxially oriented [Co (t¢,) Nm/Ag 1.5 nm]y
films: field // hard axis and field // easy axis, respectively, at 21 kOe.

The reasons for this increase and decrease of the MR ratio with the Co layer thickness can be explained as:

(a) As the Co layer adjacent to the nonmagnetic Ag layer becomes to be discontinuous for the multilayers
having thin Co layer (i.e., t;, < 1.5 nm), the MR ratio is small due to the decrease in the regions of

antiparallel alignment of spins.
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(b) On the other hand, when the Co layer adjacent to the Ag layer becomes to be continuous (i.e., t, > 1.5

nm), the MR ratio decreases due to the increase in the ferromagnetic regions not showing the optimum

antiparallel alignment of the spins [75], [33].

Although the MR ratio of the isotropic [Co (t.,) nm/Ag 1.5 nm]y multilayer is larger than the MR ratio of
the anisotropic [Co (t¢,) nm/Ag 1.5 nm]y multilayer, the MR ratio with the applied field parallel to the hard

axis shows the value larger than the MR ratio with the applied field parallel to the easy axis.

3.3.4 Cobalt Layer Thickness and Magnetic Anisotropy

The anisotropy constant, K,,, was determined from the measured magnetization curves. Figure 3-10 shows
the anisotropy constant, K,,, at various Co layer thicknesses for the [Co (t,) nm/Ag 1.5 nm]y multilayers at
room temperature. The notations t., and N indicate the Co layer thickness and the number of bilayers in the
film, respectively. K;, is small for small Co layer thicknesses and it increases with the increase of Co layer

thicknesses. The reason for showing the smaller anisotropy constant for the thinner Co layers at room

temperature seems to be due to the formation of discontinuous layers [33].

Anisotropy Const., K,
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Figure 3-10 Relationship between the anisotropy constant, K,,, and the Co layer thickness, t,, for the [Co

1.5 nm/Ag 1.5 nm]y multilayer.
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3.3.5 Magnetic Anisotropy and the MR Ratio

Figure 3-11 shows the correlation between the MR ratio and the anisotropy constant, K,,, for (a) magnetic
field, H, applied parallel to the hard axis and (b) magnetic field, H, applied parallel to the easy axis. The MR
ratio of the [Co 1.5 nm/Ag 1.5 nm]y multilayer film when the H field was applied parallel to the hard axis is
about 9.1 %, which is larger than the MR ratio for the H field applied parallel to the easy axis. The overall MR
ratio with the H field applied parallel to the magnetic hard axis (i.e., parallel to the direction of strain) is more
significant than the H field applied parallel to the magnetic easy axis (i.e., perpendicular to the direction of
strain) for all the films. As the orientation characteristic of the multilayer becomes strong, depending on the

direction of the applied magnetic field (and the current), the difference in the slopes of the MR ratio increases.

The smaller difference between the number of parallel and anti-parallel alignments of the magnetic spins in
the ferromagnetic layers seemed to be the major factor for showing the smaller MR ratio for the anisotropic

(oriented) multilayer films [33].
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Figure 3-11 The MR ratio versus anisotropy constant, K,,, for the [Co 1.5 nm/Ag 1.5 nm]y multilayer for
(a) magnetic field, H // hard axis and (b) magnetic field, H // easy axis.
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3.3.6  Magnetic Anisotropy and Torque Curves

Figure 3-12(a) is a normal view of a [Co 1.5 nm/Ag 1.5 nm],, multilayer. It shows the direction of induced
strain, the direction of induced magnetization, and the direction of applied magnetic field. The easy axis of
magnetization lies in a plane perpendicular to the direction of strain. Fig. 1(b) illustrates the anisotropic energy
measurement scheme. It shows the position of a circular Co/Ag multilayer, which is placed between two
electromagnets. Fig. 1(c) shows a torque curve, K,, (the amplitude of the torque curve) versus 6 (the angle
between the saturation magnetization and the easy axis). The slope of the curve at # = 0 and 180° is negative
(for the stable position) and the slope of the curve at 8 = 90 is positive (for the unstable position). Similar trends
were also observed for Co/Cu [5], Co/Au [123], [26], Ni/Cu [83], and Fe/Cu [65] multilayers.
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Figure 3-12 (a) Co/Ag multilayer showing the direction of strain, the direction of magnetic field, and the

direction of induced easy axis due to strain, (b) schematic of a torque meter, and (c) torque curve.
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3.3.7 Field Dependence of the MR Ratio in High Fields

Figure 3-13 shows the field dependence of the MR ratio for the isotropic and anisotropic [Co 3.0 nm/Ag 1.5

nm]ye multilayers at the magnetic field, H, of 0 to £ 21 kOe. The multilayers exhibited the GMR effect. The

maximum MR ratio observed is 7.2 % for the [Co 3.0 nm/Ag 1.5 nm],o multilayer. It shows a sharp drop in the

MR ratio at low applied fields, i.e., near the zero magnetic field. This means higher sensitivity to resistance

change at low fields.

The decreasing tendency of the field dependence of the MR ratio for both the isotropic and anisotropic

multilayers is similar. However, for the isotropic [Co 3.0 nm/Ag 1.5 nm],, multilayer films, the field

dependence of the MR ratio does not depend on the direction of the applied field or the direction of the current.

As for the anisotropic [Co 3.0 nm/Ag 1.5 nm],, multilayer films, a distinct difference between the field

dependence of the MR ratios measured against the easy and hard axes is observed. The difference of the MR

ratio widens as the field is increased. This is attributed to an AMR effect [33].
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Figure 3-13 Field dependence of the MR ratio for [Co 3.0 nm /Ag 1.5 nm],, multilayer at H = + 21 kOe:

open triangle, 4, is for the isotropic multilayers, and open circles, o, H // easy axis and closed squares, m,

H // hard axis are for the anisotropic multilayers. Solid lines are guides for the eyes.
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3.3.8 Degree of Magnetic Anisotropy and the MR Ratio

Figure 3-14 shows the MR ratio of the [Co (t.,) nm /Ag 1.5 nm]y multilayer as the degree of anisotropy, £,
a ratio of M,.,, (magnetization measured when the applied magnetic field was parallel to the easy axis) and M,
(magnetization measured when the applied magnetic field was perpendicular to the easy axis), is increased. A
clear difference in the MR ratio is observed between the applied field parallel and perpendicular to the easy and
hard axes. The MR ratio is larger when the field is applied perpendicular to the hard axis and the current than
when it is applied parallel to the easy axis and the current for the entire range of Co thicknesses. These results
are consistent with the field dependence of the MR ratio of the Co/Cu [5] and the Co/Au [4] multilayers.
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Figure 3-14 The MR ratio versus degree of anisotropy, B, for the anisotropic [Co (t,) nm/Ag 1.5 nm]y
multilayers: (a) H // easy axis and (b) H // hard axis, measured at 21 kOe.
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3.3.9 Cobalt Layer Thickness and Electrical Characteristics

3.3.9.1 Randomly Oriented Multilayers

Figure 3-15 shows (a) an randomly oriented (isotropic) multilayer and two different measurement

configurations, and b(i) electrical resistance, R, at the zero applied field, b(ii) a change in resistance, AR, due to

the applied magnetic field, H, and b(iii) the MR ratio at various Co layer thicknesses (0 to 3 nm). The value of

R for the [Co (tc,) nm /Ag 1.5 nm]y multilayer remains almost constant at the small Co layer thicknesses. It

increases slightly as the Co layer thickness is increased. In contrast, both the values of AR and the MR ratio

reach a maximum and a minimum at the same time. This implies that the increase of R does not mean the

increase or decrease of MR or vice versa, because the mechanism of conductivity in ferromagnetic multilayers

is different at zero and applied magnetic fields. The maximum MR ratio of 9.1 % is observed at a Co layer

thickness of 1.5 nm.
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Figure 3-15 (a) Isotropic multilayer and two different measurement configurations and (b) (i) R vs. t¢,,

(ii) AR vs. t¢,, and (iii) MR ratio vs. t,, for the [Co (t;,) nm/Ag 1.5 nm]y multilayer.
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3.3.9.2 Uniaxially Oriented Multilayers

Figure 3-16 shows (a) an uniaxially oriented (anisotropic) multilayer and four different measurement
configurations, and b(i) electrical resistance, R, at zero applied field, b(ii) change in resistance, AR, due to the
applied magnetic field, and b(iii) the MR ratio at various Co layer thicknesses (0 to 3 nm). The measurement
methods were similar to those given in Figure 3-15, except that the measurement of the MR ratio was carried
out in four different configurations instead of two. The MR ratio measured along the easy and hard axes with
the field parallel and perpendicular to the direction of the current are found to differ in magnitude but the
increasing and decreasing behaviours are similar. The difference between the MR ratio increases with the
increase of Co layer thickness. The overall MR ratio with H // hard axis and H L I is again larger than the MR

ratio with H // easy axis and H // I. This result is consistent with the results of Co/Cu multilayers [5].
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Figure 3-16 (a) Anisotropic multilayer showing various measurement configurations, circles (e, o)
indicate H // easy axis and squares (m, 0) indicate H // hard axis, with the direction of the current in
parallel and perpendicular to the applied field, b(i) R vs. t¢,, (ii) AR vs. t,, and (iii) MR vs. t., for the
[Co (tc,) NM/AG 1.5 nm]y multilayer.
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3.3.10 Strain and the Field Dependence of Magnetization

Figure 3-17 shows the room temperature magnetization curves for the [Co 1.5 nm /Ag 1.5 nm],, multilayers.
The magnetization curves were measured when the magnetic field was applied parallel and perpendicular to the
direction of the easy and hard axes at various strains (¢ is changed from 0 to 1.5 %). At € = 0, the magnetization
of the multilayer shows magnetically isotropic behavior. However, when the value of ¢ is increased to 1.5 %, in
the increment of 0.5 %, it shows anisotropic character, i.e., there exists a clear difference between the
magnetization curves for magnetic fields applied parallel and perpendicular to the direction of the easy axis.
Note that the easy axis lies along the perpendicular to strain.

[Col.5 nm/Ag 1.5nm],,

—— H 1 easy axis
M [ X 10* emu/nm] —— H// easy axis

Figure 3-17 Field dependence of magnetizations for various values of & (0 to 1.5 %). The magnetic field

was applied along the parallel and perpendicular to the easy axis.
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3.3.11 Strain and Degree of Anisotropy

Figure 3-18 shows the relationship between the remnant magnetization ratio and the strain for the [Co 1.5
nm /Ag 1.5 nm]y multilayers. The remnant magnetization ratio fits linearly with ¢ for the coefficient of
determination, 72 = 0.90. The result suggests that antiferromagnetically coupled magnetic moments between
the Co layers are systematically changed because of the induced strain [124], [125].
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Figure 3-18 Relationship between the remnant magnetization ratio (M,./M;) and strain, €. € is increased

from 0 to 1.5 %, superimposed with a 90 % best linear fit.

3.4 Summary

A series of Co/Ag multilayers was grown on polyimide substrates using pulsed-current deposition. Magnetic
anisotropy was induced, at low magnetic fields, via strain. The multilayers produced interesting MR and

magnetic characteristics. All of the multilayers exhibited magnetic anisotropy when the strain was increased
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from 0 to 1.5 %. In particular, the magnetism of the multilayers produced at the strain value of 1.5 % showed a
remarkable magnetic anisotropy. The orientation of the easy axis is found to be perpendicular to the direction of

strain.

The field dependence of the MR ratio studied at both high and low magnetic fields showed interesting MR
characteristics. The MR ratio consisted of the GMR and AMR components. For the isotropic Co/Ag
multilayers, the field dependence of the MR ratio did not depend on the direction of the applied magnetic field
or the current. However, for the multilayers produced at the strain value of 1.5 %, a clear difference between the
field dependence of the MR ratio was observed when the MR ratio was measured along the parallel and the
perpendicular to the direction of the easy axis or the current. In weak magnetic fields, the field dependence of
the MR ratio clearly corresponded to the shape of the magnetization curve, depending on the orientation of the

magnetization curves.

The MR ratio of the Co/Ag multilayer was also studied at various Co layer thicknesses for both the isotropic
and anisotropic multilayers. A maximum MR ratio of 9.1 % was observed for a Co layer thickness of 1.5 nm.
The overall MR ratio when the magnetic field was applied parallel to the hard axis was found to be more
significant than when the magnetic field was applied parallel to the easy axis.

Due to the high sensitivity to resistance change at low magnetic fields, Co/Ag multilayers have a number of
potential applications such as in computers, electronic devices (as a memory or sensors), magnetic field
measurements, and in the automotive sectors. The potential application of Co/Ag nanostructures has also been
foreseen in the biomedical sectors [126].
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Chapter 4: Magnetoresistance Effect and Magnetic
Properties of Co/Cu Multilayers®

4.1 Introduction

Co-based multilayers prepared by special means continue to dominate fundamental research [127] and
applications in electronic engineering [63], [59], [67]. The physical properties of these multilayers vary
depending on their growth conditions [16], [123]. For example, both the GMR effect and the magnetic
anisotropy properties of the Co/Cu multilayers are found to be strongly influenced by the interfacial states
between the Co and Cu layers [6], [23], [128].

In Chapter 2, experimental results of the GMR effect and magnetic properties of the specially grown Co/Au
multilayers were presented and in Chapter 3, the same properties were studied for the Co/Ag multilayers. While
both fcc-Au and fcc-Ag have almost 15 % lattice mismatch with Co, the lattice mismatch between fcc-Cu and
Coisonly 1.5 %. Therefore, it is interesting to compare the results of the Co/Cu multilayers with the results of
the Co/Au and Co/Ag multilayers. In this work, [Co (t;,) nm/Cu 1.5 nm)]y multilayers are grown using pulsed-
current deposition on polyimide substrates, as this method offers precision in the growth on an atomic scale

[47]. The notations t., and N indicate the Co layer thickness and the number of Co/Cu bilayers, respectively.

Under normal deposition conditions, Co/Cu multilayers seldom exhibit any magnetic anisotropy. We
learned from Chapter 3 that the magnetic anisotropy can be induced via strain. This chapter begins with the

study of the relationship between the stress, o, and the strain, &, for the Co/Cu multilayers, deposited on, the

° A version of this chapter has been published. Sections 4.3.2 through 4.3.5 are reprinted from [5] with permission.© 2010 IEEE. Rizal, C.
Magnetoresistance and magnetic properties of Co(tc,)/Cu multilayer films. IEEE Transactions on Magnetics. 6/2010. Sections 4.4.6 through
4.4.8 are reprinted from [6] with permission. © 2011 American Institute of Physics. Rizal, C., Gyawali, P., Kshattry, I., and Pokharel, R. K.
Strain-induced magnetoresistance and magnetic anisotropy properties of Co/Cu multilayers. Journal of Applied Physics. 2/2012.
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polyimide substrates. The magnetization measurement revealed that [Co (t,) nm/Cu 1.5 nm)],, multilayers

developed strong magnetic anisotropy at small applied fields (< 0.5 kOe) due to strain.

The maximum GMR for the [Co (t.,) nm/Cu 1.5 nm)],, multilayers was found near a Co layer thickness of
1 nmat ¢ = 1.5 % for both the isotropic and anisotropic multilayers. The field dependence of the magnetization
was studied by changing the Co layer thickness and strain. All of the multilayers developed magnetic anisotropy
due to strain. The [Co 1.0 nm/Cu 1.5 nm],, multilayer exhibited strong magnetic anisotropy at ¢ = 1.5 %. The
correlation between the remnant magnetization ratio and the Co layer thickness was also studied. In addition,
the nature of the MR ratio and the magnetic anisotropy of the Co/Cu anisotropic multilayers were investigated.
The extent to which the MR ratio varies with the direction of the applied magnetic field and the current in the

film plane was also investigated as the magnitude of strain was changed.

4.2 Experimental Procedure

The [Co (t;,) nm/Cu 1.5 nm],, multilayer films were deposited at a constant current density using a
programmable dc source controlled by a microcomputer with the precise control of the current density and time.
The distance between the cathode and the anode was kept at 2 cm. The solution was prepared using the double

distilled water and pH was adjusted in the range of 3.0 to 5.0.

The electrolyte consisted of CoSO,.7H,0 (28-39 g/1), CuS0O,4.5H,0 (15-25 g /1), Na;CsHs0;-2H,0 (76 g/
1), NaCl (2 g/1). The substrates consisted of 15-nm thin copper layer vapor deposited on the polyimide film.
Earlier work used glass [129]. Annealing of the substrates was carried out at a temperature of 150 °C for 90
minutes in a vacuum below 1x107 Torr. In the electrolyte, the Co concentration was changed while keeping the

Cu concentration constant, whereas the ratio between the concentrations of Co and Cu was varied.

The composition of the deposited multilayer films was determined using an energy dispersive X-ray
analysis. The thickness of the thin film was obtained from the deposited mass and the density of the film,

assuming the density of the thin film same as that of the density of the bulk film.

The electrical resistivity of the isotropic and anisotropic multilayer films was measured at room temperature
by varying the relative direction of the magnetic field, H, and the current, I. The measurement configurations
for these multilayers are shown in page 36, Figure 1-24. The MR ratio along the transverse and longitudinal
directions of the measuring current was observed by measuring in two different configurations for the magneto-
isotropic (randomly oriented) multilayer films. For the magneto-anisotropic (uniaxially oriented) multilayers,
the MR ratio was measured in four different configurations by varying the relative direction of H and I. The
values of both the MRs were negative. The magnetic field was varied in the range of + 21 kOe. The induced

strain was measured using a strain gauge.

The magnetic properties were investigated using a VSM. The anisotropy constant, K,,, and the degree of
anisotropy, 3, were calculated from the measured magnetization curves. The easy axis of magnetization was

found along the perpendicular direction (in-plane) of strain.
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4.3 Results and Discussions

This section begins with the stress-strain profile for the Co/Cu multilayers deposited on the polyimide
substrates™. Magnetic anisotropy and the MR effects are studied extensively using magnetization curves for the
as-deposited (¢ = 0) and the strain-induced (¢ # 0) [Co (t¢,) nm/Cu 1.5 nm]y, multilayer films at low magnetic
fields (< 1 kOe). The MR effect is studied by changing the ferromagnetic Co layer thickness at the constant Cu
layer thickness of 1.5 nm. The field dependence of the MR ratio is studied at low applied fields (H < 1 kOe).

4.3.1 Stress versus Strain Profile

Figure 4-1 shows stress, a, versus strain, ¢ profile for the [Co 1.0 nm/Cu 1.5 nm)],, multilayers deposited
onto the polyimide substrate. For easy observation, different strain limits and regions are labeled in the
diagram. In the elastic region, o is proportional to €. At this limit, the slope of the tangent gives rise to Young’s
modulus, E. In the experiment, € was changed from the elastic region to a plastic region of up to 1.5 % as this is
the allowable strain that could be introduced into the multilayer without breaking up its crystalline structure. It
is the region where the microstructural changes take place and, thus, the rearrangement of the magnetic spins in
the Co layers [5], [94]. This process is irreversible [124].
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Figure 4-1 Schematic of stress, o, versus strain, €. The slope of the tangent gives rise to Young’s
modulus, E, and, ayg, is the yield strength. Elastic and plastic regions and allowable strain limits are

labeled in the diagram. Reprinted from [6] with permission. © 2012 American Institute of Physics.

19 L iow the data were taken and analysed in this thesis is described in Appendix B.
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4.3.2 Magnetic Anisotropy and the MR Ratio in Low Fields

Figure 4-2 illustrates the magnetic field dependence of the MR ratio and the corresponding magnetization
curves, measured at the magnetic field, H, of + 1 kOe for the strained-induced [Co 1.0 nm /Cu 1.5 nm]
multilayers (i.e., e = 1.5 %). Figure 4-2 (a) shows the magnetic field dependence of magnetization, M, at 1 kOe.
The measured magnetization curves show that the magnetism of the [Co 1.0 nm /Cu 1.5 nm],, multilayer is
magnetically anisotropic. Figure 4-2 (b) shows the field dependence of the MR ratio for low applied fields (i.e.,
H < 1 kOe) at room temperature. Notice the high sensitivity at low magnetic fields. H is the coercive force that
coincides with the peak of the MR at room temperature.
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Figure 4-2 (a) Magnetization (M — H) curves and (b) field dependence of the MR ratio at low fields.
Magnetization curves were measured along the field parallel and the perpendicular to the direction of the

easy axis at room temperature (R.T.).
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4.3.3 Cobalt Layer Thickness and MR

The magnetic field dependence of the MR ratio has been found to be very sensitive to both the Co and Cu
layer thicknesses [130]. Figure 4-3 shows the Co layer thickness dependence of the MR ratio for the randomly
and uniaxially oriented [Co (t,) nm/Cu 1.5 nm]y multilayer films. The MR ratio increases strongly until the Co
layer thickness reaches 1.0 nm for all three types of multilayer films. Beyond this value, the MR ratio starts to
decrease. This mechanism is similar to that reported for Co/Ag multilayers in Section 3.3.3 except that the Co

layer thickness showing a maximum MR ratio is different.
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Figure 4-3 Co layer thickness dependence of the MR ratio for [Co (t¢,) Nnm/Cu 1.5 nm)]y: (a) randomly

oriented film, (b) and (c) uniaxially oriented films: field // hard axis and field // easy axis, respectively.

The MR ratio for both the randomly and uniaxially oriented multilayers shows a maximum value at the Co
layer thickness of 1.0 nm. The MR ratio of the randomly oriented film is larger than the MR ratio of the
uniaxially oriented film for all Co layer thicknesses. For the uniaxially oriented films, the MR shows the larger
value when the field is perpendicular to the easy axis than when it is parallel to the easy axis. The Cu layer

thickness of 1.5 nm showing the maximum MR ratio is different from the Cu layer thickness showing the
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maximum MR ratio for the multilayer films grown using sputtering or molecular beam epitaxy [63]. This is

attributed to the composition of the ferromagnetic layer in the multilayer films.

4.3.4 Field Dependence of Magnetization

Figure 4-4 illustrates the field dependence of magnetization for the [Co (t¢,) nm / Cu 1.5 nm]y multilayers

at a constant strain (¢ = 1.5 %) for various Co layer thicknesses (i.e., t,, = 0.5 to 2.0 nm). The subscript N

outside the parenthesis denotes the stacking number. The multilayers exhibited a clear magnetic anisotropy with

the increase of Co layer thickness. The field dependence of magnetization at t., = 1.0 nm in Figure 4-4

corresponds to the Co layer thickness showing a maximum MR ratio in Figure 4-3.

[Co (¢,) nm/ Cu 1.5 nm]y

M X 10* emu/nm e=1.5%
Co=0.5nm

1 - ' H [kOe]

_ j’ 0.5 1
- Co=1.0 nm

Co=1.5nm

Co=2.0 nm

Figure 4-4 Experimental room temperature magnetization for the [Co (t¢,) nm /Cu 1.5 nm]y multilayers

for various Co layer thicknesses at € = 1.5 %.
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4.3.5 Cobalt Layer Thickness and Degree of Anisotropy

The correlation between the remnant magnetization ratio, 3, (a ratio of the magnetization when the magnetic
field was applied parallel and perpendicular to the easy axis) and the Co layer thickness is shown in Figure 4-5.
This relationship was obtained using the experimental values of the parallel and perpendicular remnant fields of
the magnetization curves from Section 4.3.4. There is a linear relationship between the remnant magnetization
ratio and the Co layer thickness. This result suggests that both the net antiferromagnetically (AF) coupled
magnetic moments and their coupling strengths in the multilayer are systematically varied as the Co layer
thickness is increased from 0.5 nm.

0.35
- [Co (tgp) nm/ Cu 1.5 nm]y
0.30 |
025 T
0.20 |
0.15 T

0.10 T

M (easy axis)/M,(hard axis)

0.05 1

p

0 1 L 1 L 1 I 1
0.5 1.0 1.5 2.0

Co layer thickness, ¢, [nm]

Figure 4-5 Remnant magnetization ratio, 8, versus Co layer thickness.

4.3.6 Degree of Anisotropy and the MR Ratio

Figure 4-6 illustrates the MR ratio of the anisotropic [Co 1.0 nm/Cu 1.5 nm]y multilayers against the degree
of anisotropy, 8, when the magnetic field was applied parallel and perpendicular to, €. The subscript N outside

the parenthesis denotes the stacking number. The MR ratio increases with § and peaks at around 8 = 0.1
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followed by a decrease, which is consistent with the Co layer thickness dependence of the MR ratio [5]. The

maximum MR ratio of 3.2 % observed at 8 = 0.1 corresponds to € = 1.5 % in Figure 4-1. The increasing and

decreasing behaviors of the MR ratio with 8 when H // € and H L ¢ are different, and the gap between these two

curves widens as 8 increases.
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Figure 4-6 The MR ratio versus the degree of anisotropy, B, a ratio of M,.,, (magnetization measured
when the applied magnetic field was perpendicular to strain, i.e., parallel to the easy axis) and M,.;
(magnetization measured when the applied field was parallel to strain, i.e., perpendicular to the easy

axis). The inset shows % AMR versus B, being superimposed with a 95 % best linear fit.

The MR result suggests that MR with H // € is always larger than when H L ¢. The inset shows a difference

between the MR ratio measured when H // e. a. (easy axis) and H L e.a. (easy axis) as f is increased from 0 to

0.35. The value of AMR increases from 0.54 to 0.85 owing to the increase in 8. The position of the MR ratio

peak at 8 = 0.1 in Figure 4-6 corresponds to the Co layer thickness of 1.0 nm in Figure 4-3. The AMR ratio fits

linearly with 8 for the coefficient of determination, 2 = 0.95.
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4.3.7 Strain and Magnetic Anisotropy

Figure 4-7 shows a relationship between the magnetic anisotropy constant, K;,, and strain, ¢, for the [Co 1.0
nm/Cu 1.5 nm],, multilayer film. The inset in it shows the magnetization curves measured when the magnetic
field was applied parallel and perpendicular to the direction of the current. It shows the extent to which K,

changes when ¢ is changed from 0 to 1.5 %. K, sharply increases with ¢ up to 1, followed by a slow increase.
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Figure 4-7 Relationship between the magnetic anisotropy constant, K,,, and the induced strain, &. The

inset in it shows magnetization curves at various strain values (¢ = 0 to 1.5 %).

4.3.8 Strain and the MR Ratio

Figure 4-8 shows the effect of £ on the MR ratio for the [Co 1.0 nm/Cu 1.5 nm],, multilayers when (a) H // €
and H 1L Iand (b) H L eand H // I. The result suggests that the MR ratio decreases with increasing ¢ and the
difference in the MR ratio increases with e for H L I, , and H // 1, , (I, , refers to the current along the easy

axis). Although the MR ratio decreases with the increase in ¢, the MR ratio with H | I, , is always larger than
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when H // 1, ,, i.e., the MR ratio with H // € is more significant than when H L ¢, and the gap between the two

widens as ¢ increases.
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Figure 4-8 Correlation between the MR ratio and strain, &, (a) closed circles (®): H L I, and (b) open
circles (o): H/l I,,. Directions of applied magnetic fields, current, and strain are indicated with the

corresponding arrows.

The decrease in the MR ratio is in good agreement with the change in strain, as it changes the interfacial
states of the layers between the Co and Cu layers, independent of the direction of the current and the applied
field. The difference in the MR ratio with the field parallel and perpendicular to strain is considered to be due to
the modification of the magnetic states owing to the induced strain at the interface between the layers of Co and
Cu. This assumption holds well with our results of K,, versus ¢ given in Figure 4-7. Similar tendencies were

also observed for the electrodeposited Co/Ag multilayers [4].
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4.4 Summary

Co/Cu multilayers were grown on polyimide substrates and magnetic anisotropy was induced via strain
(similar to Co/Ag multilayers in Chapter 3). The easy axis of magnetization was found to align in a plane
perpendicular to the direction of the strain. The field dependence of the MR ratio at low magnetic fields clearly
corresponded to the coercive force of the magnetization curves. The MR ratio was studied for various Co layer
thicknesses. The increasing and decreasing trends of the MR ratio are found to be similar to that of the Co/Ag

multilayers reported earlier, except that the peak of the MR ratio shifted towards the lower Co layer thicknesses.

The effect of strain was then studied on the MR ratio and magnetic properties. The magnitude of the MR
ratio was found to be proportional to the induced strain, showing more enhancements for the field perpendicular
to the strain than for the parallel case. The MR ratio was found to decrease with increasing strain. However, the
MR ratio when the field applied parallel to the hard axis showed larger value than when the field applied
parallel to the easy axis. A maximum MR ratio of 4.1 % was observed. These multilayers with their remarkable
magnetic anisotropy properties have been considered to have potential for use as magnetic sensors in the

automotive [11] and magnetronic industries [131].
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Chapter 5: Magnetoresistance Properties of Co-Au

Granular Alloy Films*!

5.1 Introduction

Co-based granular alloys prepared by special means have been the subject of intense research due to interest
in the search for new magnetic materials with novel magnetic properties for potential applications in electronics
[110], [131], [132] and in the biomedical industries [133], [134]. Co-Au is an ideal granular alloy system to
investigate the effect of nanoparticles on the GMR and saturation magnetization because of the interesting
crystalline structures of Co and Au. The equilibrium phase diagram shows that Co and Au are immiscible up to
693 K [114] (the maximum solubility of Co in Au is only 23 at % at the eutectic temperature of 1296.5 K).
Thus, a mixture of Co and Au phases can exist in equilibrium at room temperature. The experimental evidence

has shown that metastable Co-Au alloys can be grown below 673 K [31].

Previous studies have shown GMR values of up to 4.0 % for the as-deposited Co/Au multilayers prepared
using pulsed-current deposition [33]. However, for the Co-Au granular alloys, it is not yet fully clear to what
extent preparation methods, annealing, and composition have an effect on the ferromagnetic grain sizes, the

saturation magnetization, and the MR effect.

In this chapter, we have investigated the composition relationship between the electrolyte and the deposited
Co-Au alloys. As the MR and magnetic properties of the Co-Au alloys are influenced by the size of the Co
particles and their separation from Au particles, a relationship between the spin-dependent resistivity, the
saturation magnetization, and the microstructure of the Co-Au granular alloys has also been investigated as the
current density is changed. The maximum MR ratio of the Co-Au alloy deposited at a current density of 5
mA/cm? is 4.5 % at 35 at % Co. The magnitude of the GMR was found to be associated with the Co grain sizes.
The relationship between the deposition current density and ferromagnetic grain sizes was studied using the X-

ray diffraction analysis and the low temperature magnetization measurements.

11 A version of this chapter is published. Reprinted from [7] with permission. © IJAPM 2011. Rizal, C., Ueda, Y., and Pokharel, R.K.
(2011). Magnetotransport properties of Co-Au granular alloys. International Journal of Applied Physics and Mathematics. 3:161-166.
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5.2 Experimental Procedure

The films were prepared using computer-controlled pulsed-current deposition on the 15-nm Cu (111) buffer
layers, e-beam evaporated on the polyimide substrates. Pulsed-current deposition provides the possibility of
simultaneously co-depositing Co and Au, which are normally immiscible, from a single electrolyte. The
electrolyte consisted of cobalt sulphate [CoSO,4-7H,0], potassium gold cyanide [KAu(CN),], sodium citrate
[NasCeHs07-2H,0], and sodium chloride [NaCl].

In the electrolyte, the composition of Co was changed while keeping the composition of Au constant. In this
way, the Co:Au ratio could be varied. The total composition of the electrolyte was varied from 10 to 98 at %
Co, while keeping the composition of KAuU(CN),, NazCgHs0-2H,0, and NaCl constant. The amount of NaCl
and NazCgHsO- was each kept constant to 5 g /1. The purpose of adding NaCl was to enhance the conductivity
of the electrolyte whereas Na;CgHs0,-2H,0 was added to improve processing conditions and material

properties [135].

The temperature of the electrolyte was maintained at 50 + 1 °C using the temperature-controlled water bath.
A pure Co plate was used as the anode with the film as the cathode maintained at a distance of 2 cm. After
deposition, films were cleaned using double distilled water and dried, and immediately wrapped up in a paraffin
wax paper to avoid from getting oxidized. The composition of Co and Au was determined using the atomic
flame emission spectroscopy and verified by energy dispersive X-ray analysis. MR measurements were carried
out using the standard four-point probe dc method with an excitation current of 3.0 mA. The probes consisted of
alloys of Ni and P (5 — 15 % of phosphorus). The details of the measurement scheme are given in [136], [67].

All of the measured MR values were negative and the absolute values of the transverse MR are presented here.

The pulsed-current was supplied and controlled by a programmable microcomputer. The current density
was changed from 0.1 to 5 mA/cm?. Only the results of alloy films deposited at the current densities of 1, 3, and

5 mA/cm? are presented here.

X-ray diffraction spectra were obtained from 6 — 26 scan using a Rigaku (CuK,) X-ray diffractometer (the
X-ray source, operated at 60 kV and 200 mA, was Cu with a Ni filter). Peak positions with accuracy of + 0.001
in 2@ scan were thus obtained. Magnetization measurements were carried out using a VSM at room temperature.

The saturation magnetization was studied as the composition of Co was changed in the alloy.

Low temperature magnetization measurements on the as-deposited Co-Au alloys were carried out using an
rf-SQUID magnetometer. The films were first cooled to 5 K at the applied magnetic field of 50 Oe and then
temperature was increased from 5 K to 300 K at a zero magnetic field. The temperature dependence of zero-

field-cooled and field-cooled magnetizations for the annealed film was also studied.
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5.3 Results and Discussions

In this section, we discuss the effect of current density on the alloy composition, MR, saturation
magnetization, and grain sizes of Co and Au in the alloy. We observe that both the deposition current density
and annealing have appreciable effect on the GMR, the saturation magnetization, and the grain sizes of Co in
the Au matrix.

5.3.1 Compositional Analysis

Figure 5-1 shows a correlation between the Co composition (Co at %) in the electrodeposited film and the
Co composition (Co at %) in the electrolyte at the current densities, J, of 1 and 5 mA/cm?. The composition
relationship between the deposited film and the electrolyte is not linear. Hence, it can be concluded that the
deposition is of regular type [137]* The less noble element Co is less readily deposited as compared to the
more noble element Au. The Co concentration in the deposited film is lower at the lesser concentration of Co in
the electrolyte. However, the concentration of Co in the film increases abruptly for electrolyte compositions in
excess of 50 at % Co.

Composition Analysis
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Figure 5-1 Co at % in the alloy vs. Co at % in the electrolyte as the composition of Co in the electrolyte is
changed from 10 to 98 at %. Closed triangles (A): J = 1 mA/cm? and closed circles (®): J =5 mA/cm?.

12 iow the data were taken and analysed in this thesis is described in Appendix B.
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At the current density of 1 mA/cm?, the curve does not saturate even with the increasing Co concentration in
the electrolyte. However, at the current density of 5 mA/cm?, the concentration of Co in the electrolyte
approaches to the concentration of Co in the alloy. As the concentration of the Au atoms was very small in the
electrolyte as compared to the concentration of Co atoms, the deposition of the Au atoms seems to be under
diffusion control [137]. The inset in Figure 5-1 shows a correlation between the composition of Co in the film
and the deposition current density. The composition of Co in the alloy drastically increases with the increase in
the current density.

5.3.2 Composition Dependence of the MR Ratio

Figure 5-2 shows the composition (Co at %) dependence of the MR ratio for the Co-Au alloys deposited at
the current densities of 1 and 5 mA/cm? and measured at room temperature. The maximum MR ratios of the
films deposited at 1 and 5 mA/cm? are 2 % and 4.5 %, respectively. The peak of the maximum MR ratio shifts
slightly towards the lower Co concentrations for the alloy deposited at 5 mA/cm?. The maximum MR ratio
appears within a narrow concentration range of ferromagnetic atoms (i.e., between 35 and 45 at % Co) for all
films.
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Figure 5-2 The MR ratio versus Co (at %) in the alloy. Open circles (o) and open squares (o) represent

MR values at the current densities of 1 and 5 mA/cm?, respectively.

The increase in the MR ratio near 30 at % Co seems to be due to the optimum size and distribution of Co
grains and inter-granular separation [138], [33]. The low MR values below 30 at % Co can be ascribed to a
relatively low concentration of ferromagnetic components leading to fewer magnetic and non-magnetic

interfacial scattering sites. The decrease in MR above 45 at % Co seems to be due to the decrease in spin-
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dependent scattering of the conduction electrons, which is mainly responsible for the GMR effect [54], [94],
[127]. The increase in the MR ratio with the increase in the deposition current density is because of changes in
the microstructure of the film [94], [34].

5.3.3 Composition Dependence of the Saturation Magnetization

Figure 5-3 illustrates the dependence of the saturation magnetization, M,, on the Co concentration in the Co-
Au alloy electrodeposited at the current densities of 1 and 5 mA/cm? and annealed. M, decreases abruptly with
decreasing Co concentration for both types of alloys, deviating from the simple dilution law, and vanishing
below 30 at % Co. The decrease in M, with increasing Au concentration is considered to be due to the
interaction of the 4-s electrons of Au with the 3-d electrons of Co as the composition of Au in the alloy is
increased. This explanation holds well with the explanation given in [127]. The decreasing trend of M, with the
increasing composition of Au is consistent with the results observed for Ni-Cu and Ni-Zn alloys [127].

Moreover, there is a sharp decrease in M, with the increase in current density and annealing.
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Figure 5-3 Composition dependence of saturation magnetization for the as-deposited and annealed Co-
Au alloys. Open squares (o) and open circles (o) represent magnetization for the as-deposited alloy at the
current densities of 1 and 5 mA/cm?, respectively. Closed squares (m) and closed circles (o) represent

magnetization for the annealed alloy.

It seems that the Co-Au alloys electrodeposited at higher current densities either formed smaller grain sizes

or solid solution. Similar results have been reported for other ferromagnetic films as well [111], [80]. The
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saturation magnetization of Co-Au alloys further decreases with the increase of annealing temperature due to
the decrease in Co grain size, the increase in Au grain size, and the change in the separation between the Co
grains. The effect of annealing on grain sizes is further discussed in Section 5.3.5.3. The saturation
magnetization decreases sharply with increasing Au concentration and vanishes below 30 at % Co. However,

the decrease is more abrupt for the alloys deposited at 5 mA/cm? than the alloys deposited at 1 mA/cm?.

5.3.4 Microstructural Analysis

X-ray diffraction spectra obtained for CossAugs alloy films deposited at the current densities of 1, 3, and 5

mA/cm? are illustrated in Figure 5-4. In this, the prominent broad peak at 28 = 44.25° corresponds to the (111)

fcc-Co crystallites and is less intense compared to the peak due to (111) Au: pure Au (111) and Au (200) peaks
are located at 26 = 38.2° and 26 = 44.37°, respectively. The peak height of Au (111) reduces significantly
when the deposition current density is increased to 5 mA/cm? from the applied current density of 1 mA/cm?.

The peak at 26 = 43.25° corresponds to the Cu substrate.
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Figure 5-4 X-ray diffraction patterns for the as-deposited CossAugs alloys at various current densities (1,

3, and 5 mA/cm?) as the diffraction angle, 20 is changed from 36 to 46°.

The presence of strong peaks of Au indicates that Au here serves as the film matrix whereas Co grains are
dispersed as small clusters throughout the film (the grain size of the Co was determined using a low temperatu

rf-SQUID magnetization measurement, and is described in Section 5.3.5). This result is consistent with the

re
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recently reported result of Co-Au nanocomposites that shows a clear formation of Co grains, with the diameter
in the range of 1- 3.3 nm, dispersed in the Au matrix [31]. The present results are also analogous to the recently
reported results of X-ray diffraction analysis, which shows the formation of Au grains in CoggAus, granular
alloys [132].

5.3.5 Estimation of Cobalt Grain Size

A low temperature magnetization was carried out to investigate the relationship between Co grain sizes and
the GMR effect presented in Section 5.3.2. The zero-field-cooled (ZFC) and field-cooled (FC) magnetizations
were measured both for the as-deposited and annealed Co-Au alloys.

5.3.5.1 Grain Size Estimation at 3 mA/cm? (As-deposited)
Figure 5-5 shows the temperature dependence of the zero-field-cooled (ZFC) and field-cooled (FC)

magnetizations for the as-deposited Co-Au alloy at the current density of 3 mA/cm?. The as-deposited film
shows a broad peak near the temperature of 65 K.

CossAugs 3 mA/cm?

Magnetization (emu/g)

0 50 100 150 200 250 300
Temperature (K)

Figure 5-5 Saturation magnetization for the as-deposited CossAugs alloys deposited at 3 mA/cm?: closed
circles (o) indicate field-cooled (298 K to 5 K at 50 Oe) and open circles (o) indicate zero-field-cooled (5 K
to 298 K). ZFC and FC in the diagram represent zero-field-cooled and field-cooled, respectively.
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5.3.5.2 Grain Size Estimation at 5 mA/cm? (As-deposited)

Figure 5-6 shows the temperature dependence of the zero-field-cooled (ZFC) and field-cooled (FC)

magnetizations for the Co-Au alloy deposited at the current density of 5 mA/cm?. The as-deposited film shows a

broad peak near the temperature of 45 K. The existence of the peak at the lower temperature suggests the

formation of fine ferromagnetic grains.
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C035Au65 5 mA/sz

FC

0

100 150 200 250 300

Temperature (K)

Figure 5-6 Saturation magnetization for the as-deposited CossAugs alloy deposited at 5 mA/cm?: closed
circles (o) field-cooled (298 K to 5 K at 50 Oe) and open circles (o) zero-field-cooled (5 K to 298 K). ZFC

and FC in the diagram represent zero-field-cooled and field-cooled, respectively.

If the peak temperature is the mean blocking temperature observed for super-paramagnetic behavior, the

volume of the Co grains in each film can be calculated using (1.41). Given that the Co-rich magnetic grains are

present in the matrix as an fcc-phase, and taking K, for bulk Co equal to 5.5 x 10" eV/cm?, the grain diameters

are 4 nm and 6 nm for the films deposited at the current density of 5 and 3 mA/cm?, respectively. It is possible

that small Co grains present in the Co-Au films deposited at the higher current density contributed to the larger

MR values [138], [31].
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5.3.5.3 Grain Size Estimation at 5 mA/cm? (Annealed)

Figure 5-7 shows the temperature dependence of the zero-field-cooled (ZFC) and field-cooled (FC)
magnetizations for the Co-Au alloy deposited at the current density of 5 mA/cm? and annealed. Unlike the
broad peak observed at 65 K (see Figure 5-5) and 45 K (see Figure 5-6) for the as-deposited films deposited at
the current density of 3 and 5 mA/cm?, respectively, the peak for the annealed Co-Au alloy deposited at the
current density of 5 mA/cm? is not clear. This suggests that the grain sizes of Co in the alloy had a range of
blocking temperatures that extended all the way to room temperature. These results are consistent with the

results of the low temperature magnetization measured for Co-Cu [44] and Co-Ag [80] films.

Annealed at 573 K
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Figure 5-7 Saturation magnetization for the annealed CossAugs alloys deposited at 5 mA/cm?and
annealed: closed circles (o) indicate field-cooled (298 K to 5 K at 50 Oe) and open circles (o) indicate
zero-field-cooled (5 K to 298 K). ZFC and FC in the diagram represent zero-field-cooled and field-cooled,

respectively.
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5.4 Summary

Co-Au granular alloy films were prepared using computer-controlled pulsed-current deposition. The
relationship between the Co composition in the film and the Co composition in the electrolyte, for the alloys
deposited at various current densities, was established. The increase in current density resulted in the drastic
increase in the composition of Co in the Co-Au alloy. The alloys deposited at higher current densities showed
larger MR values. Similarly, the composition dependence of the saturation magnetization was also studied at
room and elevated temperatures for various current densities. The maximum MR ratio was observed when the

composition of Co was in between 35 and 45 at %.

In order to investigate the cause of the increase of MR values with the increase of current density and
composition, X-ray diffraction analysis and low temperature magnetization measurements were carried out. X-
ray diffraction analysis revealed the presence of strong <111> Au structures in the alloy. The temperature
dependence of zero-field-cooled (ZFC) and field-cooled (FC) magnetizations for both the as-deposited and
annealed samples revealed smaller Co particles present in the alloys deposited at higher current densities. Based
on the X-ray diffraction and low temperature measurements, it can be concluded that the increase in the MR
values was due to the formation of smaller grain sizes in the alloy. These Co-Au alloys are potentially useful for
fundamental research in neutron scattering and atom-probe field ion microscopy and also for applications in the

automobile sector and the medical field [81].
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Chapter 6: Magnetic Properties of FeCo Nanostructures™

6.1 Introduction

High-moment nanostructures have been considered to have potential for many technological applications in
the electronics and the biomedical sectors [9], [139]. One such example is the use of FeCo nanostructures in the
enhancement of the quantum efficiency of organic LEDs [140]. Recent examples of the use of FeCo
nanostructures in biomagnetic sensing are available in [9] and [13]. So far, the maximum room temperature
saturation magnetization, My, reported for FegyCo49 and Fe;sCo,5 nanostructures, is 212 emu/g with a coercivity
of 200 Oe [38], [39]. However, the information on the actual internal state of the nanostructure, that contributes
to the magnetization, has not yet been fully explained, and the question as to how M, of these nanostructures
can be enhanced, remains unanswered.

Usually, FeCo nanostructures have been produced using melt-spun or sputtering methods [139] or polyol
process [38]. Pulse electrodeposition method as compared to physical deposition methods is advantageous in
the growth of magnetic nanostructures. It is not restricted by the shape of the substrates. By adjusting the width
and interval time of a pulsed-current wave, it is possible to produce ferromagnetic nanostructures in various
compositions and ratios. The pulsed-current deposition favors the initiation of grain nuclei and greatly increase
the number of grains per unit area resulting in finer grained deposits with better physical properties than the
nanostructures prepared using constant-current deposition techniques [121].

In this study, Fe/FeCo nanostructures have been produced using pulsed-current deposition by alternately
stacking Fe and FeCo in various ratios and compositions. The nanostructures exhibited dramatically high M, of
up to 240 emu/g at room temperature as both the composition of Co in the FeCo layer and the stacking number
increased. We have correlated this enhanced saturation magnetization with the lattice constant using

magnetization and microstructural studies.

3 A version of this chapter is accepted as a conference paper. Reprinted from [8] with permission. © 2012 IEEE. Rizal C., Gyawali, P.R.,
and Pokharel, R.K. Magnetic and microstructural characterizations of Fe/FeCo nanostructures. IEEE International Magnetic Conference
(Intermag-2012). 5/2012.
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6.2 Experimental Procedure

In this study, FeCo nanostructures have been prepared in sulphate electrolyte using pulsed-current
deposition by reducing the width of the pulsed current. The electrolyte consisted of FeSO,.7H,0, CoSO,.7H,0,
NazCsHs0,.2H,0, and NaCl, with a pH of 6.0. The deposition was carried out on a 15-nm Cu buffer layer
grown on a 1.69 cm? glass substrate. The current density of the multilayer was varied from 1 to 10 mA/cm?. The
composition analysis was done using an energy dispersive X-ray analysis. Magnetic properties were studied
using a vibrating sample magnetometer and structural analysis was done using X-ray diffraction measurements.

Figure 6-1 a (i) shows the cross-sectional view of the pulsed-current (potential) wave used in the experiment
and (ii) shows the corresponding FeCo nanostructure. Figure 6-1 (b) shows the same but with the higher
stacking number, n. All of the deposited nanostructures have a constant thickness of 300 nm. The total
composition of Co and Fe was kept constant by keeping the ratio of Fe and FeCo layers constant. The

composition of Fe and Co in the nanostructure was controlled via electrolyte and pulsed-current.
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Figure 6-1(a) (i) Deposition time versus potential (corresponding to the pulsed-current) and (ii) cross-
section of the nanostructure with the total thickness, d, and (b) shows the same but with a higher stacking

number, n.

6.3 Results and Discussions

In Section 6.2, a brief discussion of the preparation of FeCo nanostructures using pulsed-current was
discussed. In this section, results of the saturation magnetization and the microstructure of the electrodeposited
nanostructures are discussed.
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6.3.1 Saturation Magnetization

Figure 6-2 shows the extent to which an atomic composition of Co in the nanostructure has an effect on the
saturation magnetization, M, when n is changed™®. With increasing n, M, increases well above the bulk value
of both Co and Fe at all compositions. At Co at % 25 and n = 300, the nanostructure showed a maximum M,
of 235 emu/g. This increase in M, with n is considered to be due to the intermixing of atoms at the interface and
the formation of a solid solution [136], [92]. The nanostructure exhibited bcc-phase crystal at room temperature.
This is further discussed in Section 6.3.2.
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Figure 6-2 Magnetization, M, versus Co (at %) in the film as the stacking number, n, is increased from
30 to 300.

6.3.2 Microstructural Analysis

In Section 6.3.1, we reported M, of the FeCo nanostructure as both the composition and the stacking number
were changed. It revealed a maximum M, of 235 emu/g at Co at % 25 when n = 300. In this section, we have
investigated the relationship between the values of M, and lattice constant, as n is increased up to 600, while the

composition is fixed at Co at % 25.

% How the data were taken and analysed in this thesis is described in Appendix B.
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Figure 6-3 shows the values of M, and lattice constant of the FeCo nanostructure as the stacking number, n,
is changed from 0 to 600. With the increase of n, M increases to 240 emu/g. Likewise, the lattice constant of
the nanostructure also increases. That means, the magnitude of Mj is related to the lattice constant. The increase
in M, with n suggests that Fe and Co likely mixed on the atomic level, giving rise to enhanced magnetic

moments.

6.4 Summary

A series of FeCo nanostructures was produced at the atomic scale using pulsed-current deposition. The
effect of stacking number on the saturation magnetization and microstructure was investigated. The saturation
magnetization was found to be directly proportional to the stacking number. The microstructural analysis
revealed that the increase in saturation magnetization is due to the formation of a solid solution, i.e., Fe and Co
were mixed on the atomic level. A maximum saturation magnetization of 240 emu/g was observed at the
composition of 25 at % Co. These bio-compatible magnetic nanostructures have been considered to have great

potentials for use in biomagnetic sensing [9], [12].
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Chapter 7: Summary, Conclusions, Potential

Applications, and Future Prospects

7.1 Summary

The nanostructures developed in this thesis have been found to exhibit interesting electrical and magnetic
properties. For example, the GMR effect in magnetic multilayers is found to be over 4 times larger than the
AMR effect at room temperature. In addition, Co/Au multilayers, when deposited at an oblique angle and
annealed in a magnetic field, developed strong magnetic anisotropy at low magnetic fields (< 0.5 kOe).
Similarly, Co/Cu and Co/Ag isotropic multilayers developed strong magnetic anisotropy at low fields when
strain was induced via stress. Similarly, the magnitude of the GMR effect in electrodeposited Co-Au granular
alloys is found to be over 2 times larger than the AMR effect. In addition, the GMR effect in electrodeposited
granular alloys is found to be larger than the GMR effect in vapor deposited Co/Au multilayers. Through this
study, it was found that the GMR effect in Co-Au alloys is inversely related to ferromagnetic grain sizes.
Another significant outcome of this thesis was the synthesis of biocompatible FeCo nanoparticles with high
saturation magnetization. These GMR sensors and high saturation magnetic moment nanoparticles have

significant potential for application in biomagnetic sensing if properly functionalised.

The thesis is presented in a chronological order aimed at improving the state-of-the-art magnetic technology
using ferromagnetic hybrid multilayers, alloys, and nanostructures based on the 3-d transition metals Co and Fe,
and the group IB nonmagnetic metals Cu, Ag, and Au. The study begins with the GMR effect and magnetic
anisotropy properties in Co/Au multilayers followed by Co/Ag and Co/Cu multilayers, Co-Au granular alloys,

and high-moment FeCo nanoparticles.

Additionally, the effect of growth methods on the electrical and the magnetic characteristics has been

studied. The influence of the ferromagnetic layer thickness and the embedded nanoparticle size on the GMR
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effect and the saturation magnetization has been extensively investigated. The effect of strain on the GMR

effect is also investigated.

In Chapter 2, Co/Au multilayers were developed using oblique incidence evaporation and magnetic
annealing. The effect of deposition method on the MR behaviour was studied by changing both the
nonmagnetic and ferromagnetic layers in the multilayers. Although the GMR effect was found to be low, the
multilayers deposited at an oblique angle of 45° and magnetically annealed, exhibited strong magnetic

anisotropy at room temperature.

In Chapters 3 and 4, Co/Ag and Co/Cu multilayers were developed using pulsed-current deposition. The
effect of strain on magnetic anisotropy is studied. In Chapter 3, Co/Ag multilayers were grown using the
pulsed-current deposition. The GMR effect was studied as the ferromagnetic Co layer thickness was changed.
The electrodeposited Co/Ag multilayers showed an MR ratio of over 9.1 %. It was found that the overall MR
ratio with the field applied parallel to the hard axis (i.e., parallel to strain) is more significant than when the field
applied parallel to the easy axis (i.e., perpendicular to strain) for all samples. An investigation of the effect of
strain on GMR and magnetic properties revealed that these nanostructures developed magnetic anisotropy for
small magnetic fields (< 0.5 kOe) at room temperature. In Chapter 4, Co/Cu multilayers were grown using
pulsed-current deposition. The multilayers exhibited GMR effects of up to 4.1 %. The magnitude of the GMR
effect was found to be proportional to the induced strain and that the enhancement is higher when the applied
magnetic field is perpendicular to the strain. These findings corroborate the results of the Co/Ag multilayers

presented in Chapter 3.

In Chapter 5, Co-Au granular alloys were grown to study the relationship between the MR effect, the
saturation magnetization, and the grain sizes. The alloys exhibited a maximum MR ratio of 4.5 %. The
magnitude of the GMR effect was found to be associated with the Co grain sizes. The relationship between the
deposition current density and ferromagnetic grain sizes was studied using the X-ray diffraction analysis and the
low temperature magnetization measurement using rf-SQUIDs. The results of this study suggested that a

smaller grain size correlates with the larger MR values for these alloys.

In Chapter 6, FeCo nanostructures have been developed with the goal of (a) incorporating the GMR sensors

developed in Chapter 2 through 5 and (b) improving the magnetic biosensing scheme.

7.2 Conclusions

As stated in Section 7.1, ferromagnetic nanostructures have the potential to provide the GMR effect in
miniaturized sized devices. In addition, unlike the ferromagnetic metals and their alloys which exhibit the AMR
effect, the GMR effect exhibited by the multilayers and the alloys is independent of the direction of the applied
field and the current. The work presented in this thesis reveals several important properties of ferromagnetic
multilayers, granular alloys, and nanoparticles based on ferromagnetic Co and Fe and nonmagnetic Cu, Ag, and

Au metals, that will be very important when designing future magnetic devices because of the following facts:
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(1) Ferromagnetic multilayers exhibited the GMR effect of up to 2.1 % (Co/Au), 4.1 % (Co/Cu), and 9.1%
(Co/Ag) and developed strong magnetic anisotropy for small applied magnetic fields (< 0.5 kOe) at
room temperature when deposited at an oblique angle (Co/Au) for vapor deposited multilayers and
when strain was induced (Co/Ag, Cu) for electrodeposited multilayers.

(2) The ferromagnetic Co-Au granular alloys have been prepared using pulsed-current deposition. The MR
ratio and the grain size in the film are largely dependent on the current density. The maximum MR
ratio of the Co-Au alloy deposited at a current density of 5 mA/cm? is 4.5 % at 35 at % Co. A low
temperature measurement suggested the formation of fine grains exhibiting super-paramagnetic
behavior. The presence of small Co grains contributed to the larger MR values for these films. The
temperature dependence of the magnetization suggested that a decrease in magnetization correlates
with the size and distribution of the Co grains in the Au matrix.

(3) Square shaped and high magnetic-moment FeCo nanostructures developed in this thesis have been
considered to have potential as bimolecular labels due to their comparable size to biomolecules [9].

These physical properties have further opened up a wide range of applications in magnetic industry.

7.3 Potential Applications

The GMR sensing principle has been used as a read head sensor in computers. It has significantly improved
the storage density of the hard disk drives. Upcoming application of the GMR sensing is extending to the high
speed high density MRAM memory.

The use of GMR sensors is growing in automotive applications such as robotics, automation control, and
detection of incremental increase of speed and position due to their high sensitivity and small size. Due to the
strong magnetic anisotropy and small coercivity at room temperature, in many ways, multilayers prepared in
this thesis make them strong candidates for the sensor application that can replace AMR sensors, currently in

use in the automotive sector.

Another promising use of the ferromagnetic nanostructures is emerging in the biomedical sectors [2], [41].
In order to use magnetic sensors in magnetic biosensing, the MR effect of these sensors need to be improved
above 10 % [12]. Then these sensors could be used in the early disease detection. Recently, researchers in the
USA have developed GMR chips for biomagnetic sensing using FeCo magnetic nanostructures as biomolecular
labels (nanotags) and GMR sensors [141], [13]. The GMR sensors developed in this thesis have potential to
integrate with the high-saturation magnetization nanoparticles and the cancer biomarker to detect the early

symptoms.

Other potential use of GMR sensors is in the position detection. In this case, permanent magnetization
patterns can be attached to the object that has to be detected. The attached sensor can detect the changes in the
field as a result of object displacement. Other areas where GMR sensors can be applied include quantum

configurable logic devices, etc., [142].
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7.4 Future Prospects

Nowadays, GMR sensors based on ferromagnetic multilayers are continuously gaining interest for industrial
applications as they offer some intrinsic advantages such as small sizes and large MR effects at small magnetic
fields over Hall effect or AMR sensors. The room temperature sensitivity of GMR sensors is also much larger
than the sensitivity of Hall effect or AMR sensors. With the constant improvement in state-of-the-art processing

and manufacturing capabilities, the sensitivity of these multilayers is expected to rise further.

Co-Au granular alloys developed in this thesis have exhibited superparamagnetic-like behaviors. The alloys
deposited at the higher current densities are found to contain smaller Co grain sizes. These grains are highly
conducive to molecular binding processes free of magnetic agglomeration. These kinds of behaviors make them
suitable for applications in many technological fields [11], [13]. One area where these super-paramagnetic like

grains have potential for use is biomagnetic sensing [9], [12].

All of the results presented in this thesis lay out the basis for developing magnetronic and biomagnetic
technologies to be used in improving the early detection and treatment of various chronic diseases. To realize
the potential that ferromagnetic hybrid nanostructures have for developing magnetronic and biomagnetic

technologies, collaboration between electrical engineers, physicists, and biologists and/or chemists is necessary.

The pulsed-current deposition that was used in this thesis can be extended to deposit magnetic nanowires in
complex geometries that are not usually possible via sputtering, molecular beam epitaxy, or e-beam evaporation
methods. Similarly, the magnetic anisotropy studies carried out in this thesis can be extended to granular alloys
nanoparticles, and multilayer systems that have not been covered in this thesis but deserve consideration in the

future.
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Appendix A: Vibrating Dipole Moment

Figure A-1 shows a magnetic dipole moment with the magnetic moment, M, lying along the x-direction,
with the angular frequency, w, the amplitude of vibration, a, along the z-direction, and the induced voltage at
A (x,y,0) of the coil. The scalar magnetic potential, ¢ (0), due to the magnetic dipole moment at A (x, y, 0) is

given as:

1 (Mx
w(0)=H, A xx= o [7) (Al)
0

where x is the horizontal distance from the center of the dipole moment to the center of the coil along the X-
axis, U is the permeability at vacuum, and 7 is the distance between the center of the magnetic dipole moment

and the center of the coil. The scalar magnetic potential along the radial direction at point 4 (x, y, 0) is given as,

1 (3|\/|Z cos(@)j
A, re '

w(z)=H, x2= (A2)

The total magnetic potential (due to the magnetic moment at z = 0 and the simple harmonic motion at

z = ae/"t, where r = ix + jy + kz) is given as,

i 0w(0) o (3az(M.F)r) jw
t)=y(0)+ae!* —Z =y (0)+ =—| ——— 1 .
R [ ~
A time varying Z-component of the magnetic field, H,, at point A is given as:
H,(t)=-Vuy(t)= v®__9 3aMX25 elet | = _—SaMXS el (A4)
oz oz \ 4muyr Arpior

At the surface area, S, at point A perpendicular to the x — y plane and induced voltage in the detection coil

with N turns is given as:

\Y =—N#OS%_I=%;;W€”. (A5)

That is, V is sinusoidal with an angular frequency, w. The amplitude, V;, is given as:

V, =kafM

Where (A.6)
f=wl2nr.

Equation (A.5) shows that the frequency of the film is proportional to the amplitude of the magnetic

moment. The proportionality coefficient, k, in (A.6) is equal to
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3NSx
2r°

k= . (A7)

The value of k is thus, determined by the location and nature of the coil. If a and f are always kept constant,

the strength of the magnetization, M, of the sample can be estimated.

Z 4 Hy

Figure A-1 Vibrating Dipole Moment
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Appendix B: Measurement and Data Analysis

Each result presented in this thesis consists of experimental results carried out multiple times under the same
conditions (each experiment was repeated from two to five times). In some instances the data points were
plotted as is (see, for example, Fig. 2-4) while in other instances only the mean values were plotted (see, for
example, Fig. 2-7).

The experimental data points were analysed using two types of statistical analysis tools: one was R© and the
other was KyPlot©. Both of these tools were used to analyse data using linear and quadratic regression analysis,
by utilising the method of least squares, and fitted with the models generated from the available data, thus
ensuring best fits with minimum errors.

The MR ratios given in Sections 2.3.4, 3.3.3, and 4.3.3 were measured in six different measurement
configurations. However, each data point in each diagram shows the average of two values, measured by
changing the orientation of the current, for the isotropic multilayers and the average of two values, measured by
changing the direction of the applied field and the current, for the anisotropic multilayers.

A functional relationship between strain, &, and the degree of anisotropy, £, was established in Section
3.3.11 from a set of data containing the variables ¢and g. In the process of model building, & was the predictor

variable and £ was the response variable. The model fit produced the following line of regression,

B=1.09 + 048 X & (B.1)

The relationship between the percentage change in MR (% AMR) and £ in Section 4.3.6 was obtained from

the best linear fit using R©.

The relationship between the composition of Co in the alloy and the composition of Co in the electrolyte in
Section 5.3.1 was plotted using KyPlot©. The lines in the graph represent mean values of two data points (for
each deposition current density) and were plotted using spline smoothing. The error bars represent standard
mean errors (< 3 %) obtained from the regression analysis. Rest of the graphs in this thesis were plotted using

KyPlot© utilizing the best linear or quadratic fits.
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