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Preface

Let Noble thoughts come to us from all the sides

The research in the field of magnetism especially on the magnetic materials has been mov-
ing forward by leaps and bounds over the last several decades. This includes research on
nanowires thin films, alloys, and ceramics. A need is felt for a single place where one can
find the latest update about the ongoing research in magnetism. Through this book, some
relevant research work pertaining to magnetism and magnetic materials has been ad-
dressed. The first chapter of the book is a glimpse of history of magnetism. The next two
chapters elaborate the work on magnetic nanowires and nanoscale magnetic domain memo-
ry in ferromagnetic thin films. Chapter four delineates magnetic and magneto-transport
properties of Heusler alloys. Chapter five is about the research on magnetic characterization
of alloys with high entropy. Finally, last chapter describes mathematical modelling of mag-
netic drug targeting in microvessel.

I am very much grateful to all the contributing authors of the book. I would also like to
thank Mr. Slobodan Momcilovic A&I Operations and Bibliographic Coordinator, IntechOp-
en publication for providing the technical support whenever needed. I am also indebted to
my family, friends and my wife Dr. Indrani Coondoo for providing me every support dur-
ing this journey of book editing.

Last but not the least, I hope that readers will find the topics covered in this book useful and
interesting.

Dr. Neeraj Panwar
Department of Physics

School of Life Sciences

Central University of Rajasthan
Bandarsindri-305817
Kishangarh, Ajmer

Rajasthan, India
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1. Introduction

1.1. Magnetism and magnetic materials

Magnetism is one of the oldest phenomena known to mankind. For example, iron used to be
magnetized by stroking it with another magnet or simply by placing it in the proximity of a
strong magnet. The oldest magnetic compound, so-called mineral of magnetite (Fe,O,) was
initially found in the district of Magnesia of modern Turkey. The word “magnet” is a Greek
word. The magnetic properties of materials are entirely governed by the motion of electrons
of the atoms. The simplest form of an electromagnet can be produced by wrapping copper
wire into the form of a coil and connecting the wire to a battery. A magnetic field is created in
the coil, but it remains there only while electricity flows through the wire. There are different
types of magnetism existing today. They can be categorized into paramagnetism, ferromag-
netism, ferrimagnetism, and antiferromagnetism. The applications of magnetism are many
including data storage, magnetic switches, and in the medical field like magnetic resonance
imaging (MRI). In 1905, Langevin explained the theory of diamagnetism and paramagnet-
ism but was unable to explain the ferromagnetism. In 1906, the ferromagnetism theory was
developed by Weiss. The first commercial steel magnets were made available in 1919 and
were quench-hardened steel magnets. In 1930, I. Mishima produced the first Alnico mag-
net that contained an alloy of iron, aluminum, and nickel. Furthermore, Hermann Kemper
studied the use of magnetic fields in conjunction with trains and airplanes. In 1952, J.J. Went
et al. invented the first ceramic magnets based on barium, lead-iron oxides, and strontium at
the Philips Company. In 1966, rare-earth magnets with high-energy product were reported
by Karl J. Stmat. NdFeB magnets have significantly boosted the development of computer
peripherals such as voice coil motors and actuators, in both downsizing and enhancing their
performance characteristics. For example, in 1984, computer disk drives of 10 MB size were
in use. Today, external hard drives of much smaller physical dimensions, but with a storage

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgINEN



4 Magnetism and Magnetic Materials

capacity of a few hundred GB or TB, have become common. More importantly, these hard
drives are available at affordable costs.

Some of the magnetic materials exhibit the so-called hysteresis behavior between magnetiza-
tion and the applied magnetic field. Based on the hysteresis curve, the magnetic materials
can be further divided into soft and hard magnetic materials. Magnetic materials, like fer-
romagnets, demonstrate the domain patterns. The domains are separated from each other by
a domain wall.

1.2. Modern magnetism

In modern times, magnetism has put forward many peculiar and interesting phenomena in
front of the scientific fraternity. The examples include magnetism at nanoscale, spintronics,
magnetization reversal, magnetocaloric effect, exchange bias, multiferroicity, and so on. With
the advance in the field of material growth techniques, it is now possible to control magnetism
up to few nanometer length scale and grow artificially engineered magnetic materials. For
example, with the thin films of ferromagnetic materials exhibiting perpendicular magnetic
anisotropy and nano-sized magnetic domains, it is possible to produce ultra-high storage
density.

Magnetic domain memory (MDM) is the ability for a ferromagnetic film to retrieve its par-
ticular magnetic domain pattern after an external magnetic field has been applied and erased
the pattern. Furthermore, the single-domain behavior of magnetic nanowires with diameters
below 100 nm is experimentally observed with Lorentz force microscopy, magnetoresistance
measurements, and magnetic force microcopy. These methods confirm magnetization switch-
ing by domain wall motion without any intermediate magnetization states.

Author details

Neeraj Panwar
Address all correspondence to: neeraj.panwar@gmail.com
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Abstract

Magnetic nanowires feature unique properties that have attracted the interest of differ-
ent research areas from basic physics over biomedicine to data storage. The combination
of crystalline and shape anisotropy is mainly responsible for the magnetic properties
of the nanowires, whereby different methods for tuning those properties are available.
The nanowires typically represent single-domain particles, and magnetization switch-
ing occurs via domain walls nucleated at the ends of the nanowire and traversing it.
Combined with a high biocompatibility, iron or iron oxide nanowires can be used as
nanorobots for biomedical applications, destroying cancer cells, or delivering drugs. The
nanowires are also attractive for data storage, especially in a three-dimensional device,
because of the high-domain wall speed that has been theoretically predicted. This chapter
offers an introduction to the electrochemical synthesis of cylindrical nanowires in anodic
aluminum oxide (AAO) templates. Template modification techniques such as barrier
layer thinning, barrier layer etching, and diameter modulation are discussed. Advanced
fabrication techniques of nanowires with varying structural and chemical variations
such as multisegmented and core-shell nanowires are elaborated. The characterization of
single nanowires encompassing physical, magnetic, and electrical techniques is covered.

Keywords: nanotechnology, nanofabrication, magnetic nanowires, cylindrical nanowires,
anodic aluminum oxide templates, anodization, diameter modulated nanowires, core-shell
nanowires, multisegmented nanowires, single nanowire characterization, single nanowire
electrical contacting

1. Introduction

Cylindrical magnetic nanowires are novel materials that offer unique properties, mainly
due to a high aspect ratio and shape anisotropy. They are typically characterized by a single

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgNN



8 Magnetism and Magnetic Materials

magnetic domain, rendering them permanent magnetic. This feature allows utilizing such
nanowires as remotely operated nanorobots, i.e., induce motion, produce heat, or sense their
location. This makes them attractive for numerous applications like flow sensors [1], magnetic
separation [2], bio-inspired tactile sensors [3], energy harvesting [4], cancer treatment [2, 5],
drug delivery [6, 7], and MRI contrast agent [2, 8]. Nanowires are also used for other applica-
tions such as magnetic force microscopy (MFM) tips [9], giant magnetoresistance (GMR) [10],
spin transfer torque (STT) [11, 12], and data storage devices [13-15].

In order to exploit these nanowires to their full advantage, a reproducible fabrication method
is required that yields nanowires of high quality and specific properties. Electrodeposition of
nanowires into templates is such a method and is described in more detail. The properties of
magnetic nanowires can be tailored in different ways to optimize them for particular applica-
tions. For instance, multisegmented nanowires and core-shell nanowires will be discussed
below, which allow combining the properties of several materials. This can result in e.g., large
magnetization values in combination with high biocompatibility, as will be shown below.

On the other hand, characterizing these properties is a crucial task for the magnetic behav-
ior of the nanowires and the influence of different parameters. The magnetic properties of
nanowires have typically been measured for large numbers of nanowires arranged in arrays
inside the templates, which provide large signals but compromise the information content.
More recently, individual nanowires were characterized with magnetic force, magneto-opti-
cal Kerr effect, and electron microscopy methods as well as magneto resistivity. In this chap-
ter, we will focus on single nanowire characterization methods and results, which provide
much deeper insight into the magnetic and structural details of the nanowires. Further under-
standing can be obtained, when the experimental results are combined with micromagnetic
simulations, which conveniently allow varying parameters.

2. Anodic aluminum oxide as nanowire templates

Electrochemical deposition into nanostructured templates represents a widespread and inexpen-
sive bottom up approach for the fabrication of metallic nanowires with a high aspect ratio and
high pore density [16-18]. Anodic aluminum oxide (AAO) templates have emerged as a popular
template, due to their versatile fabrication technique, wherein the pore diameter, length, and inter
pore distances can be tuned with ease. The AAO templates are relatively easy to make in-house
with low costs and scalable processing. In addition to obtaining vertically aligned nanopores,
modifying the template fabrication process can yield diameter-modulated nanopores [19, 20].

2.1. Mechanism of anodic aluminum oxide template formation

Self-ordered pores organized in a close-packed hexagonal lattice are obtained by anodic oxidation
of aluminum (mild anodization) in a suitable acidic environment such as sulfuric, oxalic, or phos-
phoric and under appropriate electrolyte conditions such as pH, concentration, and temperature
[21-25]. The AAO template formation or anodization proceeds with the conversion of the naturally
occurring preexisting oxide film on the aluminum surface into a thicker oxide layer referred to as
a planar barrier-type film (Figure 1(1)). The planar barrier-type film converts into a porous oxide
layer by forming random cracks in the outer regions of the barrier oxide layer (Figure 1(2)), which
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further forms individual pathways until a steady-state pore structure is created (Figure 1(3)). Once
a steady state is achieved, pores proceed throughout the anodized material (Figure 1(4)).

—

{1} Barrier type oxide {2} Pathways in [3) Steady state pore {4) Controlled growth
barrier oxide formation of pores

Figure 1. Mechanism of anodic aluminum oxide template formation. (1) Formation of barrier type oxide layer, (2)
pathways created in the barrier oxide layer, (3) steady state formation of pores, (4) controlled growth of nanopores.

Since pore formation is initiated at random locations on the aluminum surface, an ordered pore
arrangement can be obtained by the fabrication of dimples in the aluminum at the intended
position of the pores. The dimples can be fabricated by direct indentation such as with the tip
of a scanning probe microscope [26-28], milling with a focused ion beam [28, 29], or nanoin-
dentation using Si;N, [30] or Ni [31] stamps. An easy alternative approach for pore ordering
is the two-step anodization or double anodization method developed by Masuda and Fukuda
based on self-organization [21]. It is this double anodization method that has attracted much
interest for AAO to be used as nanowire templates as well as for many other applications. The
porous oxide film formed after an anodization process (first anodization) is poorly ordered
with varying pore diameters and inter pore distances at the top surface but has a high degree
of order at the bottom of the pores (Figure 2(1)). In the double anodization method, the first
porous oxide layer is chemically removed (Figure 2(2)) to reveal semi-spherical etch pits or
dimples (Figure 2(3)) that are highly ordered and uniform. A second anodization process is

(1) Disordered {2) Etching of {3) Dimples
pares after 1* alumina revealed after
anodization etching

| - -« -
{6) Ordered pores (5) Pore formation {4) Dimples as pore
after 2™ anodization during 2™ nucleation sites
anodization

Figure 2. Mechanism of double anodization process. (1) Disordered pores formed after the first anodization step, (2)
alumina layer is etched, (3) etching reveals dimples on the aluminum template, (4) the dimples serve as pore nucleation
sites for a second anodization process, (5) formation of ordered pores during second anodization, (6) ordered pores
obtained after second anodization.

9



10 Magnetism and Magnetic Materials

performed, wherein the dimples serve as the pore nucleation sites (Figure 2(4)), and the subse-
quent pores grow exactly on the dimples (Figure 2(5)). Thus, the first anodization itself is used
as the prepatterning step. Since anodization is a faradic process, the longer the anodization
process, the longer will be the pores. Also, longer anodization times result in improved pore
ordering, wherein the best pore ordering exists at the bottom of the AAO pores, i.e., the layer
that was grown last (Figure 2(6)).

2.2. Fabrication of diameter-modulated templates

A diameter-modulated cylindrical nanowire refers to ananowire, which possesses a changing
diameteralongitslength.Suchnanowirescanbeobtained by usingdiameter-modulatedalumina
templates, which are prepared through a combination of hard and mild anodization processes
[19, 32, 33]. Mild anodization of aluminum was described in Section 2.1 and is constrained to
very tight equilibrium regimes (voltage, temperature, concentration, and stirring) at which
highly ordered, well-defined pores with fixed diameter and inter pore distance are obtained.
Deviations from those regimes lead to lack of ordered pores or high current density flow-
ing through the oxide layer, due to high voltages (burning) of the sample. However, the
self-ordering pore regimes can be obtained at high voltages with the same concentration
of e.g., oxalic acid, provided low temperatures and a starting thick oxide layer. This high
voltage anodization is referred to as hard anodization, and in both cases (hard and mild),
the anodization current represents a measure of the effective electric field at the oxide layer,
and its value is related to the movement of ionic species through the electrolyte/oxide/metal
interfaces, the oxygen ions from the electrolyte being the limiting factor [34, 35]. Because
of the high-applied voltage in hard anodization, the electric field at the oxide/metal inter-
face results in a continuously increasing thickness of the oxide layer, limiting the length of
ordered pores by building up internal stresses, due to the volume expansion. In order to
produce diameter modulations, two main approaches can be used: a combination of mild
anodization in phosphoric acid (high diameter) and hard anodization in oxalic acid (low
diameter), changing solutions in each step, as in [34] or using pulsed [36] or cyclic [37]
anodization on the same solution. When using the same solution, hard anodization voltages
would yield a higher diameter pore than mild anodization ones. This is due to the faster
dissolution of the oxide layer driven by the higher electric field, compared to lower (mild)
anodization voltages [35]. Another approach to fabricate diameter-modulated templates is
by chemical widening of the pores after a segment of plated metal has been deposited in a
nonmodulated anodized template [38].

A general diameter modulation of an alumina template, using pulsed or cyclic anodization,
would proceed as in Figure 3. After electropolishing the aluminum disc, mild anodization
is performed to form a first thick oxide layer (Figure 3(a)). This reduces the effective electric
field at the oxide layer when higher voltages are applied, limiting the production of high cur-
rent densities from burning the sample. Then, the voltage is slowly increased (0.05-0.5 V/s)
until it reaches the hard anodization value (Figure 3(b)). At this point, cycles between hard
(high diameter) and mild (low diameter) anodization voltages can be repeated to achieve the
desired pore length (Figure 3(c)).
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{a) Mild (b) Hard
Anodization Anodization

Figure 3. Diameter modulation of an alumina template. (a) Mild anodization process is carried out to create a thick
oxide layer to withstand the high voltages of hard anodization, (b) voltage is slowly increased until the hard anodization
voltage is reached, (c) changing the voltage from hard to mild anodization values results in the diameter modulation.

3. Electrochemical synthesis of nanowires

Electrochemical deposition or electrodeposition is an inexpensive and widely exploited
technique for the deposition of metals through the chemical reduction of metal ions from an
aqueous electrolyte [39]. Electrodeposition into AAO templates yields cylindrical nanow-
ires that grow in a bottom-up fashion. The electrodeposition setup consists of an AAO
template placed in contact with a cathode, and an anode placed parallel to it in an aqueous
electrolyte consisting of the precursor material. Upon the application of an electric field,
cations of conductive material diffuse toward the cathode and are reduced therein, result-
ing in the growth of nanowires inside the AAO pores whose length is monitored by the
charge density during deposition. There are two common techniques to deposit nanowires
namely direct current (DC) deposition and pulsed deposition. In order to perform electro-
deposition, a conductive pathway should exist between the electrolyte and the cathode,
but the AAO template obtained after the second anodization process lacks this feature.
To overcome this problem, two approaches exist namely barrier layer removal by voltage
control [18, 40] and barrier layer removal by chemical etching. The former approach results
in aluminum-supported AAO templates, whereas the latter results in free-standing AAO
templates.

3.1. Fabrication of nanowires in aluminum-supported aluminum oxide template
templates

In the case of barrier thinning approach, the barrier layer formed after the second anod-
ization (Figure 4(1)) is reduced by applying a decreasing voltage in successive steps. This
process results in the formation of small root-like pathways or dendrites at the bottom of the
hemispherical pores (as seen in Figure 4(2)), along with the thinning of the alumina barrier
layer [41]. The thinned barrier layer along with the dendrites creates a lower potential for
the deposition current to tunnel through the alumina barrier layer during the subsequent

11
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electrodeposition step (Figure 4(3)). The deposition into aluminum supported AAO tem-
plates is a straightforward process, as it does not involve any chemical etching post-anod-
ization, unlike the free-standing templates (Section 3.2). The pulsed deposition technique
is utilized in these templates, in order to avoid charging of the barrier layer and ensure a
uniform deposition of the nanowires. The pulsed deposition consists of applying a nega-
tive current pulse which attracts the positive metal ions to the bottom of the AAO pores,
followed by a positive voltage pulse which discharges the alumina barrier layer. Finally, a
recovery time, wherein neither a current nor a voltage pulse is applied, aids in refreshing
the solution at the bottom of the pores.

(1) Ordered pores after (2) Dendrite (3) Electrodeposited
2™ anodization formation nanowires

Figure 4. Electrodeposition into an aluminum supported AAO template. (1) Ordered pores after second anodization,
(2) barrier layer thinning by voltage reduction resulting in the formation of dendrites, (3) electrodeposition of
nanowires.

3.2. Fabrication of nanowires in free standing aluminum oxide templates

In order to obtain a free-standing template, i.e., consisting of pores open from both sides,
after the second anodization (Figure 5(1)), the nonoxidized aluminum is removed by chemi-
cal etching under constant stirring (Figure 5(2)). Once the aluminum layer is removed,
the alumina layer consisting of nanopores is chemically etched using an aqueous solution
(Figure 5(3)), thereby resulting in open-ended nanochannels (Figure 5(4)). A conducting
pathway for the electrodeposition step is achieved by physical vapor deposition of a suit-
able metal such as gold on the backside of the template to act as an electrode (Figure 5(5)).
The template is then immersed in the suitable electrolyte (Figure 5(6)), and electrodeposi-
tion is then performed (Figure 5(7)) Once the electrodeposition is completed, the template is
rinsed and dried (Figure 5(8)), and finally, the electrode is removed by plasma etching. Even
though the free-standing templates are not straight forward to fabricate in comparison with
the aluminum-supported AAO templates, their pores can be chemically widened, thereby
providing more diameter flexibility to the AAO templates postfabrication. In addition to
this, DC deposition can be performed due to the good electrical contact between the AAO
template and the cathode.
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ETCHED
— — — TEMPLATE
ALUMINA ETCHING
SOLUTION
(1) Anodization (2) Aluminum etching 13) Alumina etching (4) Free standing

template
| GOLD ELECTRODE
(8) Rinse and dry (7) Electrodeposition (6) Template wetting (5) Gold deposition

Figure 5. Electrodeposition into free-standing AAO template. (1) Ordered nanopores obtained after second anodization,
(2) chemical etching of aluminum layer, (3) chemical etching of alumina layer, (4) free standing AAO template obtained,
(5) electrode deposited onto the AAO template, (6) wetting the template with the electrodeposition solution, (7)
electrodeposition of nanowires, (8) electrodeposited nanowires.

3.3. Fabrication of multisegmented nanowires

Multisegmented magnetic nanowires can be used for a wide range of applications such
as data storage by using multisegmented Co/Ni nanowires [15, 42], functionalization,
and release of molecules [43, 44], cell detection [43], etc. Multisegmented nanowires can
be fabricated by electrodeposition into AAO templates using either a single electrolyte
solution or more than one electrolyte solutions [15, 45-47]. In the case of a single electro-
lyte solution, each component within the electrolyte will have differing concentrations
and deposition voltages, and alternating between the voltages will result in a multi-
layered structure. Since both applied voltages have the same sign, what prevents the
deposition of both materials at the same time is the difference in concentration. Thus,

Figure 6. Electrodeposition of multisegmented nanowires using two electrolyte solutions. (1) Deposition of metal using
electrolyte A, (2) rinsing of the nanopores, (3) deposition of metal using electrolyte B.
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the lower concentration component will be limited by diffusion, when the higher con-
centration component is being deposited. If different electrolyte solutions are used, after
depositing one metal (Figure 6(1)), the AAO template is rinsed (Figure 6(2)), and the sec-
ond electrolyte is used for the next deposition (Figure 6(3)). This can be repeated several
times to obtain a specific number and arrangement of segments [15].

Sum
el Nl

Figure 7. Scanning electron microscopy (SEM) image of a cross-section of an AAO template with multisegmented Au/
Ni/Au nanowires. Inset depicts magnified image (reprinted with permission from Moreno [48] copyright 2016 KAUST).

Figure 7 depicts an example of electrodeposition using separate nickel and gold electrolyte
solutions with a rinse step in between solution changes. The different contrast exhibited by
the nickel segment assists in identifying different composition variation along the nanowire.
The variation of the thickness of the nickel segment between different nanowires is a conse-
quence of slight pore diameter variations within the AAO template.

3.4. Fabrication of core-shell nanowires

Core-shell nanowires consist of different core and shell materials such as metal-nonmetal
or metal-metal nanowires [49-51]. They are fabricated in order to tune their magnetic
properties and take advantage of the combined properties of the core and shell materi-
als [52, 53]. One technique for realizing core-shell nanowires is by utilizing atomic layer
deposition (ALD) to fabricate a shell structure. ALD is performed on AAO templates and
the thickness of the deposited film is tuned by the number of ALD cycles. Once the shell
structure is obtained, the core is fabricated by electrodeposition of the required material.
Even though ALD can provide a conformal shell structure, the technique is an expensive
as well as challenging process due to the high aspect ratio of the templates. A facile low-
cost technique for fabricating metal-oxide core-shell nanowires such as iron-iron oxide
(magnetite) nanowires is by oxidizing released iron nanowires in an oven at 150°C, for
10 min to 72 h in an ambient atmosphere (Figure 8) [50]. This technique easily allows the
tuning of the geometry (such as core radius, shell thickness, and length) and crystallinity
(single or polycrystalline core) of the nanowire. Consequently, the magnetic properties
can be tuned, i.e., the saturation and remanence magnetization decrease with increasing
shell thickness.
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Fe MWs dispersed on a Fe-Fe304
substrate (TEM grid/Si) Core-shell NWs
: ~ l 50 °C —

Fe304 NWs

()

Figure 8. Fabrication process of core-shell Fe-Fe,O, nanowires [18].

4. Characterization of single nanowires

A comprehensive characterization of nanowires is crucial toward utilizing these novel structures
for various applications such as biosensors, drug delivery, data storage, etc. Mostly, the collective
behavior of nanowires in an array has been studied [54-56], which provides some insight into the
magnetic properties of the nanowires but is affected by magnetostatic interactions between them.
Hence, single nanowire characterization is desirable, but there are various challenges associated
with it, due to the nanowire’s small dimensions. For example, the high aspect ratio of the nanow-
ires makes it prone to mechanical deformations during their release from the template as well
as during subsequent characterization. The small volume of the nanowire makes magnetic and
electrical characterization challenging, due to the low magnetic signal associated with it, as well
as its sensitivity to electrical discharges resulting in melting the nanowire. The characterization of
single nanowires can be broadly divided into physical, magnetic, and electrical characterization.
In this chapter, an overview of the various techniques for single nanowire probing is discussed.

For probing single nanowires, firstly the nanowires have to be released from the AAO tem-
plate. The nanowires are released by dissolving the alumina using a selective chemical etchant.
The process of release varies between nanowires in aluminum-supported AAO templates and
free-standing templates with an electrode back layer. The nanowires in the aluminum-sup-
ported AAO templates are released by placing the electrodeposited AAO template in a micro
centrifuge tube with a solution of sodium hydroxide at room temperature [5]. This dissolves
part of the alumina resulting in the detachment of the aluminum back layer, which is then
removed from the tube. To further dissolve the alumina, sodium hydroxide at room tempera-
ture or a solution of chromium oxide and phosphoric acid at around 40°C is used. Once the
alumina is completely etched, the nanowires, which are now suspended in the etchant, are
extensively rinsed and stored in high-purity ethanol. The ethanol rinsing is performed by
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placing the micro centrifuge tube in a magnetic tube holder rack. The nanowires fabricated
using the free-standing AAO templates do not possess an aluminum back layer but instead
an electrode usually gold is present, which can be easily removed by ion milling. The AAO
template is then chemically etched using either sodium hydroxide or a solution of chromium
oxide and phosphoric acid, as described previously. The etchant concentrations, tempera-
tures, and times may vary depending on the goal of the characterization studies [57].

4.1. Physical characterization

The geometry, morphology, chemical, and structural characteristics of single nanowires have
been widely studied using electron microscopy techniques such as scanning electron micros-
copy (SEM) and transmission electron microscopy (TEM) [58]. For investigation under an
electron microscope, the released nanowires are dispersed onto a substrate such as silicon
(Figure 9(a,b)) or TEM grid (Figure 9(c,d)). The SEM is generally utilized to probe the nanow-
ire dimensions and structural variations along its length. The SEM is particularly useful in
magnifying features such as dendrites, which are present at one end of the nanowire, when
they are fabricated using the aluminum-supported AAO template (Figure 3(1)). Figure 9(b)
depicts the SEM image of such a nanowire (polycrystalline fcc nickel nanowire) with a rela-
tively smooth topography, which constitutes two parts: the main part, which is cylindrical
and an additional dendritic region [41]. A dendrite typically consists of two to four root-like
structures of approximately 500 nm length and a slightly varying shape from one nanowire
to another. The TEM on the other hand provides a high-resolution image and more detailed
morphological information such as surface roughness (Figure 9(c)). The TEM allows imaging
of the cross-sectional shape of the nanowire, which is ideally expected to be cylindrical, but in
some cases, it deviates from the ideal structure (Figure 9(d)). This deviation is a consequence
of noncircular pore shapes in the AAO template. Both SEM and TEM can provide informa-
tion on the chemical composition of the nanowire using techniques such as energy-disper-
sive X-ray spectroscopy (EDS) [59] and electron energy loss spectroscopy (EELS) [60]. Even
though the EDS technique can be performed in an SEM, its resolution is limited to identifying
the presence or absence of an element, whereas EDS mapping in a TEM provides a higher
spatial resolution. In comparison to the EDS, the EELS technique is a challenging technique
performed using a TEM but provides a more detailed chemical mapping of the nanowire.

Nanowire cross-section

Figure 9. SEM image of a (a) nickel nanowire, (b) magnification of the end of the nanowire depicting the dendritic
portion. TEM image of (c) a nickel nanowire with inset of SAED image depicting fcc structure, (d) cross-section of a
nickel nanowire (reprinted from Vilanova Vidal et al. [41], with the permission of AIP publishing).
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The crystalline structure of a nanowire can be probed using an electron diffraction technique
referred to as selected area electron diffraction (SAED) [59]. This powerful technique offers
structural information from even a small region of the nanowire. In addition to this, defects
such as planar defects can be probed using dark-field TEM.

4.2. Magnetic characterization

Magnetic characterization of single nanowires yields fundamental information such as the
saturation magnetization, coercivity, switching field, squareness of individual nanowires,
magnetization reversal process, and the types of domain walls involved, as well as the propa-
gation of domain walls within the nanowire. Even though the small nanowire volume makes
magnetic characterization challenging due to the low magnetic signal, as well as proper
positioning and orientation of the magnetic field with respect to the nanowire axis, various
techniques such as magnetometry and microscopy allow the magnetic probing of individual
nanowires.

4.2.1. Magnetometry

Magnetometry techniques such as super conducting quantum interference device (SQUID) and
magneto-optical Kerr effect microscopy (MOKE) give an insight into the magnetic behavior of
ananowire by the acquisition of a magnetic hysteresis loop. The SQUID magnetometer, which
is commonly used for nanowire array characterization, can be modified by lithographically
patterning a micro-SQUID detector around a single nanowire in order to sense the low mag-
netic signal arising from a single nanowire [13, 61]. By measuring the hysteresis curves along
the axial and transverse directions, the easy axis of the nanowire can be easily determined. The
MOKE microscopy as the name suggests is based on the Magneto-Optical Kerr effect, wherein
polarized light reflected from a magnetic material undergoes a rotation of its polarization.
Measuring the rotation or change of polarization of the reflected beam gives information about
the magnetization state of the sample [62]. This rotation depends on the relative orientation
of the incident polarization with the sample magnetization. Therefore, the Kerr effect can be
classified into longitudinal, transverse, and polar Kerr effect based on the direction of the
magnetization vector with respect to the incident and sample planes. The MOKE microscopy
is a versatile and well-established technique and is a more simple approach in comparison
to the micro-SQUID, as the samples can easily be measured without an additional structure
fabrication. Measuring the Kerr signal from a cylindrical nanowire is however a challenging
task due to the small probing area available. In addition to this, the curvature of the nanowire
further reduces the signal from the probed area, since at a given time only one Kerr effect (say
longitudinal Kerr effect wherein the magnetization is in the plane of the sample) is probed.
Due to these reasons, it is crucial to achieve a good focus of the laser spot on the nanowire and
attain the highest possible alignment of the setup (such as lenses, laser, etc.), in order to obtain
a high Kerr signal from the nanowire.

The MOKE measurements of a Ni nanowire yield a magnetic hysteresis loop as depicted in
Figure 10 [41]. The obtained hysteresis loop is characterized by two saturated states indicating
opposite directions of magnetization within the nanowire, with a sudden jump in the hysteresis
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loop indicating a sharp reversal of the nanowire’s magnetization. The magnetic field value at
which a sharp reversal of the nanowire magnetization is observed is considered as the switch-
ing field (Hsw). The above observations of the magnetization reversal are indicative of a single
magnetic domain behavior of the nanowire [41, 63].

Kerr Signal (arb. units)
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Figure 10. Hysteresis loop of a single Ni nanowire (160 nm diameter and 12 um in length). The arrows in the schematics
indicate the magnetization direction within the nanowire (reprinted from Vilanova Vidal et al. [41], with the permission
of AIP publishing).

In addition to obtaining information directly related to the magnetic hysteresis loops of a
single nanowire, the magnetization reversal mechanism of the nanowire can be probed by
modifying the measurement routine such as by changing the angle of the applied field during
the measurement, i.e., angular dependence studies, which would yield the angular nanowire
coercivity. Also, the measurement of several individual nanowires and their behavior with
fields applied at various angles can be probed in the MOKE [41].

4.2.2. Magnetic imaging

Imaging the magnetic signal of a nanowire and its response to an external magnetic field yields
useful information about the nanowire’s magnetization reversal process, as well as details
of the magnetic domains and domain walls. The versatility of the imaging techniques has
increased interest in the study and control of domain-wall dynamics, which is fundamental
for domain-wall propagation-based applications. Even though imaging of cylindrical nanow-
ires is relatively straight forward, the interpretation of the obtained data is challenging, as the
nanowires are three dimensional unlike in the case of planar structures, thus increasing the
complexity of single nanowire characterization. Also, the nanowires’ cylindrical shape makes
the domain-wall internal structure difficult to visualize, like the core of a vortex domain wall.
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Magnetic force microscopy (MFM) is a scanning probe microscopy technique which
is widely used for the magnetic imaging of nanostructures [64]. The MFM is a special
operational mode of the atomic force microscope (AFM), wherein the standard AFM tip
is replaced with a magnetic tip usually coated with a high coercivity thin film to fix the
magnetization of the tip during imaging. During an MFM scan, the magnetic tip interacts
with the magnetic stray fields near the sample surface, and the strength of the local mag-
netostatic interaction results in a magnetic map of the scanned area. Figure 11(a) depicts
the AFM image of a Ni nanowire, whose corresponding MFM images at remanence are
depicted in Figure 11(b ,c). Firstly, a magnetic field is applied to saturate the nanowire in a
particular direction. When the nanowire is magnetically saturated, a dark and bright signal
or spot can be observed at the ends of the nanowire. These spots are a result of the stray
fields from the ends of the nanowire, which interact with the MFM tip resulting in a repul-
sive and attractive interaction. In order to understand the magnetization reversal and deter-
mine the switching field of the nanowire, the following procedure is performed: firstly, a
magnetic field is applied to saturate the nanowire in a particular direction. The magnetic
field is then removed, and the nanowire is imaged at remanence. The scans are performed
at remanence in order to avoid effects of the stray field of the MFM tip on the nanowire’s
switching field. The magnetic field is then increased in the opposite direction, until the
magnetization of the nanowire is reversed. MFM studies reveal that the nanowire consists
of a single magnetic domain with a sharp transition between the two magnetic states. The
magnetic field value for which a change in contrast at the ends of the nanowire is observed
is considered as the Hsw of the nanowire. The observations from the MFM images agree
with the previously obtained MOKE results (Figure 10) and confirm the single domain
structure of the nanowire [41].
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Figure 11. (a) Atomic force microscopy (AFM) image of a Ni nanowire, and (b—c) corresponding magnetic force
microscopy (MFM) image of the Ni nanowire. The direction of nanowire magnetization is indicated by the arrows within
the nanowire. The interaction of the MFM tip with the nanowire’s stray field is depicted as a repulsive and attractive
interaction (reprinted from Vilanova Vidal et al. [41], with the permission of AIP publishing).
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Several other techniques exist such as Lorentz microscopy [65], modified differential phase
contrast microscopy [66], photoemission electron microscopy (PEEM) combined with X-ray
magnetic circular dichroism (XMCD) [67, 68], and electron holography [69], which are power-
ful characterization tools that can yield highly valuable local magnetic information.

4.2.3. Micromagnetic simulations

Even though experimental magnetic characterization techniques offer valuable information
about the magnetic nature of the nanowire, they are limited mainly by the 2D data that is
obtained as well as the challenges in studying different parameters. Micromagnetic simulation
is a versatile tool to understand the magnetization reversal process in nanowires and therefore
very useful for interpreting the data obtained from experimental techniques. There are several
open source and commercial micromagnetic simulation packages available such as MAGPAR
[70], NMag [71], OOMMF [72], LLG Micromagnetics Simulator [73] etc. Studies using micro-
magnetic simulation tools have revealed that the magnetization reversal in cylindrical nanow-
ires occurs by the nucleation and propagation of domain walls rather than by means of coherent
rotation or curling (as was previously understood) and that the type of the domain wall depends
on the diameter of the nanowire. As an example, the magnetization reversal process of a poly-
crystalline Ni (diameter of 160 nm) nanowire was simulated using the MAGPAR package [41].
Since the nanowire consists of a polycrystalline structure, a tetrahedral mesh was randomly
assigned with an average mesh size of 6 nm, which is approximately the exchange length of Ni
[74]. Figure 12 gives an overview of the reversal process and consists of four snapshots from
the reversal process of the simulated nanowire (green arrows indicate the magnetization direc-
tion). Firstly, the nanowire is saturated in the +M, direction. The magnetic field is then reduced
until remanence after which it is applied in the opposite direction, i.e., -M,, direction. At rema-
nence, most of the nanowire is magnetized in the +M, direction, except for the nanowire ends,
which consist of a pair of open vortex areas (OVAs) that are formed as a consequence of the
demagnetizing field (to minimize the magnetostatic energy). The magnitude of the magnetic
field is increased in the -M,, direction, and at the switching field, two domain walls (Bloch-point
domain walls) nucleate and propagate toward the center of the nanowire, reversing the magne-
tization direction (Switching process in Figure 12). Upon further increase of the magnetic field,
the nanowire’s magnetization attains a saturated state (saturation state in Figure 12).
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Figure 12. Visualization of the magnetization reversal process from remanence in the +z direction to saturation in the —z
direction. The dashed boxes indicate the Bloch-point domain walls (reprinted from Vilanova Vidal et al. [41], with the
permission of AIP publishing).
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4.2.4. Combination techniques

By utilizing various magnetic characterization techniques (such as magnetometry, magnetic
imaging, and micromagnetic simulations) in combination with different measurement rou-
tines such as angular dependence studies, it is possible to gain valuable additional informa-
tion. For example, the effect of the cross-section shape of the nanowire with the switching
field (H,,,) is investigated using MOKE, MFM, and the Magpar package [41]. The simulations
were performed utilizing a circular and a real cross-sectional shape of a nanowire as depicted
in Figure 13(a) from © = 0° to 70°. In Figure 13(b), the simulated angular dependencies of the
ideal circular and real cross-sections are plotted along with the experimental MOKE and MFM
results. It was observed that the values of H,, of nanowires with real and ideal cross-sections
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Figure 13. (a) Micromagnetic simulations performed using a real cross-section of a Ni nanowire, (b) dependence of
switching field with angle between the nanowire and applied field, of five nickel nanowires measured using MOKE,
MEM, and micromagnetic simulations. The simulations were performed using different nanowire cross-section shapes
namely circular and real cross-section (reprinted from Vilanova Vidal et al. [41], with the permission of AIP publishing).

are different from each other. For example at 0 =0°, the H,, of ideal cross-section is around 60%
of the real cross-section. The angular H,,, simulations of the real and circular nanowire cross-
section depict two different slopes of the curve. In the real cross-section, increasing angles
leads to a higher value of H,,
angles in the circular cross-section. Interestingly, the H,, values obtained from the circular and
real cross-sections define a range inside which all the experimental data fit. This suggests that
the different H, values found for different nanowires are a result of their slightly different
cross-sectional shapes. While the simulation with the circular cross-section yields the smallest
possible values for H,, it might be possible to observe even larger values than the ones found
for the real cross-section, depending on the actual cross-section shape of the nanowire ends.
Thus, the micromagnetic simulations performed here are able to reproduce the experimental
scattering obtained for H, of different nanowires. The cross-sectional shape of the nanowire
strongly influences H,,. This is an observation that is particularly relevant from a technological
point of view, where the properties of individual nanowires need to be taken into account for
device design.

whereas not much of an increase is observed with increasing
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4.3. Electrical characterization

The study of the magnetic and transport properties of cylindrical nanowires such as thermal
and resistivity studies, anisotropic magneto resistance, spin transport, etc. is important from
a fundamental point of view to investigate unique properties that may arise due to the size of
the structures. From a technological perspective, electrical characterization is crucial for device
applications. There are several challenges involved in the electrical characterization of a single
nanowire such as the contacting of a single nanowire, attaining a low contact resistance, and
avoiding electrical discharge that would otherwise result in destroying the nanowire.

4.3.1. In-situ characterization

There are two approaches to electrically address a single nanowire [15, 75-79]. The first approach
involves addressing nanowires that are still in the AAO template, i.e., in-situ characterization [75,
76]. This is achieved by patterning electrodes on either side of the AAO template, taking care to
contact only a single nanowire. The disadvantage of this approach is that the contacted nanowire
could be influenced by the neighboring nanowires. Also, it is not possible to analyze the con-
tacted nanowire for the presence of defects or other irregularities which would affect the electri-
cal characterization of the nanowire. In addition to this, the technique is limited to two-point
measurement.

4.3.2. Ex-situ characterization

The second approach to electrically address a single nanowire is by contacting released nanow-
ires, i.e., ex-situ characterization [15, 76-79]. The advantages of the ex-situ approach are that
nanowires can be chosen selectively under a microscope, which allows to probe any structural
deformities along its length. In this approach, measurements are not limited to two-point geom-
etry, and different sections of the same nanowire (as small as 500 nm) can be probed. An added
advantage of the ex-situ approach is that several characterization techniques such as MFM and
MOKE can be performed on the same nanowire, thus allowing the nanowire’s extensive electri-
cal and magnetic characterization [41]. The ex-situ characterization can be realized by two meth-
ods, by dispersing nanowires onto prefabricated electrodes or by dispersing nanowires onto a
substrate (such as Si/SiO,) and patterning electrodes onto the dispersed nanowire. The former
technique requires careful alignment of the nanowires with the electrodes, such as by applying
an external magnetic field. The latter does not require any nanowire manipulation but involves
the identification of a dispersed nanowire such as by using a scanning electron microscope
(SEM) followed by marking its location by patterning alignment marks using a focused ion
beam (FIB). Here, it is crucial to obtain sufficiently isolated nanowires which are spread over the
substrate. This can be achieved by diluting the nanowire-containing ethanol stock solution to
reduce the concentration of dispersed nanowires. The alignment marks aid in electrode place-
ment in the subsequent lithography steps. This approach allows the selection of a nanowire with
high precision, as well as contacting only a single nanowire with no additional structures in the
vicinity of the nanowire. Generally, the electrode design is patterned either by electron-beam
lithography (EBL) [15] or optical lithography [80]. Both the exposure systems have their own
advantages and disadvantages. Even though EBL is a labor, cost, and time-intensive process, it
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Figure 14. SEM image of electrodes patterned using electron-beam lithography onto a single nanowire. Inset depicts a
magnified image (© [2016] IEEE. Reprinted, with permission, from Mohammed et al. [15]).

achieves high precision and small electrode widths (Figure 14). This is advantageous when the
nanowires are of a shorter length. In the case of EBL, the alignment of the electron beam with
the nanowire is extremely challenging especially when it involves a large number of electrodes.
Optical lithography on the other hand is a relatively quick process but has limitations regarding
the minimum width of electrodes as well as the length of the nanowires that can be used. Once
the design is lithographically patterned, electrodes are deposited onto the nanowire. To obtain
a good ohmic contact between the electrodes and the nanowire, an etch step is performed prior
to the electrode deposition, in order to remove the nanowire oxide layer at the resist openings.
This etching process is optimized by systematically controlling the etch time to avoid over or
under etching of the nanowire.

4.3.3. Magnetoresistance of individual nanowires

The magnetoresistance (MR) effect has its origin in spin—orbit interaction and depends on the
relative orientation of the magnetic moments with respect to the direction of applied electric
current. The magnetoresistance (MR) curve offers an insight into the switching behavior of
nanowires [81]. Figure 15(a) depicts the schematics for MR measurement and (b) shows the
magnetization reversal/MR curve of a Ni nanowire (160 nm diameter). At magnetic satura-
tion, the magnetic moments are aligned parallel to the direction of current indicated by the
high resistance state in the MR curve. Reversal of the magnetic field results in a decrease of
resistance as the magnetic moments continuously rotate away from the direction of current
[13, 15, 82]. At a distinct value of the magnetic field referred to as the switching field H, ,, there
occurs an abrupt reversal of the magnetic moments, which is indicated by a sudden jump of
resistance [15], as shown in Figure 15(b).

The MR curve is also useful to identify interruptions in the domain wall motion during
the magnetization reversal of the nanowire. These interruptions referred to as pinning can
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Figure 15. (a) Magnetoresistance measurement schematic depicting a nanowire with four electrodes patterned onto it.
The black arrow within the nanowire indicates the nanowire’s magnetization direction, (b) Magnetoresistance curve
of a Ni nanowire starting from negative saturation to positive saturation (depicted by the red arrows) followed by
performing the measurement in the reverse direction, i.e., from positive to negative saturation. The black arrow within
the nanowire indicates the nanowire’s magnetization direction (reprinted from Vilanova Vidal et al. [41], with the
permission of AIP publishing).

be a consequence of a defect (pinning site) within the nanowire. Pinning can be artificially
introduced by local modification of magnetic properties by utilizing multisegmented or
diameter-modulated nanowires, as well as by introducing notches onto the nanowire. For
nanowire-based data storage applications, it is essential to create reliable pinning sites along
the nanowire so that domain walls (or bits) can be reliably pinned and depinned (to move the
bits) along the nanowire.

Figure 16(a) is an SEM image of a nickel nanowire (20 um long with a diameter of 160 nm)
with four triangular notches patterned onto it using an SEM equipped with a focused ion
beam. The MR curve of the notched nanowire constitutes a nonabrupt reversal or a step in the
magnetization reversal curve at the H,, (~150 Oe). This discontinuity during the magnetiza-
tion reversal is an indication of a domain wall which would only depin upon further increase
of the applied field. The magnetization reversal at H, shows two steps (the circles represent
the step positions) in Figure 16(b). These two steps are present in both directions and are an
indication for domain wall pinning at the two constriction sites.
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Figure 16. (a) SEM image of a Ni nanowire with notches (to pin domain walls) etched using a focused ion beam, (b) MR
curve of the Ni nanowire with notches. Insets depict the magnified area of the MR curve where pinning is observed
(represented by the circles).
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5. Characterization of multisegmented Co/Ni nanowire

The characterization of multisegmented Co/Ni nanowires (consisting of hcp Co and fcc nickel
structure) reveals interesting features. It has been observed that the interface between the Co
and the Ni segment act as pinning sites (Figure 17). This is an important feature for the appli-
cation of such nanowires as 3D memory devices.
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Figure 17. Schematic of a multisegmented nanowire consisting of alternating segments of cobalt and nickel.

Figure 18 depicts the MR curve of a multisegmented Co/Ni nanowire. The magnetization reversal
of the nanowire proceeds from a magnetically saturated state indicated by the high resistance
value in the MR curve (Figure 18(a)). As the direction of applied field is reversed, a gradual
decrease in resistance is observed. This decreasing resistance in the MR curve is a consequence of
the rotation of the nanowire’s magnetic moments away from the direction of applied current. We
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Figure 18. Magnetoresistance curve of a multisegmented co/Ni nanowire. Stage (a) of magnetization reversal depicts
the saturated state wherein the magnetic moments are aligned parallel to the current, stage (b) depicts a nanowire with
a domain wall (head to head in this case), and finally, stage (c) represents the saturated state with the nanowire having
a reversed magnetization direction to that in stage (a). (reprinted (adapted) with permission from Ivanov et al. [83].
Copyright (2017) American Chemical Society).
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find that the MR curve of the multisegmented Co/Ni nanowire differs from that of the Ni nanow-
ire in Figure 15(b). Here, the MR curve is similar to the nanowire with notches (Figure 16(b)),
i.e, instead of the distinct jump at H,, it displays an interruption or plateau during the jump
(Figure 18(b)). The plateau indicates that the magnetization does not reverse at once, and mag-
netization reversal proceeds only upon further increase of the applied magnetic field. This region
of the curve is indicative of the pinning of a domain wall, which continues to propagate upon
further increase in the magnetic field. Finally, the direction of magnetization within the nanowire
is reversed, leading to a parallel alignment of the magnetic moments with respect to the current,
which is indicated by the high resistance value in the MR curve (Figure 18(c)).

MEFM studies performed on the multisegmented Co/Ni nanowire reveal interesting features.
As discussed earlier in Section 4.2.2, the MFM image of a single domain state of a nanowire is
characterized by a bright and a dark spot at the ends of the nanowire (Figure 11). The MFM
image of a Co/Ni nanowire with a domain wall pinned at the interface however displays a
different stray field configuration. In this case, the contrasts or spots from the ends of the
nanowire would be the same, and in addition to this, an alternate contrast would be observed
at the interface. Figure 19 is an MFM image of a multisegmented Co/Ni nanowire and is char-
acterized by two bright spots at the end of the nanowire and a more pronounced black spot at
the interface, from which the magnetization state of the nanowire a two domain state with a
domain wall pinned at the center can be inferred. The MFM image confirms that the interface
in fact acts as a pinning site as indicated by the MR curve.

Domain
Wall

L

Figure 19. MFM of a multisegmented co/Ni nanowire with a domain wall pinned at the interface. The arrows within
the nanowire schematic represents the direction of magnetization within the nanowire (© [2016] IEEE. Reprinted, with
permission, from Mohammed et al. [15]).

6. Characterization of diameter modulated nanowires

Nanowires grown in templates allow for the fabrication of nearly one-dimensional structures
(see Section 3.2 and 3.3). When the shape of the pores is tailored, e.g., by diameter modulation
as described in Section 2.2, the growing nanowires will fill the pores and acquire the geometry
of the AAO template (Figure 20(a)). From the various experimental and micromagnetic simu-
lation results, general behaviors of the magnetization reversal mechanisms can be found that
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relate to the nanowire diameter modulation. The nucleation of a domain wall begins at the free
ends and/or at the diameter transition, and the domain wall propagates from the thicker to
the thinner segment [84]. Small diameters favor transverse domain walls, due to the exchange
interaction contribution, while larger diameters favor vortex domain walls, where longer range
dipolar interaction becomes more relevant [85]. This means H, values are dominated by the
segment of larger diameter and explain why small differences in diameter between the two
ends of a nanowire promote the propagation of a domain wall from only one end. Also, the
dipolar interaction between segments with different diameters reduces the switching and satu-
ration fields compared to a conventional nonmodulated nanowire with diameter equal to the
thinner segment [16, 32, 84]. This is due to the strong interaction between the stray fields at the
ends of each segment which is a result of the sudden diameter change. Domain walls can nucle-
ate at these perpendicular surfaces as a mechanism to minimize the magnetostatic energy [86].

Figure 20(b) shows an AFM image of a FeCoCu nanowire with the diameter modulated
between 100 and 140 nm. As seen in the MFM image of Figure 20(c), the single domain configu-
ration of the nanowire is maintained independent of the number of modulations. Stray fields
are emanating not only from the ends of the nanowire, as in the case of nanowires with constant
diameter (Figure 11(b,c)) but also from the ends of the segments with larger diameters [29, 88].

Modulations of the magnetization profile lead to the creation of pinning sites for domain walls
[37, 87]. Magnetic poles of different signs are created at the modulation transition regions,
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Figure 20. (a) Schematic of a diameter-modulated nanowire. (b) AFM image and (c) corresponding MFM image of a
diameter-modulated FeCoCu nanowire (reprinted with permission from Rodriguez et al. [87]. Copyright 2016 American
Chemical Society).
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increasing the magnetic surface charge, which is minimized by the creation of vortex states.
The efficiency of domain wall pinning sites in cylindrical nanowires depends on the param-
eters that modify the magnetization profile with respect to the magnetic surface charges.
Hence, the pinning sites” geometrical magnetizations can be used to tailor the properties of
cylindrical nanowires and integrate different functionalities into them.

7. Characterization of core-shell Fe-Fe O, nanowires

Energy-filtered transmission electron microscopy (EF-TEM) can be used to study the evo-
lution of the core-shell nanowire structure for different oxidation times. TEM studies into
core-shell Fe-Fe, O, nanowires have revealed that annealing of both polycrystalline or single-
crystal iron nanowires leads to the formation of an oxide shell structure (Figure 21(a)) but
possess distinctly different characteristics [50]. The oxide shell thickness of polycrystalline Fe
nanowires (Figure 21(b,c)) increases linearly with annealing time until the disappearance of
the Fe core, leaving behind a pure Fe,O, nanowire. However, the oxidation of the single-crys-
tal Fe nanowires (Figure 21(d,e)) is observed to be a slower process, and the shell thickness
does not increase beyond a certain limit (12 nm), thus maintaining the Fe core structure. It was
observed that the O clearly concentrates at the edges while in fully oxidized nanowires; O is
distributed across the entire volume. This can be attributed to the absence of grain boundar-
ies that are required for heat-assisted oxygen diffusion. The ability of single-crystal core-shell
nanowires to resist complete oxidation is a great advantage for applications that require high-
temperature operations, while they maintain the magnetic properties of the Fe core [50].

Magnetic force microscopy studies into polycrystalline and single-crystal core-shell Fe-Fe,O,
nanowires reveal marked differences. The single-crystal Fe and the core-shell nanowires fab-
ricated from single-crystal Fe displays a single magnetic domain state, whereas a multido-
main state is observed in core-shell nanowires fabricated from polycrystalline Fe nanowires.

The core-shell nanowire is an attractive candidate for biomedical applications [7, 8, 83], due
to their tunable magnetization and long-term stability. In addition to this, a high degree of
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Figure 21. (a) Formation of the Fe-Fe,O, core-shell structure, (b-e) bright field color-coded EF-TEM images of the Fe (red)
and O (green) of polycrystalline Fe nanowires after (b) 20 min, (c) 24 h annealing and single crystalline Fe nanowires
after (d) 1 h, (e) 72 h [50].
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Figure 22. Cell viability studies of colon cancer cells incubated with Fe and Fe-Fe,O, core-shell nanowires with varying
concentrations (nanowire-to- cell ratio) for 24, 48, and 72 h [50].

biocompatibility required for biomedical applications has been demonstrated by these nanow-
ires. For instance, studies into the metabolic activity of cells incubated with Fe and Fe-Fe,O,
core-shell nanowires of varying concentrations and incubation times (Figure 22) reveal that
the nanowires have comparable and high values of cell viability at concentration of 100 and
200 nanowires per cell. At very high concentrations of 1000 nanowires per cell, Fe nanowires
cause a decrease in cell viability to about 80% after 72 h, while viability with Fe-Fe,O, core-shell
nanowires remains high.
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“Magnets are a bit like humans.
Not only they attract each other, they also have the capability to remember.”

Abstract

Magnetic domain memory (MDM) is the ability exhibited by certain magnetic materials
to reproduce the exact same nanoscale magnetic domain pattern, even after it has been
completely erased by an external magnetic field. In this chapter, we review the various
circumstances under which this unusual phenomenon occurs. We explain how partial
MDM was first observed in rough Co/Pt multilayers with perpendicular magnetization
as a result of structural defects. We then show how 100 % MDM was achieved, even in
smooth ferromagnetic films, by coupling Co/Pd multilayers to an antiferromagnetic IrMn
template via exchange interactions. We describe how high MDM, extending through-
out nearly the entirety of the magnetization process, is obtained when zero-field-cooling
the material below its blocking temperature where exchange couplings occur. We also
review the persistence of MDM through field cycling and while warming the material all
the way up to the blocking temperature. Additionally, we discuss the spatial dependence
of MDM, highlighting intriguing oscillatory behaviors suggesting magnetic correlations
and rotational symmetries at the nanoscopic scales. Finally, we review the dependence of
MDM on cooling conditions, revealing how MDM can be fully controlled, turned on and
off, by adjusting the magnitude of the cooling field.

Keywords: magnetic domains, ferromagnetic films, perpendicular magnetic anisotropy,
magnetic domain memory, defect-induced memory, exchange-coupling induced
memory

1. Introduction to the principles of MDM

1.1. Magnetic domain patterns in ferromagnetic films

Ferromagnetic materials are typically composed of magnetic domains. A magnetic domain
is a region where the magnetic moments carried by individual atoms, i.e., the atomic

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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spins, align in the same direction due to exchange couplings, as illustrated in Figure 1a.
Rather than forming one giant macroscopic magnetic domain, the material often breaks
down into a multitude of microscopic domains of different orientations, as illustrated
in Figure 1b. At the delimitation between one magnetic domain and a neighboring one,
a coherent rotation of the atomic spins occurs. The delimitating region, called domain
wall, may be small in respect to the domain size. Domain sizes typically range from 1 to
100 um in bulk ferromagnetic materials, and from 100 nm to 1 um in thin ferromagnetic
films [1-3].

In a ferromagnetic material, the microscopic magnetic domains of various magnetiza-
tion directions arrange in specific ways that minimize the competing magnetic energies
present in the system. The three dimensional sum of the magnetic moments carried by
the individual domains produces, at the macroscopic scale, a net magnetization M. The
magnitude and the direction of the net magnetization depends on how the magnetic
moments of the individual domains are distributed throughout the material. While M
may be uniquely set by applying an external magnetic field H, following a specific mag-
netization procedure, the associated microscopic magnetic domain pattern, or topology,
is usually not unique. The formation of magnetic domain topologies and their correla-
tion with the magnetic history of the material is still today a vast field of research to be
explored and understood.

Thin ferromagnetic films have been extensively studied during the past decades, in particu-
lar because of the variety of magnetic domain patterns they exhibit [4-8]. Depending on the
composition, the crystallographic structure and the thickness of the film, the magnetization
may point in-plane or out-of-plane. The magnetic domains may take various shapes, from
round bubbles to elongated, almost infinite, stripes. Some thin film materials exhibit complex
formations such as vortices [9-11] and skyrmions [12, 13], illustrated in Figure 1c, d, which
have instigated a renewed interest in the recent years because of their potential applications
in magnetic memory technologies and spintronics [14, 15].
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Figure 1. (a) Schematic illustrating the formation of magnetic domains by alignment of atomic spins. The schematic
shows a domain wall, formed by the coherent rotation of spins. (b) Schematic of a collection of magnetic domains in a
ferromagnetic material. (c) Schematic of a magnetic vortex core [10]. (d) Lorentz microscopy image of a skyrmion lattice
in FeCoSi. Extracted from Fert et al. [14].
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1.2. The case of thin films with perpendicular magnetic anisotropy

Thin ferromagnetic films with perpendicular magnetic anisotropy (PMA) [16] exhibit a partic-
ularly rich set of magnetic domain patterns. In PMA films, the domain magnetization points
mostly out-of-plane, thus producing high demagnetization fields and leading to the formation
of regular domain patterns and magnetic textures [17-21]. PMA films have attracted an accrued
attention in the years 2000-2010s because the perpendicular magnetization has enabled signifi-
cant domain size reductions, in comparison to the in-plane magnetic films, thus benefiting the
magnetic recording industry. State-of-the-art ultra-high density magnetic recording technologies
utilizes granular PMA thin film media, where magnetic domain sizes are as small as 20-50 nm
[22].

In smooth PMA films, magnetic domains take a variety of shapes and they form patterns of
various topologies. Such variety of shapes and topologies is for example observed in [Co/Pt]
multilayers where the thickness of Co typically varies between 5 and 50 A, the thickness of the
Pt layer is around 7 A, and the number of repeat around N = 50. In these multilayers, the PMA
is primarily achieved by exploiting the surface anisotropy created by the layering between
the Co and the Pt layers, and the high number of repeats, as well as the magneto-crystalline
anisotropy produced by the crystallographic texturing [23-26].

The magnetic domain topologies observed in these Co/Pt multilayers vary from bubble
domain patterns to pure maze patterns formed of long interlaced striped domains, as shown in
Figure 2. Both patterns in Figure 2 are observed at remanence, where the external field is H=0.
At that point, the net magnetization is M = 0, so the area covered by the domains of a given direc-
tion nearly equals the area covered by the domains in the opposite direction. Both the bubble

Figure 2. Magnetic Force Microscopy (MFM) images of magnetic domains in a [Co(31 Ay/pPy7 A)]50 multilayer with
perpendicular magnetic anisotropy. These domains patterns are measured at remanence (H = 0). The two colors
represent opposite magnetization directions, pointing out-of-plane and into the plane. Image size is 10 x 10 um. (a) Maze
pattern forming after applying H = 2000 Oe; (b) bubble pattern forming after applying H = 9000 Oe. The saturation point
is H = 11,400 Oe for this film. Extracted from Chesnel et al. [27].
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pattern and the maze pattern, as well as a wide array of intermediate patterns, can be observed
at remanence in the same multilayer. The topology of the remanent pattern mainly depends on
the magnetic history of the film. In particular, it has been shown that the remanent magnetic
topology drastically change when the magnitude H  of the magnetic field applied perpendicular
to the film changes. If the applied field is saturating, the film form a maze-like pattern at rema-
nence. However, if H _is set to a specific value slightly below the saturation point, a bubble pat-
tern is achieved and the domain density is maximized [27]. Each time the external magnetic field
is cycled, the magnetic domain pattern is erased. When the field is released back to H=0, the new
remanent domain pattern is, in this material, different from the previous one.

1.3. Magnetic domain memory

Magnetic domain memory (MDM) is the tendency for magnetic domains to retrieve the
same exact same pattern after the pattern has been erased by a saturating magnetic field.
When MDM occurs, not only the magnetic domains retrieve the same type of shape and size,
but their distribution in space, or topology, is similar. MDM may be total, in which case the
domain topology is identical; or MDM may be partial, in which case the domain pattern is
similar, with some topological differences.

Ferromagnetic films usually do not exhibit any MDM. Like in the Co/Pt multilayers previ-
ously mentioned, the domain pattern at a given field point H generally does not repeat after
the field has been cycled [28]. The magnetic domains may always take the form of small bub-
bles or of elongated stripes of specific size at that point in field, but their spatial distribution
will be completely different after each cycle. This is well illustrated in Figure 3, which shows
magnetic domain patterns in Co/Pt multilayers measured at remanence before and after
applying a minor magnetization cycle. The initial pattern exhibits elongated striped domains
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Figure 3. Evolution of the magnetic domain pattern in a [Co(8 APz A)]50 multilayer while cycling the magnetic field
H through half a minor loop. Plotted is the net magnetization M (H). The MFM images are 5 x 5 um and are all collected
at the same location of the film. (1) At remanence (H = 0), before applying the field; (2) at H = 3400 Oe, domains have
shrunk down to small bubbles; (3) back to remanence (H = 0), after applying the field. Extracted from Westover et al. [28].
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of opposite up / down magnetization with close to a 50% up: 50% down coverage. At the high-
est magnetic field value, which is not quite saturating, the domains of reverse magnetization
have shrunk down to small sparse bubbles. Upon return to zero field, the film exhibits mag-
netic stripes again but these stripes are shorter and their spatial distribution, or topology, is
completely different than in the initial image. In this case, the film does not exhibit any MDM.

MDM has been so far only observed in specific thin ferromagnetic films that have spe-
cific structural or magnetic properties. As explained in the following sections, MDM has
first been discovered in rough Co/Pt films, due to the presence of defects, acting as pin-
ning sites for the domain nucleation. In that case, the observed defect-induced MDM is
partial and only occurs in the nucleation phase of the magnetization cycle. We will see
how MDM can however be maximized by exploiting magnetic exchange between the
ferromagnetic (F) layer and an antiferromagnetic (AF) layer. This has been successfully
achieved in [Co/Pd] IrMn films where F Co/Pd multilayers are sandwiched in between
AF IrMn layers. The film is field-cooled (FC) down below its blocking temperature, to
allow exchange couplings to occur. Under these conditions, the magnetic domain pat-
tern imprinted in the IrMn layer plays the role of a magnetic template. In this case, the
observed exchange-bias induced MDM reaches 100% throughout a large portion of the
magnetization process.

2. Probing MDM

2.1. Real space imaging

Magnetic domain patterns may be directly measured via Magnetic Force Microscopy (MFM),
as seen in Figures 2 and 3. The MFM technique allows the visualization of magnetic domains
by probing the out-of-plane magnetic stray fields emanating from the surface of the film. With
a spatial resolution down to about 2025 nm, MFM allows the detection of individual magnetic
domains in thin PMA ferromagnetic films, as these domains are typically 50-200 nm wide.

The investigation of MDM may be possible via MFM under certain experimental conditions.
In 2003, Kappenberger et al. [29] showed in their study of CoO/[Co/Pt] multilayers via MFM
that the specific magnetic domain pattern initially observed in a particular region of the film
was fully recovered after magnetically saturating the material, as seen in Figure 4. In this
experiment, the material was zero-field-cooled (ZFC) down to 7.5 K and then imaged at 7.5 K
while applying a large magnetic field up to 7 T. The initial striped domain pattern observed in
the Co/Pt layer immediately after ZFC was completely erased under application of magnetic
field, but it was fully retrieved when the magnetic field was decreased back to near coercive
point H_ on the descending branch of the magnetization loop. At H, the net magnetization is
near zero, like it was during ZFC.

Such experiment requires very sophisticated MFM instrumentation, with cryogenic and in-
situ magnetic field capabilities. Only very few MFM instruments in the world allow such
extreme temperature and field environments. Because of the difficulty to measure MFM
images at low temperature and under high in-situ magnetic field, the study of MDM via
MFM is somewhat limited in practice. The magnetization of the MFM tip may reverse while
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Figure 4. Evolution of the magnetic domain pattern in an exchange-biased CoO/ [Co/Pt] multilayer. The MFM images
are 5 x 5 um. (a) Magnetization loops M(H) measured perpendicular to the film at 5 K after field-cooling (FC) under 1 T
and zero-field-cooling (ZFC) the film. (b) Initial striped domain pattern measured right after ZFC. (c) At H=+650 mT on
the ascending branch of the magnetization loop, the white domains have shrunk or disappeared. (d) At H=-400 mT on
the descending branch of the magnetization loop after saturating, the pattern is exactly reverse of the initial pattern in
(a). Extracted from Kappenberger et al. [29].

the in-situ magnetic field is being varied. Also the maximum possible value for the magnetic
field may be smaller than the value required to saturate the material, making the collection of
MFM images throughout the entire magnetization loop impossible. Lastly, MFM images are
typically micrometric, covering a few microns of the film, and a handful of magnetic domains,
thus providing a localized view only.

2.2. Coherent x-ray resonant magnetic scattering

Complementary to MEM, the technique of coherent x-ray magnetic scattering [30, 31] is a pow-
erful tool to study MDM. Under coherent illumination, the material produces a speckled scatter-
ing pattern that is a unique fingerprint of the charge and magnetic configuration of the material
[32, 33], as illustrated in Figure 5. Because x-rays are insensitive to magnetic fields, an in-situ
magnetic field of any value and any direction can be applied to the material while collecting
the x-ray scattering signal. This allows the study of MDM throughout the entire magnetization
process. Also, if mounted on a cryogenic holder, the material can be cooled down under various
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Figure 5. Layout for coherent x-ray resonant magnetic scattering (C-XRMS). The synchrotron x-ray beam is spatially
filtered by a pinhole to enhance the transvers coherence. The energy of the x-ray is finely tuned to a magnetic resonance,
thus providing longitudinal coherence and magneto-optical contrast. Under coherent illumination, the magnetic
domains in the film produce a speckle pattern collected on a CCD camera. Extracted from Chesnel et al. [33].
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field cooling conditions, and x-ray scattering can be measured at low temperature. Lastly, the
region illuminated by the x-rays is set by the size of the spatial filter used to obtain transverse
coherence. The illumination spot size, typically in the order of 20-50 um, allows covering a
relatively large number of magnetic domains, thus providing useful statistical information [34].

A magneto-optical contrast can be obtained by finely tuning the x-ray energy to specific res-
onance edges associated to the magnetic elements present in the material. This technique,
called x-ray resonant magnetic scattering (XRMS), offers chemical selectivity [35-37]. Typical
resonant edges used in XRMS are the L, and L, edges which correspond to the excitation of
electrons from the (2p) to the (3d) electronic bands in transition metals. For iron (Fe), the L,
edges are at around 708 and 720 eV, respectively. For cobalt (Co), the L, , edges are at around
778 and 791 eV, respectively. At these energies (soft x-rays), the x-ray wavelength is around
1-2 nm, thus allowing the probing of magnetic structures in ferromagnetic films, with spatial
resolutions down to few nanometers.

By collecting XRMS patterns at various magnetic field values, one can follow the evolution of
the magnetic configuration of the material throughout the magnetization process. An example
of such experiment is shown in Figure 6, where XRMS patterns collected on the descending
branch of the magnetization loop are compared to MEM images at nearly same field values.
At saturation, no magnetic domain exists so the XRMS pattern has no magnetic signal, only a
pure charge background. Shortly after nucleation, sparse domains have nucleated and started
to expand, leading to a diffuse disk around the center of the XRMS pattern. As the domain
propagation progresses, interlaced domains of opposite directions fill the entire space, lead-
ing to a ring-like XRMS pattern. The radius of the ring relates to the magnetic period existing
in the material at that stage [38].

Combining coherent x-rays with XRMS, the technique of coherent-XRMS (C-XRMS) turns out
to be very useful to study MDM [33]. Measured in the scattering space, or the so-called recipro-
cal space, the CXRMS pattern provides an indirect view of magnetic domains. The inversion
of the CXRMS pattern into the real space image is a complex process due to a phase loss in
the intensity of the scattering signal [32]. However, if the x-ray beam is made coherent, the
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Figure 6. Probing magnetic changes in a [Co/Pd]IrMn film via MFM and XRMS. (a) Magnetization loops measured at 320 K
and at 20 K after ZFC. (b) Evolution of the magnetic domain pattern at 300 K, viewed via 10 x 10 um images. (c) Evolution
of the XRMS pattern at 20 K in ZFC state at similar points in magnetization. Extracted from Chesnel et al. [38].
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x-ray scattering pattern produced by the material will show speckles, as illustrated in Figure 7.
The specific speckle pattern is a unique fingerprint of the magnetic domain pattern in the real
space. Comparing speckle patterns collected at different points throughout magnetization then
allows the evaluation of MDM in the material.

2.3. Speckle cross-correlation metrology

To evaluate MDM via CXRMS, speckle patterns collected at different field values are com-
pared. This comparison is typically done via cross-correlation [39, 40]. In the cross-correlation
process, the intensity in the two images is compared pixel by pixel. In practice, this done by
multiplying the intensity of two image, pixel by pixel, while one image is spatially shifted in
respect to the other one. Mathematically, this operation may be written as follows:

AxB =Y A(ij)B(X+i, Y +j) (1)
L]

where A and B are the two images being correlated, A(i, j) represents the intensity of image
A at pixel (i,j) and B(X +1i, Y +j) represents the intensity of image B at pixel (X +i, Y +j). Note
that a shift of X pixels in the first direction and Y pixels in the second direction is applied
between the two images. The sum takes care of covering all the pixels present in the images.
The resulting cross-correlation product A x B is a function of the shift (X,Y). It forms a pattern
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Figure 7. Extraction of speckle patterns and cross-correlation process. (a) Magnetic domain pattern in real space,
measured via MFM. The image is 10 x 10um. (b) Associated XRMS pattern as collected on the CCD detector. (c) Speckle
pattern, or pure coherent component, extracted from the XRMS pattern (b). (d) Zoomed-in view on the speckle spots.
(e) Correlation pattern showing a peak at its center. The area under the peak provides an estimate of the amount of
correlation between two speckle patterns. Extracted from Chesnel et al. [33].
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in the (X,Y) space, which is called correlation pattern. An example of such correlation pattern
is shown in Figure 7e. To accelerate the cross-correlation operation, which may be compu-
tationally costly when comparing thousands of scattering images, the cross-correlation may
be done via fast Fourier Transform (FFT) operations. When using FFT, the correlation pat-
tern A x B is an image of same size than A and B. It generally shows a peak around its center,
for which X =0 and Y = 0. The intensity under the peak provides the amount of correlation
between the two images. The width of the peak in the (X,Y) space corresponds to the average
speckle size, which is generally set by the optics.

To quantify MDM, the intensity in the cross-correlation pattern A x B is integrated and com-
pared to the intensity of the auto-correlated patterns A x A and B x B. A normalized correla-
tion coefficient is thus evaluated as follows:

. S, AxB
P T A A)(Z,, BrE)

The coefficient p is then comprised between 0 and 1. If the two images A and B are completely
different, p will be close to 0. If the two images A and B are exactly the same, p =1 (or 100%).
Since each of the correlated speckle patterns is a unique fingerprint of the magnetic domain
configuration, the correlation coefficient p can be used to quantify MDM. When p is low, mag-
netic domain patterns are very different, and there is no or little MDM. When p is high (close
to 1), magnetic domain patterns are very similar, and MDM is close to 100%.

2

2.4. Mapping MDM

MDM can be evaluated in a number of different ways. The most straightforward way to
evaluate MDM is to compare magnetic speckle patterns measured at the same point H in
magnetic field, after a full cycle has been completed, as illustrated in Figure 8a. This compar-
ison is called returned point memory (RPM) [39]. An alternative way is to compare magnetic
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Figure 8. Illustration of various cross-correlation approaches. (a) Single point correlation. RPM: cross-correlating pairs
of speckle patterns collected at same field (H, H). CPM: cross-correlating pairs of speckle patterns collected at opposite
fields (H, —H). (b) Cross-field correlations AxA: correlating any point on the ascending branch with any other point on
the ascending branch (c) cross-field correlations AXD: correlating any point on the ascending branch and any other point
on the descending branch. In each approach, the two points to be correlated may be separated by several loops. Extracted
from Chesnel et al. [38].
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speckle patterns measured at opposite field values. In that case, one point is located at field
H on the ascending branch of the magnetization loop whereas the other point is located at
opposite field -H is on descending branch. This comparison is called conjugate point mem-
ory (CPM). RPM and CPM can then be plotted as function of the magnetic field H, where H
typically varies from negative saturation to positive saturation, on the ascending branch of
the magnetization loop.

A more complete exploration of MDM may be performed by cross-correlating two speckle
images A and B collected any field value H throughout the magnetization process [40]. The
resulting correlation coefficient p may be then mapped in a two-dimensional field space (H,,
H,) where H, is the field value of image A and H, is the field value of image B. The resulting
p(H,, H,) map is called correlation map. The two field values (H,, H,) may be both chosen on
ascending branches, either on the same branch or on two different branches separated by
one of more cycles. Such correlation map is denoted as A x A. A similar study can be done
on the descending branch, leading to a D x D map. If the magnetization loop is symmetri-
cal, the correlations on A x A and D x D are expected to be the same. In another approach,
one field value H, may be chosen on the ascending branch and the other value H, on the
descending branch, leading to an A x D map. Examples of such correlation maps p(H,, H,)
are shown in Figure 13.

More subtle measurements of MDM may exploit the spatial information contained in the
CXRMS patterns. Instead of computing the cross-correlation on the entire image, the cor-
relation is computed on specific portions of the image. One can for example look at the
dependence on the scattering vector g, which is the distance from the center of the scatter-
ing pattern to a specific point in the image. The correlation is then performed on rings of
specific g radii selected from the scattering patterns, as illustrated in Figure 9. The resulting
correlation coefficient p may be plotted as a function of g, or mapped in a (g, H) space [40].
An example of such pattern is shown in Figure 9d. Other approaches explore the angular
dependency of p.
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Figure 9 . Q-selective correlation process. (a) Initial speckle pattern; (b) ring selection from the speckle pattern; the radius
of the ring is Q; (c) correlation pattern resulting from cross-correlating ring selections of two speckle patterns; (d) example
of p(Q, H) correlation map measure on a ZFC [co/Pd]/IrMn film. Extracted from Chesnel et al. [40].
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3. Defect-induced MDM

3.1. First observations in Co/Pt thin films

The first studies of MDM via x-ray speckle correlation metrology were carried out on [Co/Pt]
multilayered thin films by Pierce et al. [39] in 2003. These multilayers, made of 50 repeats of
a Co/Pt bilayers, where the Co thickness is 0.4 nm, the Pt thickness is 0.7 nm, exhibit perpen-
dicular anisotropy, leading to the formation of microscopic striped domain patterns.

These magnetic correlation studies demonstrated the occurrence of microscopic magnetic
return-point-memory (RPM) when these films exhibited some interfacial roughness. It was
found that smooth films with no roughness did not produce any RPM. However, films with
large roughness produced significant RPM in the nucleation region of the magnetization pro-
cess. It was established that the observed microscopic magnetic memory was induced by the
presence of defects in the film, playing the role of anchors for magnetic domains to nucleate.
This phenomenon is referred to as “defect-induced” or ‘disorder-induced” MDM [41, 42].

In Figure 10, magnetic domain configurations are shown for different film roughnesses. When
the film is smooth (grown under 3 mT of Ar pressure), a typical interlaced stripe domain pattern
occurs. When the film is rough (grown under 12 mT of Ar pressure), the magnetic domain pat-
tern becomes fuzzy and the magnetic periodicity is somewhat lost. The associated XRMS scat-
tering profile shows a well-defined peak for the 3 mT film, but a weaken peak for the 12 mT film.

In these studies, microscopic magnetic correlations were evaluated while cycling the mag-
netic field throughout minor loops and major loops. In particular RPM and CPM were
measured at various field values along the ascending and the descending branches of the
major magnetization loop. These measurements were carried out on films with various
roughnesses.
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Figure 10. Effect of roughness on the magnetic domain configuration in [Co(4 AyPy7 A)]50 multilayers. (a) and (b) 3 x
3 um MFM images for films grown under different Ar pressure (a) 3 mT, (b) 12 mT. (c) XRMS profiles for films with
different roughnesses (the label indicates the Ar pressure in mT). Extracted from Pierce et al. [41].
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3.2. RPM and CPM dependence on magnetic field

RPM and CPM were evaluated on the [Co(0.4 nm)/Pt(0.7 nm)],, multilayers at different points
throughout the ascending and descending branches of the major loop after cycling the field
multiple times. Co/Pt multilayers with significant interfacial roughness exhibited non-zero
RPM and CPV, as illustrated in Figure 11a. It was found that CPM was systematically lower
than RPM. This suggested that disorder has a component that breaks spin reversal symmetry.
It was also found that both RPM and CPM exhibited the same trend: their value was larger at
nucleation (H = -1 kOe) and decreased monotonically down to near zero when the magnetic
field was increased toward saturation (H =+4 kOe). The high correlation value p at nucleation
suggested that magnetic domains tend to nucleate at specific locations, which are pinned by
the defects. The decreasing trend down to zero correlation when field is increasing suggests
that once nucleated, the magnetic domains propagate rather randomly, or non-deterministi-
cally, throughout the film, leading to decorrelation [43].

3.3. Dependence on roughness

As expected, the observed defect-induced MDM depended on the amount of interfacial
roughness exhibited by the [Co(0.4 nm)/Pt(0.7 nm)],, multilayers. If the film was relatively
smooth, no memory was found. If, on the contrary, the film was rough enough, some RPM
and CPM would be detected. The dependence of MDM with interfacial roughness is illus-
trated in Figure 11b, where RPM and CPM are measured at the coercive point. For rough-
ness below 0.5 nm or so, no RPM and no CPM was observed. When the roughness exceeded
0.5 nm, both RPM and CPM quickly increased and started to plateau at around 0.7 nm of
roughness, reaching about 40% for CPM and 50% for RPM. This behavior, measured at room
temperature was, to some extent, reproduced by nonzero-temperature numerical simulations
based on Ising models [41, 42].

The observation of microscopic magnetic memory induced by defects in [Co/Pt] mul-
tilayered thin films opened the door to new perspectives and led to further questions,
both on the fundamental and applied levels. In particular, the observed CPM and RPM
were somewhat limited in magnitude, not exceeding 50-60% in best cases, and also they
occurred in a limited region of the magnetization process, namely the nucleation region.
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Figure 11. RPM and CPM correlations in rough [Co(4 A)/pr(7 13‘)]50 multilayers. (a) RPM and CPM vs. field on the

ascending branch of the magnetization loop for a rough film grown under 8.5 mT Ar pressure. (b) RPM and CPM values
at the coercive point, plotted as a function of interfacial roughness. Extracted from Pierce et al. [41].
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Would there be ways, in some materials, to increase MDM to higher values and to extend
it to a wider region of the magnetization loop?

4. Exchange-bias induced MDM

In an attempt to increase the amount of MDM initially observed in rough ferromagnetic materials
came the idea of incorporating exchange couplings in the film by interlaying the ferromagnetic
(F) layer with an antiferromagnetic (AF) layer that would play the role of a magnetic template.

This was successfully achieved by combining a F Co/Pd multilayer with an AF IrMn layer
[44]. After cooling the material below its blocking temperature T,, and inducing exchange
couplings (EC), high MDM was observed, which extended throughout almost the entire mag-
netization cycle. The observed MDM reached unprecedented values as high as 100%, even
when the film was smooth.

If the material is cooled down under a non-zero field, the EC interactions produce a net
exchange bias (EB) in the magnetization loop. However, because the origin of MDM is micro-
scopic, high MDM can be observed even when zero-field cooling the material (in the absence
of field), in which case not net bias exists.

4.1. First MDM observations in [Co/Pd]IrMn multilayers

The first observations of EC induced MDM were reported by Chesnel et al. [44] in 2008, in [Co/
Pd]/IrtMn multilayers. It was found that when zero-field-cooled (ZFC), the material exhibited high
MDM. The magnetic correlations reached high values throughout a wide range of field values.

The material consisted of an interlay of F [Co(0.4 nm)/Pd (0.7 nm)],, multilayers with AF
layers made of IrMn (2.4 nm) alloy, repeated 4 times. This film exhibited PMA, leading to
the formation of serpentine magnetic domains that were about 150-200 nm wide, as seen in
Figure 12a.
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Figure 12. MDM measurements in ZFC [Co/Pd]/IrMn multilayers. (a) 10 x 10 um MFM image of the striped magnetic
domains. (b) Magnetization loops M(H) at 300 K and at 20 K in ZFC state. (c) RPM vs. field H plotted against the
ascending branch of the magnetization curve. Also plotted is the intensity of the XRMS signal. Extracted from Chesnel
et al. [44].
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To enhance the exchange couplings between the [Co/Pd] and the IrMn layers, the film was
first demagnetized at high temperature and was then cooled down below its blocking tem-
perature, T, ~ 300 K, down to temperatures as low as 20 K. MDM was probed at 20 K using
x-ray speckle correlation metrology. CXRMS patterns were collected at finely spaced field
values throughout the magnetization loop seen in Figure 12b while an in-situ magnetic field
was cycled numerous times.

4.2. Dependence on magnetic field throughout magnetization loop

The MDM observed in the ZFC [Co/Pd]/IrMn film shows an interesting behavior, which
drastically differs from the behavior observed in rough Co/Pt films. Figure 12c shows the
amount RPM measured in [Co/Pd]/IrMn at 20 K after ZFC and its dependence on magnetic
field throughout the ascending branch magnetization loop. Unlike for rough Co/Pt films,
RPM is low at nucleation. However, as the magnetic field increases, RPM rapidly increases
when the field approaches the remanent coercive point H_ and plateaus at values as high as
80-90%. The plateau extends over a wide field region above the coercive point. RPM eventu-
ally decreases down to zero, when the field approaches saturation.

4.3. Cross-field MDM maps

In addition to measuring RPM, cross-field magnetic correlations were further carried out
throughout the entire magnetization loop. Speckle patterns collected along the ascending
branch and along the descending branch of the magnetization loop were cross-correlated.
Resulting correlation maps p(H,, H,) are shown in Figure 13, specifically the A x A map
(correlations between two ascending branches) and the A x D map (correlations between
ascending and descending branches) measured after one field cycle. The RPM and CPM
information may be sliced from these map along their diagonal. Both the A x A and A x
D correlation maps show high MDM, with p reaching as high as 95 + 5% in the central
region where H, = H, =H_. The high correlation forms a plateau extending throughout
a wide region of field values from near above nucleation to near below saturation. This
is not only true along the diagonal, where H, = H, but also off-diagonal where H, # H,,
revealing that the nanoscale magnetic domain patterns formed at these field values are all
very similar [38].

4.4. Imprinting of a magnetic template via field cooling

The drastic behavioral differences between the MDM observed in ZFC [Co/Pd]/IrMn films
and the MDM observed in rough Co/Pt films arise from the different microscopic magnetic
interactions. In one case, MDM is induced by defects or disorder. In the other case, MDM is
induced by exchange couplings. In this later case, MDM exits even in the absence of defects,
that is, in smooth films. In the absence of defects, MDM is low at nucleation, as observed in
Figure 12, because domains nucleate at random locations in the film. The reason for high
MDM to occur at higher field values is the presence of a magnetic template imprinted in the
AF layer during the cooling.
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Figure 13. Cross-field MDM maps measured on [Co/Pd]/IrMn multilayers at 20 K in ZFC state. (a) A x A map measured
on same cycle, (b) A x D map measured on same cycle, (c) A x A map measured after one cycle, (b) A x D map measured
after one cycle. Extracted from Chesnel et al. [38].

In the specific material, the magnetic pattern gets imprinted from the F Co/Pd layer into the
AF IrMn layer through exchange couplings via interfacial uncompensated spins. In ZFC state,
the imprinted pattern is typically formed of interlaced magnetic domains with opposite mag-
netization, pointing perpendicular to the material, either out-of-plane or into the plane, as
illustrated in Figure 14a, b. The area covered by one magnetization direction nearly equals
the area covered by the other magnetization direction. When, in the ZFC state, the external
magnetic field is cycled, the magnetic domains in the F layer successively nucleate, propagate,
expand and eventually collapse at saturation. However, due to the frozen underlying magnetic
pattern in the AF layer, the domain formation process in the F layer is not random (as it would
be for a single smooth F layer). The domain formation process is highly guided by exchange
coupling interactions with the underlying frozen template, so that when the remanent coer-
cive point is reached, the domain pattern exactly matches the imprinted one [38, 44].

Guided by the exchange interactions with the magnetic template imprinted in the AF layer,
the magnetic domain formation and reversal in the F layer is deterministic. The magnetic
domains in the F layer always form in a way to match the underlying template. Consequently,
high MDM occurs from about the remanent coercive point H , where the template is fully
matched, all the way up to nearly saturation, as domains evolve in a way to conserve the
template topology. This happens both on the ascending and the descending branches of the
magnetization loop, as illustrated in Figure 14c. Also the correlations between the ascending
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Figure 14. Illustration of the origin of MDM in exchange biased [Co/Pd]/IrMn multilayers. (a) and (b) Schematics of
the domain pattern forming in the F layer (top) and AF layer (bottom) in a ZFC state where a striped domain pattern is
imprinted in the AF layer (a) at nucleation, sparse bubble nucleate randomly in the F layer, (b) at the coercive point, the
F domain pattern matches the AF imprinted pattern. (c) Schematics showing the occurrence of MDM throughout the
magnetization cycle. MDM is the strongest in the central region of the magnetization loop from the remanent coercive
point all the way up to near saturation, both on the ascending and descending branches of the magnetization loop.
Extracted from Refs. [38, 44].

and descending branches is high. This is possible in the ZFC state because the imprinted pat-
tern is made of long interlaced stripes with equal coverage of up and down domains.

5. Persistence of MDM through field cycling

When MDM is observed, a question that arises is if the memory persists through mul-
tiple field cycles. This question was investigated both in disorder-induced MDM and in
exchange-bias induced MDM. In both cases, the magnetic correlations persisted through
field cycling.

5.1. Field cycling dependence measurements

In the ergodic assumption, the measured correlation, which is an average over a statistical
ensemble of microscopic magnetic domains, is expected to be the same than the time averaged
magnetic correlation one would measure at any given location of the material. Because the
area of the material probed by the x-rays typically includes thousands of magnetic domains
and the system is at equilibrium, the ergodic assumption applies. It is therefore expected that
the magnetic correlation measured between two magnetic states separated by a given number
of cycles should not change in time.

For statistical purposes, correlation coefficients measured at the same number of separat-
ing loops but at different times have been averaged. For example, if speckle patterns were
collected throughout five subsequent field cycles, the correlation coefficients between cycles
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Figure 15. Persistence of MDM through field cycling. (a) RPM measured in Co/Pt multilayers after 1 cycle (red) and
11 cycles (blue). (b) and (c) MDM measured in exchange-biased [Co/Pd]/IrMn films (b) RPM vs. field cycle (c) CPM vs.
field cycle. Extracted from Refs. [39, 45].

1 & 2, cycles 2 &3, cycles 3 & 4 and cycles 4 & 5 were all averaged, producing an average
correlation coefficient corresponding to one separating cycle. Similar averages were applied
for two separating cycles (averaging cycles 1 & 3, 2 & 4 and 3 & 5), three separating cycles,
etc. Ultimately, the average correlation coefficient p was studied as a function of the number
of separating cycles [45].

5.2. Dependence of MDM on number of field cycles

RPM and CPM correlations in [Co/Pd] multilayers and in [Co/Pd]/IrMn films were measured
throughout many field cycles. In Figure 15a, the average RPM measured in Co/Pt films after
1 and after 11 cycles is plotted against the field H on the ascending branch of the magnetiza-
tion loop. Even after 11 loops, RPM is as high as after one cycle [39]. In Figure 15b, ¢, the
average RPM and CPM values measured in ZFC [Co/Pd]/IrMn films at specific points in
field are plotted as a function of number of separating cycles. Both RPM and CPM appeared
nearly constant as the number of separating cycles was increased. In particular, the optimal
RPM value, which occurs near the coercive region, remains within 95-100%, and the optimal
CPM in that region remains within 90-95%. The observed persistence of MDM with field
cycling is consistent with predictions for exchange-bias induced magnetic memory. Indeed,
in these systems, the magnetic domain template imprinted in the AF layer is frozen, mean-
ing it does not change while the magnetic field is cycled, as long as the temperature is kept
constant below the blocking point. The domain pattern in the F layer will therefore tend to
always retrieve that same unchanged magnetic template, independently from the number of
field cycles [45].

6. Spatial dependence of EC-induced MDM

The MDM results previously discussed in this chapter were obtained by cross-correlating
entire speckle patterns altogether. The associated correlation numbers provided an ensemble
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average microscopic information, but no spatial dependency was probed. Spatial information
is however included in the 2D speckle patterns which are being correlated for the estimation
of MDM. This spatial information can be exploited to extract information about possible spa-
tial dependency in MDM. Interesting oscillatory spatial dependence was found in the MDM
exhibited by [Co/Pd]IrMn multilayers.

6.1. Exploring spatial dependence

Each 2D speckle pattern, such as the one in Figure 7, represents the intensity of the x-rays coher-
ently scattered by the material. Because the scattering process involves an inversion from the
real space to the scattering space, the spatial scale on the speckle images is an inverse of a dis-
tance. A common quantity to locate positions in the speckle patterns is the scattering vector 4.
The origin of the vector g is the center of the scattering pattern, as illustrated in Figure 9. The
magnitude of g indicates spatial scales d being probed in the real space. g and d are linked by
an inverse relationship: g = " — . The larger g is, the smaller the features in the real space. The
spatial scales probed when collected scattering patterns such as the one in Figure 7 typically
range from about 50 nm up to a few microns.

Most scattering patterns observed when probing magnetic domain patterns in PMA films
show a ring. The presence of the ring reveals a magnetic periodicity in the domain pattern
with an isotropic arrangement (no preferred direction). The radius g* of the ring represents
the magnetic period d*. This magnetic period is basically twice the domain width, as one
period include a pair of up and down domains. In the [CoPd]/IrMn films, the observed mag-
netic period was typically d* ~ 300-350 nm.

By cross-correlating selected regions of the scattering speckle pattern rather than the entire
pattern, one obtains spatially dependent correlation numbers. This is useful to detect any spa-
tial correlation features occurring at the nanoscale. For instance, magnetic domains patterns
may correlate well at the short scale (100-500 nm), but not correlate so well in the long range
(1 um and above) or vice versa.

6.2. Space-field maps of MDM

To study the spatial behavior of MDM, in particular its dependence on g, cross-correlation is
performed on selected rings of the speckle patterns. The rings are concentric, centered about
the origin of the scattering pattern. The radius g of the ring is increased from zero to the larg-
est size accessible in the image, thus providing a spatially dependent correlation coefficient

p(q) [40].

Because speckle patterns are collected at specific points in field H along the magnetization
loop, the exploration of spatial dependence in MDM may be done at each field value H.
Ultimately, the correlation p is mapped in a two-dimensional (g, H) space, thus probing the
evolution of the spatial dependence in MDM with field. An example of such p(g, H) is shown
in Figure 16a.



Nanoscale Magnetic Domain Memory 55
http://dx.doi.org/10.5772/intechopen.71076

g -slices
S ———
; ] | [+ 30
L | =00
A R b | ok | ]
R h | B
. :.'II : .-I I—.—m -
4 : i A itarnity| T |
I ' 5
i H A g ]
fa g W :";i- . 1
[ W w .”'_ I b
P laat e b YRR -
: i . =
A 1 . -
I o ] e
i
[FETER- !
18 Lr ] 0 i L an dk A% &M Af
g

Figure 16. Q-dependence of MDM in ZFC exchange-biased [Co/Pd]/IrMn films. (a) p(Q, H) correlation map measured at
30 K. (b) p(q, H) slices through the correlation maps at H = H measured at different temperatures from 30 K up to 225 K,
showing an oscillation at all temperatures. Extracted from Chesnel et al. [46].

6.3. Oscillatory behavior of MDM in [Co/Pd] Ir'Mn

The spatial and field dependence of MDM was explored in [Co/Pd] IrMn films [46]. The films
were ZFC below the blocking temperature. Speckle patterns were collected at low temperature,
throughout the magnetization cycle and several subsequent loops. Ring selective cross-correlations
were carried out. The resulting p(g, H) maps, averaged over subsequent cycles, showed interesting
features. In particular, slices through the maps at specific H values around the remanent coercive
point H_ showed an oscillatory behavior for p(q), as seen in Figure 16b.

The oscillation observed in the p(g, H ) curve in the ZFC [Co/Pd] IrMn films revealed spatially
dependent MDM. The central peak in the p(q, H ) curve seen on Figure 16b, occurred at the
same location ¢* than the ring in the scattering pattern. This suggested that MDM is strongly
correlated with the magnetic period in the magnetic domain pattern, here around 400 nm.
Two satellite peaks were observed around the central peak, at the same distance + Aq from
g*. The presence of these satellite peaks suggested a spatial superstructure in MDM. The size
of the superstructure, set by the value Aq, was found to be about D ~ 1.5 um. Topographical
AFM images of the surface of the films indicated that D nearly matched the average distance
between structural defects in the material.

6.4. Azimuthal angular dependence

Since the speckle patterns used for the evaluation of MDM are 2D images, one can explore the
spatial dependence of MDM in at least two directions. In addition to probing the dependence
on the scattering vector g, one can investigate the angular dependence, while varying the azi-
muthal angle A that indicates a particular location on the ring [47], as illustrated in Figure 17.
In that case, cross-correlations are measured between two points on the ring separated by an
angle A, leading to a correlation coefficient p(g, A). Such study was carried out on ZFC [Co/
Pd] IrMn films and showed some periodical variations as a function of the angle A as illus-
trated in Figure 17c. These observations suggested the existence of some hidden rotational
symmetries in the formation of the disordered magnetic domain patterns in these films.



56 Magnetism and Magnetic Materials
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Figure 17. Angular dependence of MDM in ZFC exchange-biased [Co/Pd]/IrMn films. (a) Speckle pattern collected near
the coercive point. (b) Selected ring from the speckle pattern (a). The angles 6 and A are defined here. (c) Autocorrelation
function plotted against A. Extracted from Su et al. [47].

7. Dependence of EC-induced MDM on temperature

The results discussed in the previous sections show the occurrence of MDM via exchange
bias when the film is cooled down to low temperatures, well below the blocking temperature
T,. Most of the measurements were performed at around 20 K after ZFC cooling the material.
A question that arises next is if the EC-induced MDM depends on temperature and how it
behaves at the phase transition near T,. These questions were investigated in exchange biased
[Co/Pd]IrMn films [38].

7.1. Probing temperature dependence in zero-field-cooled (ZFC) state

To probe the temperature dependence of MDM, the [Co/Pd]/IrMn films were first heated
up to around 400 K, well above the blocking temperature T, ~ 300 K and demagnetized at
400 K. The films were then ZFC down to 20 K. Speckle patterns throughout many magneti-
zation cycles were collected in the ZFC state at 20 K, and then at higher temperatures while
warming the film all the way back up to above T,. Average A x A and A x D correlation maps
were measured at several points in temperature. For each point, the temperature was finely
controlled and stabilized via a cryogenic environment. The resulting correlation maps are
shown in Figure 18.

7.2. Persistence of MDM through warming up

The correlation maps in Figure 18a show the occurrence of high MDM extending through-
out a wide region of the magnetization loop at all temperatures below T,. The high MDM
occurred for both A x A and A x D correlation maps between same branches or opposite
branches of the magnetization loop, respectively. At all temperatures below T,, MDM reached
a high value plateauing over a large region of field values around the coercive point.
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Figure 18. Temperature dependence of MDM in ZFC exchange-biased [Co/Pd]/IrMn films. (a) A x A and A x D correlation
maps measured after one cycle at different temperatures while warming from 20 K up to 335 K. (b) Magnetization loop at
various temperatures. (c) Slices through the A x A maps at H = H_. Extracted from Chesnel et al. [38].

The temperature dependence of MDM may be compared to the temperature dependence of
the magnetization loop. The shape of the magnetization loop in the ZFC state, as seen in
Figure 18b is symmetrical, centered about the origin. The loop has an hourglass-like shape; it
is narrow at the center and opens up at the extremities, due to the presence of exchange cou-
plings. When increasing the temperature from the ZFC state, the overall shape of the magne-
tization loop remains the same, but the magnitude of the opening, or hysteresis, progressively
decreases. Despite the changes observed in the magnetization loop while warming the film up
from the ZFC state, MDM remains strong and extended at all temperatures below T,. Slices
through the correlation maps, shown in Figure 18¢, all show the same trend: low correlation
atnucleation, sharply increasing to reach a high correlation plateau in the central region of the
magnetization loop, and then sharply decreasing toward saturation.

7.3. Disappearance of MDM above the blocking temperature

When the temperature is increased above T,, MDM vanishes, as shown in Figure 18. At that
stage, the correlation map shows nearly zero correlation, becoming all blue.

The persistence of high MDM throughout warming, at all temperatures below T,, and its
vanishing above T, confirms that MDM is here purely induced by exchange-couplings
between the F and AF layers. Above T,, these exchange couplings disappear. Consequently,
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the magnetic domain template which was imprinted in the AF layer throughout the uncom-
pensated spins at the interface is lost once the magnetic field is cycled again. In the absence of
magnetic template, and since the film is smooth (absence of defects), the magnetic domains
in the F layer nucleate and propagate randomly.

8. Optimizing EC-induced MDM by adjusting field cooling conditions

All the studies of EC-induced MDM discussed in the previous sections were carried out on
zero-field-cooled [Co/Pd]/IrMn films. Next question is what happens if the film is now field-
cooled (FC), i.e,, cooled in the presence of a magnetic film. Will MDM remain as high in the
FC state as it is in the ZFC state?

This question was investigated by studying the magnetic correlations after cooling the [Co/
Pd]/IrMn films under various cooling field conditions. The resulting correlation maps showed
drastic changes as a function of the magnitude of the cooling field [33]. The result of this study
is summarized in Figure 19. Magnetic correlations were measured in [Co/Pd]/IrMn films after
field cooling the material under magnetic field of various magnitudes H,, increasing from
zero (ZFC state) all the way up to high values, near saturation value H..

8.1. Dependence of MDM on cooling field magnitude

When the magnitude H, . of the cooling field is near zero, high MDM, up to 100%, is observed.
This high MDM extends from nucleation (lower left corner of the correlation map) all the way
up to saturation (upper right corner of the correlation map).

I T

H, [Oe)

H, {De)

Figure 19. Cooling condition dependence of MDM in [Co/Pd]/IrMn films. (a) A x A correlation map measured at 20 K
after ZFC; (b) slices through map (a); (c) A x A map measured at 20 K after cooling under H,.=2240 Oe; (d) slices through
map (c); (e) A x A map measured at 20 K after cooling under H, . = 2560 Oe; (f) slices through map (e); (g) A x A map
measured at 20 K after cooling under H,.= 3200 Oe; (h) slices through map (g). Extracted from Chesnel et al. [33].



Nanoscale Magnetic Domain Memory
http://dx.doi.org/10.5772/intechopen.71076

When H,.is increased up to moderately high values, high MDM is still observed, with a wide cor-
relation plateau extending throughout a large range of field values from nucleation to saturation.

When H,. approaches the saturation value, which for the [Co/Pd]/IrMn film is around
H_= 3200 Oe, the measured magnetic correlations rapidly decrease. At H,. = 2600 Oe, the
correlation drops from about 90% at nucleation down to about 50% in the central region
of the magnetization loop.

When H,.= H_= 3200 Oe, MDM has almost vanished, except at the nucleation and saturation
extremities of the magnetization loop.

8.2. Shaping MDM by adjusting cooling field conditions

In the ZFC state, the magnetic domain template imprinted in the AF layer is formed of
long interlaced stripes with about the same amount of domains of opposite magnetizations
(about a 50% up: 50% down split). The imprinted domain pattern constitutes a template
for the domain reversal in the F layer. Because of exchange couplings occurring between
the Co spins in the F layer and the uncompensated interfacial Mn spins in the AF layer,
the domains form in a way to match the underlying template. The matching occurs rapidly
when approaching the coercive point (where the up-down magnetization split is exactly
50-50%). The matching persists at higher field values, all the way up to near saturation. This
is possible because, even though the magnetic domains of opposite magnetization expand
and shrink, the specific topology of the domain pattern still matches the underlying tem-
plate, as illustrated in Figure 20.

Topical MFV images IFC & moderate field coling Near saturstion feld oooling

sataration
phases

Extended
CoeTche

regian

Figure 20. Illustration of the magnetic domain memory effect in the exchange-biased [Co/Pd]/IrMn film under
various field cooling conditions. The imprinted pattern in the AF IrMn layer is shown in green color, the domain
pattern in the F layer is shown in orange color. Arrows indicate magnetization direction. (a, b) 5 x 5 um MFM images
showing actual magnetic domains in the F Co/Pd layer at room temperature: (a) near nucleation and (b) near the
coercive point. (c, d) Sketches of the magnetic domain configuration for ZFC and moderate field-cooled states: (c) near
nucleation and (d) near the coercive point. (e, f) Sketches of the magnetic domain configuration in near-saturating
field-cooled states: (e) near nucleation and (f) near the coercive point. Extracted from Chesnel et al. [33].
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In the FC states, the magnetic domain template imprinted in the film has an unbalance of up
and down domains, and the net magnetization is non-zero. However, if the magnitude H.
of the cooling field remains in a certain range above H_, the imprinted pattern, still formed
of interlaced up and down domains, provides a template that entirely drives the reversal of
the magnetic domains in the F layer. The topology of the imprinted pattern in the FC state
resembles that of the imprinted pattern in the ZFC state. High MDM is therefore maintained
throughout the entire magnetization process.

If the magnitude H,. of the cooling field approaches saturation value H, the imprinted mag-
netic domain pattern does not include long interlaced magnetic domains of opposite mag-
netization anymore but a few bubble domains sparsely scattered throughout the film. This
imprinted template is not able to drive the magnetic domain formation throughout the entire
reversal but only at the extremities, that are the nucleation and the saturation points, as illus-
trated in Figure 20.

These results demonstrate the possibility to induce and control nanoscale MDM in exchange
biased films by adjusting the field cooling conditions. High, up to 100% MDM, extending
throughout the entirety of the magnetization loop can be achieved by cooled under no field or
relatively low field values. However, MDM can be almost eliminated, by cooling the material
under high magnetic field, approaching saturation and higher.

9. Conclusion

Magnetic domain memory (MDM) is an unusual property exhibited by certain ferromag-
netic films, where the microscopic magnetic domains tend to reproduce the same topologi-
cal pattern after it has been erased by an external magnetic field. In most ferromagnetic
materials, MDM does not occur. When an external magnetic field is applied and cycled,
microscopic magnetic domains form and propagate throughout the material in non-deter-
ministic ways. However, it has been found that some ferromagnetic thin films with per-
pendicular magnetic anisotropy (PMA) do show significant MDM under certain structural
and magnetic conditions. One structural condition is the presence of defects. When rough
enough, thin Co/Pt multilayers with PMA, exhibits partial MDM occurring in the nucle-
ation phase of the magnetization process. This disorder-induced MDM is caused by the
presence of microscopic structural defects, playing the role of pinning sites for the domain
nucleation. Another way to induce MDM and to maximize it, even in smooth films, is incor-
porating magnetic exchange couplings (EC) between a PMA ferromagnetic (F) film and
an underlying antiferromagnetic (AF) film. This has been achieved by combining F [Co/
Pd] multilayers with AF IrMn layers. After demagnetizing the material and zero-field-
cooling it below its blocking temperature, high MDM up to 100% was observed through-
out almost the entirety of the magnetization process. This high MDM is induced by EC
interactions between the Co spins in the F layer and the interfacial uncompensated spin
in the IrMn layer. When the material is cooled down below its blocking temperature, a
specific magnetic domain pattern gets imprinted into the AF layer. When the field is cycled
at low temperature, the frozen imprinted AF pattern then plays the role of a template for
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the domain formation in the F layer. The resulting high MDM extends throughout a wide
range of field values, from the coercive point to nearly saturation. This EC-induced MDM
persists through field cycling and through warming the material all the way up the block-
ing temperature, above which MDM vanishes. Additionally, it was found that the amount
of EC-induced MDM can be varied by adjusting the magnitude of the field applied during
the cooling. If the material is cooled under no field or moderate field, MDM reaches high
values up to 100% throughout most of the magnetization process. If, however, the mate-
rial is cooled under a nearly saturating field, MDM vanishes, except at the nucleation and
saturation extremities of the magnetization cycle.

These observations of MDM in certain PMA ferromagnetic films opens the door to more
investigations. A particular question is if there are other ways to induce and control MDM
in a material. It has been recently found that EC-induced MDM may be affected by light,
such as x-rays. If the material is illuminated by too intense x-rays, the film may lose its EC
properties and MDM may vanish. This finding, which resonates with the emergent all-optical
magnetic switching phenomena observations [48-50], suggest that EC-induced MDM could
be controlled by light illumination. Ultimately, the ability to induce and control MDM in PMA
ferromagnetic film, either by structural disorder, or by exchange couplings and light illumina-
tion, may offer a tremendous potential for improving technological applications in the field of
magnetic recording and spintronics.
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Abstract

High entropy alloy (HEA) is a multi-principal alloy having at least five principal elements in
the concentration range of 5-35 at.%. HEAs having excellent mechanical properties and
further these properties can be altered by the addition of different alloying element. For
example with the addition of Al in base alloy make them a ductile and the addition of Co, Tj,
etc. transforms base alloy to brittle material. This characteristic of HEAs makes them a
promising technologically important material. A soft magnetic material should have good
mechanical property, structural stability at high temperature and low coercivity with high
magnetization. Recently, reported FeCoNiMny »5Alg 25 and CoCrFeNiM (M = Cu, Mn) HEAs
got attention as a better soft magnetic material because these HEAs having good soft
magnetic characteristics along with good mechanical and excellent structural stability at
high-temperature. Recent reports described that the mechanical as well as magnetic charac-
teristics of these alloys can be tuned by the variation and/or the addition of alloying element
in the base alloys. The magnetic characteristics of these alloys basically depend on the
alloying element and compositional variation of the magnetic element present in particular
HEAs. We have summarized the key results of magnetic characteristics of some recently
investigated promising high entropy alloys.

Keywords: high entropy alloy, magnetic properties, soft magnetic materials, alloying

1. Introduction

For centuries alloy design has been a hot topic for metallurgists and material scientists.
The design concepts of alloys is based on only one or two principle elements, while minor
fraction of other elements are added for property enhancement. This classical definition
has been broken by the Yeh et al. in 2004 by the suggestion of a new alloy design concept,
referred as multicomponent alloys named as high entropy alloys (HEAs) [1]. They defined
the HEAs in two ways one is based on composition and other on entropy. Under the
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compositional definition, HEAs are defined as those alloys having at least 5 principle ele-
ments [4]. The each with a concentration range of 5-35 at.% [1-4]. From the entropic point of
view, the HEAs are defined as those alloys having configurational entropy larger than 1.5R
(where R is the gas constant) [1-4]. Moreover, it should be noted that rather than the
principle element in HEAs, some minor element (having concentration less than 5 at.%) have
also been added to optimize the properties presence of multiple principal elements in HEAs
is not merely a compositional difference compared to the conventional alloys, but it has a
fundamental effect on the system characteristics that leads four core effects: high entropy,
severe lattice distortion, sluggish diffusion and cocktail effects [2-4]. Due to these character-
istics it has been reported that HEAs are a good candidate of structural as well as functional
engineering materials that have high strength and hardness, excellent corrosion and wear
resistance, as well as great fatigue resistance [2-6].

Previous studies discovered that HEAs generally exhibit simple solid solution structures such
as body centered cubic (BCC), face centered cubic (FCC), hexagonal close packed (HCP) or
mixture of the above rather than the intermetallic compounds due to the high entropy effect.
However, minor fractions of intermetallic phases are observed in some HEAs [7]. The forma-
tion of solid solution phases in HEAs are governed by several thermodynamic parameters.
These are entropy of mixing (AS,,;), enthalpy of mixing (AH,,;,) and atomic size difference ()
[8]. These parameters are defined as follows:

n
ASyix = =R _CilnCi 1)
=1

Here, R is the gas constant and C; is the molar fraction of ith element.

n
AH iy = Z4AHijmi"CiCj ()
i=1

Here, AHi]-"’ix is the enthalpy of mixing of the binary liquid between the i and /" element and
C;, C; are the atomic fraction of i" and j" elements.

2
8% = 100%, /3 Ci| 1 - ®)
= 2 Gty
j=1

Here, C; and r; denotes the atomic fraction and atomic radius of the i element respectively.

Guo et al. reported that HEAs forms simple solid solution phases when —22 < AH,,;, <7 K]/ mol,
11 < AS,,; £19.5 J/K mol and d < 8.5%. Moreover, it has been found that the most critical factor
that decides whether the formed simple solid solution phases are FCC or BCC in HEAs is the
valence electron concentration (VEC) [9]. It has been observed that for VEC < 6.87 and VEC > 8.0
BCC and FCC phases are formed respectively, while both phases (i.e., mixture of FCC and BCC)
will coexist when 6.87 < VEC < 8.0 [9].
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The typical synthesis routs used for traditional alloys can also be applied for the synthesis of
HEAs. On the dependence of how the constituent elements are mixed, the processing routs
are classified into four categories [10-13]: (1) from the liquid state (arc melting), (2) from
solid state (mechanical alloying), (3) from the gas state (sputtering), and (4) from electrode-
position process. It has been found that for the same composition of the alloys, different
synthesis rout produced distinct microstructure that leads different properties. For example,
CoCrFeNiTi HEA synthesized through arc melting has mixture of FCC, BCC and minor
fraction of an intermetallic phase [14]. However, when it was synthesized through mechan-
ical alloying (MA), it has only single FCC phase [15]. In addition to the synthesis rout,
selection and composition of constituent elements also plays a critical role in deciding the
microstructure and phase composition that influenced the properties of the HEAs [16-18].
Addition of Ti into CoCrFeNi leads the formation of intermetallic phases such as Laves and
o-phases and enhanced the hardness and compressive strength [16]. Moreover, Shun et al.
reported that as the content of Mo increased from 0 to 0.85 into CoCrFeNiMo,, the crystal
structure changed from single FCC to mixture of FCC with (Mo, Cr)-rich o and p phases,
correspondingly the hardness and compressive strength of the system increased up to 68 and
40% as compared to initial sample [17]. Liu et al. also reported that addition of Nb into
CoCrFeNi changes the microstructure from the initial single FCC to mixture of FCC+ Nb-rich
Laves phase. It has been found that the fracture and yield strength of the system increased
from 413 to 1004 MPa and 147 to 637 MPa with the addition of Nb [18]. Apart from the
mechanical property of the HEAs, functional properties of HEAs such as magnetic property,
electrical resistance, etc. attracted great attention during last 5 years [19]. Recent reports
showed that the soft magnetic characteristics along with optimal mechanical behaviour of
HEAs can be obtained through carefully selection of constituent elements [20-22]. The
magnetic characteristics of the alloys are sensitive to the base alloy, addition of alloying
elements, resulting phases and their volume fractions [23, 24]. For example, Zuo et al.
reported that the addition of Si in CoFeNi reduced the value of Ms more significantly from
151.3 to 80.5 emu/g than Al (from 151.3 emu/g to 101.8 emu/g) [23]. Moreover, Kao et al.
reported that the magnetic nature of Al,CoCrFeNi HEA turned from paramagnetic to ferro-
magnetic, when the crystal structure changed from FCC (at x = 0) to BCC (at x = 2.0) [24].
Thus as a consequence the selection of alloying elements, their composition and the type of
resultant crystal structure are the dominant factor for controlling the mechanical as well as
magnetic properties of HEAs. In this chapter we have discussed and described the magnetic
behaviour of recently developed multicomponent HEAs.

2. Effects of constituent elements on magnetic characteristics of different
HEAs

Soft magnetic materials are widely used in the electrical power generation and transmission,
electric motors, electromagnets, etc. However, conventional alloys have certain limitations,
such as brittleness, weak mechanical behaviour and low electrical resistivity of Fe—Ni alloys.
However, some FeCoNi based HEAs have better soft magnetic characteristics along with
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excellent mechanical properties [20-22, 25]. These combined properties of FeCoNi based HEAs
are rarely seen in conventional alloys. Moreover, it has been found that the optimal balance of
magnetic and mechanical properties of HEAs is dominantly affected by the alloying elements
and their composition [20-22, 25]. Among all the studied alloys the ternary equiatomic FeCoNi
alloy having single FCC structure exhibits higher saturation magnetization (Ms) (151 emu/g)
with low coercivity (Hc) (1.52 Oe) [23]. Any addition of other paramagnetic or diamagnetic
elements will affect its resultant magnetic characteristics. Since, it is well known that the
magnetic characteristics of the alloys are very sensitive to the composition, alloying elements
and the resultant phase structure [26]. For example, addition of Cr in FeCoNi base alloy
changed its magnetic nature from ferromagnetic to paramagnetic. However, further addition
of Al or Pd in CoCrFeNi alloy, the paramagnetic nature of base alloy changed to ferromagnetic.
It has been reported that FeCoCrNiAl alloy has the value of the Ms = 13 emu/g and value of Ms
for FeCoCrNiPd; alloy was found to be 34 emu/g [26]. In addition to the increase in saturation
magnetization, Lucas et al. also found that with the addition of Al and Pd in CoCrFeNi alloy,
the Curie temperature increased up to 157 and 230°C respectively. Enhancement of Curie
temperature with Pd addition makes this alloy useful for magnetic refrigeration near room
temperature [26].

Zhang et al. investigated the magnetic and mechanical properties of most widely studied
equiatomic AICoCrCuFeNi HEA in as cast and annealed state [27]. They reported that both alloys
exhibit soft magnetic characteristics. Moreover, after annealing, the value of Ms and Hc decreased
from 38.18 to 16.08 emu/g and 45 to 15 Oe respectively. The decrement of Ms is associated to the
structure coarsening and phase transformation [27]. For detail study, Singh et al. investigate the
microstructure of AICoCrCuFeNi HEA in three different states (splat-quenched, as cast and aged
at 600°C) [28]. They reported that the ferromagnetic characteristic of HEAs is correlated to the
decomposition of the Cr—Fe—Co rich regions into Fe—Co-rich and Cr-rich regions. It has been
found that splat-quenched alloy exhibit better soft magnetic characteristic than the as cast and
aged HEAs. This was associated to the initial stage decomposition of Cr—Fe—Co region,
resulting in clustering of Fe-rich and Cr-rich domain. However, the aged alloy exhibit high value
of Ms, Hc and remanence ratio as compared to the as cast HEA due to a higher degree of
decomposition in Cr—Fe—Co rich regions. Additionally, they also pointed out that the aged
alloy exhibits no ferromagnetic phase transition up to temperature of 400 Kat 1 T [28].

Wang et al. investigated the effect of milling duration and composition on microstructure
and magnetic properties of FeSiBAINi and FeSiBAINiNb HEAs [29]. Initially amorphous
HEA has been synthesized by MA method. They found that the addition of Nb enhanced
the milling duration for the formation of full FeSiBAINiNb amorphous phase and also
decreased the glass forming ability. Moreover, the resultant alloy has higher thermal stability
and heat resistance properties. They reported that as milled FeSiBAINiNb powders have low
coercivity and, hence behave as a soft-magnetic material. As the milling duration increases
Ms decreased and become lowest when the amorphous HEAs are formed. It is found that as
milled products with solid solution phase having better soft magnetic characteristics as
compared to fully amorphous phases. Moreover, the addition of Nb does not improve the
soft-magnetic characteristics FeSiBAINi HEA. Also both the amorphous HEAs have similar
soft magnetic characteristics after prolong milling.
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Xu et al. also investigate the effect of addition of C and Ce on magnetic characteristics of
FeSiBAINi (based-W5) HEAs [30]. Amorphous HEAs has been synthesized through MA. They
found that addition of Ce reduced the MA time for the formation of amorphous phase and
hence enhanced the glass forming ability (GFA) of the parent HEA. With the addition of C in
FeSiBAINi the formation of amorphous phase and a small amount of Si nanocrystals has been
found by the authors. By the addition of both(C and Ce) the thermal stability of the alloy is
enhanced. They found that with addition of C the value of Ms increased appreciably. However,
with the addition of Ce the value of Ms decreased. This happened because, the addition of Ce
promoted the formation of single BCC phase at initial milling time, while for the case of parent
alloy BCC and FCC phases was formed. It is well known that BCC phase having lower atomic
packing density as compared to FCC solid solution and hence having less ferromagnetic
element and a lower total magnetic moment per unit volume as compared to FCC solid
solution. Hence yield lower value of Ms with the addition of Ce in base alloy [20]. Moreover
the value of Ms decreased as the milling duration increased, because remarkable change may
occur in the magnetic moment through the change of the neighbor configuration of the
ferromagnetic elements. The decrease in Ms may also be related to the enhanced density of
grain boundaries and to the volume fraction of amorphous phase. For the synthesized sam-
ples, Hc has been found in the range of 50-378 Oe, indicating that the studied samples having
semi-hard magnetic property. Different composition and microstructure together with lattice
distortion due to the presence of C and Ce inevitably affect the magnetic domain wall and
hence affect the Hc. Moreover, the particle size of FeSiBAINiCe is less as compared to
FeSiBAINIC also responsible for the higher Hc of FeSiBAINiC as compared to FeSiBAINiCe
HEA. While constant Hc has been reported after 140 h MA suggested due to the stable particle
size and proportion of amorphous and solid solution phase with prolong milling duration.

Xu et al. studied the effects of addition Co, Cu and Ag on the microstructure, thermal
property and magnetic properties of mechanically alloyed FeSiBAINi HEAs [31]. They
reported that as milled HEAs showed semi hard magnetic characteristics. Moreover, the
value of Ms decreased with the addition of elements in base alloy. They concluded that the
coexistence of FCC and BCC phases is beneficial to give rise to the semi hard magnetic
characteristics than the fully amorphous or mixture of amorphous plus FCC phase. Further,
Zhu et al. investigated the effect of annealing on microstructure thermal stability and mag-
netic characteristics of MA FeSiBAINiM (M = Co, Cu, Ag) amorphous high entropy alloys
(HEAs) [32]. High phase stability during heating process has been observed with the addi-
tion of Co and Ag in FeSiBAINi. They found that at high annealing temperature HEAs
possessed better semi-hard magnetic characteristics. They also reported that the formation
of FeSi-rich and FeB-rich phases after annealing is beneficial for the enhanced magnetic
characteristics of annealed HEAs. Moreover, they reported that for FeSiBAINiCo HEAs
annealing near re-crystallization temperatures was beneficiatial for the semi-hard magnetic
characteristics.

Wei et al. investigated the effect of cooling rate on phase formation and magnetic character-
istics of Feyg 7C00g 5Ning 5514 6Bg 7Pz HEA [33]. They found amorphous phase was formed with
melt spinning at high cooling rate, whereas FCC solid solution phase has been formed at low
cooling rate. The better soft magnetic characteristics have been reported for amorphous phase
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(saturation magnetization (Bs) of 1.07 T and coercivity (Hc) of 4 A/m) as compared to solid
solution phase (Bs of 1.0 T and Hc of 168 A/m). They concluded that Bs is more sensitive
towards the composition and atomic level structure and less dependent on the grain size [20].
As compared to amorphous alloy without symmetry, the low Bs has been found for the solid
solution phase because high symmetry of FCC phase neutralized the atomic magnetic
moment as compared to the amorphous phase. Moreover, Hc is sensitive to grain size, larger
grain having high Hc [20, 34, 35].

Zuo et al. prepared equiatomic CoFeMnNi based HEA and investigated the effect of addition
of non-magnetic element (Al, Cr, Ga and Sn) on crystal structure and magnetic characteristics
[36]. They pointed out that for CoFeMnNi base alloy the value of Ms and Hc are found to be
18.14 emu/g and 119.9 A/m respectively. The addition of Al, Ga and Sn in CoFeMnNi sepa-
rately increased the saturation magnetization from 18.14 to 147.86, 80.43 and 80.29 emu/g
respectively. Furthermore, addition of Cr in base alloy dramatically reduced the value of Ms
(1.39 emu/g) and enhanced the Hc up to 10,804 A/m. They reported that the apparent enhance-
ment in Ms of FeCoMnNiX (Al, Ga and Sn) HEAs is associated to the dramatic change in
crystal structure, which accordingly influenced the electronic and magnetic structures. They
assumed that the antiferromagnetism of Mn atoms in CoFeMnNi base alloy is suppressed to
favor the ferromagnetism due to the doping of Al, Ga and Sn. Further, Na et al. substituted the
Mn element to Cr and studied the ferromagnetic transition and magnetic behaviour in
equiatomic FeCoNiCrX (X = Al, Ga, Mn and Sn) HEAs [37]. They reported that FeCoNiCrMn
and FeCoNiCrSn exhibited paramagnetic behaviour. While, addition of Al and Ga in
FeCoNiCr base alloy changed the magnetic state from paramagnetic to ferromagnetic. Further,
it has been found that with the addition of Al and Ga in base alloy, the value of Ms and Tc
increased from 0.5 (Tc = 104 K) to 25 emu/g (Tc = 277 K) and 38 emu/g (Tc = 703 K) respectively.
They pointed out that the enhancement in Ms is associated to the partial phase transition
(formation of BCC phase).

3. Effects of compositional variation on magnetic characteristics of
different HEAs

Apart from the elemental effect on magnetic characteristics of HEAs, the composition of alloying
elements also play an important role on magnetic properties of the HEAs [19]. Wang et al.
investigated the effect of addition of Ti on microstructure, mechanical property and magnetic
characteristics of CoCrCuFeNiTi, (x = 0, 0.5, 0.8 and 1.0) HEA [38]. Both CoCrCuFeNi and
CoCrCuFeNiTiy 5 HEAs form a single FCC structure, while as the content of Ti increased in the
base alloy, an intermetallic Laves phase of Fe,Ti type has been evolved along with FCC. They
pointed out that both CoCrCuFeNi and CoCrCuFeNiTiys HEAs have low value of Ms and
exhibits paramagnetic nature. However, CoCrCuFeNiTiy g and CoCrCuFeNiTi have superpara-
magnetic nature with the value of Ms of 1.36 and 1.51 emu/g respectively. The superpara-
magnetic nature of these HEAs is due to the nanoprecipitation.

Zhang et al. substituted Cu from Al and studied the effect of addition of different Al concen-
tration and annealing on mechanical, electrical and magnetic properties of CoCrFeNiTiAl,
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(x=0,05, 1.0, 1.5 and 2.0) HEA [39]. They reported that as the content of Al increased, the
value of electrical resistivity of as cast HEAs varied from 107 to 60 pu€2 cm. All the as cast and as
annealed HEAs exhibit high electrical resistivity as compared to the relative pure elements. It
has been found that all annealed HEAs exhibit high electrical resistivity than the as cast HEAs.
The enhancement in electrical resistivity after annealing has been associated to the evolution of
phase composition and lattice distortion. Zhang et al. also pointed out that the saturation
magnetization of the as cast CoCrFeNiTiAl, HEAs firstly increased as the content of Al
increased from x = 0 to 1.0 and then decreased for x = 2.0. The as cast CoCrFeNiTiAl, o HEA
exhibits the best magnetic characteristics having high Ms (14.75 emu/g) with low coercivity
(Hc =22 Oe) than the other as cast HEAs. However, after vacuum annealing at 1000°C for 2 h
the value of Ms decreased as compared to their as cast ones. While, the value of Ms for
CoCrFeNiTiAl,  HEA increased from 0.76 (as cast) to 15.74 emu/g and exhibited better mag-
netic characteristics as compared to the as cast and as annealed CoCrFeNiTiAl, HEAs. The
value of Hc of annealed HEAs lies in the range of 20-285 Oe. They concluded that the as cast
and as annealed CoCrFeNiTiAl, HEAs exhibited semi hard magnetic characteristics and these
materials can be used in magnetic relayers, magnetic hysteresis motors and signal memory
devices.

Kao et al. investigated the electrical and magnetic properties of Cu and Ti free CoCrFeNiAly
(x=0-2.0) HEAs at various temperature range from 4.2 to 300 K [24]. It has been found that as
the content of Al increased the structure of the alloy changed from a single FCC to a mixture of
FCC and BCC and then it transformed into a single BCC phase. They studied the magnetic
properties of these alloys in homogenized condition (denoted as H-x) at three different tem-
peratures. All the homogenized alloys (H-x) exhibit ferromagnetic nature at low temperature
(5 and 50 K). In addition to this the value of Ms for H-1.25 and H-2.0 HEAs exceeds at low
temperature than that of the H-0 and H-0.25 alloys. This indicated that at low temperature, the
BCC phase has a higher value of Ms than the FCC phase. At room temperature (300 K), the
homogenized HEAs H-0, H-0.25 and H-0.75 exhibit paramagnetic behaviour, while H-0.5, H-
1.25 and H-2.0 remain ferromagnetic. Kao et al. calculated the phase contribution of both FCC
and BCC phases for H-0.50 and H-0.75 HEAs at 5 K. It has been found that the value of Ms for
FCC phase is higher than the BCC phase. The reason for Msgcc < Msgcc is associated to the
existence of Al or AlNi-rich phase. The value of Ms decreased in the range of 0 < x < 0.25 and
1.25 < x <2.00. The value of Ms for H-0.25 alloy is smaller than that of the H-0 HEA, indicating
that the addition of Al reduces the magnetic moment. Besides this, H-2.0 alloy has smaller
value of Ms than the H-1.25 HEA. Kao et el. pointed out that this is due to the high content of
ordered BCC phase. It has been observed that H-2.00 alloy is mainly composed of AlNi-rich
ordered BCC phase, whereas the H-1.25 alloy has less content of AINi-rich ordered BCC phase.
They concluded that the addition of Al reduced the ferromagnetic nature of single FCC and
single BCC H-x alloys. In single BCC phase the reduction in the value of Ms is associated to the
high content of AINi-rich ordered BCC phase.

In a similar manner, Vrtink et al. also investigated the magnetic behaviour of CoCrFeNiZr,
(x = 040, 0.45 and 0.50) eutectic HEAs at different temperatures (5, 100 and 300 K) [40]. They
reported that two magnetic structures, a disordered ferromagnetic (F) and a superparamagnetic-
like (S) coexist in the CoCrFeNiZr, HEAs. The CoCrFeNiZr, - 40045050 HEAs exhibit the
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paramagnetism at 300 K, whereas at low temperature (5 and 100 K) it shows ferromagnetism. In
addition to this, they also reported that at low temperature CoCrFeNiZr 45 and CoCrFeNiZr 5
HEA exhibit negligible coercive field as compared to the CoCrFeNiZry 4. Vrtinke et al. explained
that this difference in the coercive field is associated to the vanishing of disordered F phase.

Ma et al. investigated the effect of Nb addition on the microstructure, mechanical property and
magnetic behaviour of AICoCrFeNiNb, (x =0, 0.1, 0.25, 0.5 and 0.75) HEAs [41]. They reported
that as the content of Nb increased a single BCC phase has been transformed into a mixture of
(CoCr)NDb type Laves phase and BCC phase. Additionally, the value of Ms decreased and Hc
increased from 64 to 10.31 emu/g and 52 to 94 Oe respectively as content of Nb increased. They
reported that the alternation in the value of Ms and Hc may be associated to the magnetic
hardening of the CoCrNb alloy and the Laves phase may pin the magnetic domain of BCC phase.

Recently, Zhang et al. reported a new class of CoFeNi based CoFeNi(AlSi), (0 < x <0.8) HEAs
and investigated their structural, mechanical, magnetic and electrical behaviour [20]. They
reported that the value of saturation magnetization is primarily determined by the composi-
tion and atomic level structures. With increasing the content of Al and Si, the value of Ms
monotonically decreased from 1.315 to 0.46 T. Different from saturation magnetization it has
been found that the coercivity is highly dependent on the microstructure, grain size and lattice
distortion. They reported that addition of Al and Si induced the lattice distortion and changes
the microstructure of the HEAs that inevitably affects the magnetic domain wall movement
and, thus, the coercivity. It has been found that the optimal balance of magnetic, electrical, and
mechanical properties is achieved at x = 0.20, which has the best combination of Ms (1.15 T), Hc
(1400 A/m), resistivity (p = 69.5 uQ) cm), yield strength (342 MPA) and strain without fracture
(¢p > 50%) for application as soft magnetic materials.

In a similar manner to Zhang et al. [20], the effects of phase constitution on magnetic and
mechanical properties of FeCoNi(CuAl), (x = 0-1.2, in molar ratios) HEAs has been investi-
gated by the Zhang et al. [25]. They reported that depending on the content of alloying
elements (Cu and Al), the CoFeNi(CuAl), HEAs exhibit single FCC for 0 < x < 0.6, BCC
combined with minor FCC for 0.9 < x < 1.2 and duplex FCC + BCC phase in the range of
0.7 £ x < 0.9. The value of Ms decreased as the content of Cu and Al increased from x = 0 to
x = 1.2, whereas some deviation in the range of 0.8 < x < 0.9 has been observed. They reposted
that the value of Ms is highly sensitive to the composition and phase constitution than their
microstructure. Additionally, they annealed these as cast HEAs in three different temperatures
(573-673 K) and they found that heat treatment did not impose any impacts on the magnetic
characteristics for single FCC phase (0 < x < 0.6) and nearly single BCC phase (0.9 < x <1.2)
HEAs. However, the value of Ms increased for FCC + BCC duplex phase (0.7 < x < 0.9 HEAs.
For CoFeNi(CuAl)ys HEA, the value of Ms increased from 78.9 (as cast) to 93.1 emu/g
(annealed at 673 K). They pointed that the enhancement in the value of Ms after annealing is
associated to the phase transition from FCC to BCC for CoFeNi(CuAl)ys HEA. In summery
they concluded that through the proper alloy composition and annealing one can achieve a
superior soft magnetic metallic alloys with high saturation magnetization and high ductility.

Lie et al. also studied the composition dependence of crystal structure, physical and mechanical
properties of FeCoNi(MnAl), (x =0, 0.25, 0.5, 0.75, 1) high entropy alloys [42]. They reported that
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as the value of x increased from x = 0 to x = 1, the crystal structure changed from single FCC
(0 <£x <0.25) to FCC + BCC (0.5 < x < 0.75) and then to a single BCC phase (x = 1). They also
reported that with the variation of x values, the value of Ms firstly decreased from FeCoNi
(155.7 emu/g) to FeCoNiMnysAlys (51.9 emu/g) and increased from FeCoNiMngz5Aly7s
129.6 emu/g) to FeCoNiMnAl (132.2 emu/g). In addition to the saturation magnetization the
value of Hc firstly increased from FeCoNi (189 A/m) to FeCoNiMngsAlys (730 A/m) and
decreased from FeCoNiMng 75Al00 75 (445 A/m) to FeCoNiMnAl (266 A/m) with the variation of
x. They reported that the alternation in the value of Ms is associated to the change in lattice
parameter and crystal structure. While the alternation in coercivity is associated to the change in
microstructure, together with the lattice distortion induced by Al atoms. Moreover, Lie et al. also
studied the magnetic characteristics of cold rolled and annealed FeCoNi, FeCoNiMny 5Alg 25
and FeCoNiMny sAly 5 alloys. They concluded that annealed FeCoNi and FeCoNiMnyg 5Alg 25
alloys exhibit the optimal balance of magnetic and mechanical behaviour.

We have also investigated the effect of elemental addition (Mn and Co) on the phase formation
and magnetic characteristics of TiFeNiCr base HEAs [15]. HEAs with different elements have
been synthesized through the mechanical alloying. XRD analysis of synthesized HEAs con-
firmed that double FCC and a minor sigma phase have been evolved for TiFeNiCr and
TiFeNiCrMn HEAs. However, single FCC phase has been appeared for TiFeNiCrCo HEA.
The magnetic characteristic of synthesized and annealed HEA investigated through the VSM
at room temperature. The value of Ms for TiFeNiCr HEA was found to be 13.82 emu/g (as
shown in Figure 1(a)). However, the value of Ms for TiFeNiCrMn and TiFeNiCrCo HEAs was
found to be 2.28 and 24.44 emu/g respectively (as shown in Figure 1(b) and (c)). It is concluded
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Figure 1. Magnetic hysteresis curve of (a) TiFeNiCr, (b) TiFeNiCrMn, (c) TiFeNiCrCo as synthesized and (d) TiFeNiCr,
(e) TiFeNiCrMn, (f) TiFeNiCrCo annealed at 700°C HEAs. The inset represents the magnified view of selected region.
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from the M-H curve, with the addition of ferromagnetic element (like Co) the value of Ms
increased, while with addition of paramagnetic element (like Mn) the value of Ms decreased
appreciably. Thus among TiFeNiCr, TiFeNiCrCo and TiFeNiCrMn HEAs the value of Ms was
highest for the case of TiFeNiCrCo HEA because this alloy contained three ferromagnetic
elements, i.e., 60 at.% (Fe, Ni and Co) of the alloy is ferromagnetic in nature. Thus, the value
of Ms depends on the presence of magnetic elements and as the content of ferromagnetic
elements increased the value of Ms increased appreciably. The value of Hc for TiFeNiCr,
TiFeNiCrMn and TiFeNiCrCo HEAs was found to be 166.93, 225.83 and 149.54 Oe. We have
also been investigated the effect of annealing on magnetic characteristics of HEAs. From figure
it can say that the value of Ms, Mg/M; and Hc decreased dramatically after annealing of the
synthesized HEAs at 700°C (shown in Figure 1). The reduction in Ms after annealing may be
attributed to the increase in lattice parameter after annealing. It has been found that the lattice
parameter after annealing increased from 3.592 to 3.595 A, 3.575 to 3.583 A and 3.561 to
3.582 A for TiFeNiCr, TiFeNiCrMn and TiFeNiCrCo, respectively. Hence the separation
between the ferromagnetic elements of HEAs increased after annealing due to which the
magnetic exchange coupling is altered and the value of Ms decreased for annealed TiFeNiCer,
TiFeNiCrMn and TiFeNiCrCo HEAs.

4. Conclusions

High entropy alloys having multi-principal elements and has growing interest of Scientist
Engineers and Metallurgists. The applications of HEAs are based on their four core effects.
Among these effects the cocktail effect is the most effective for the functional properties of
these alloys. HEAs may have wide range of applications along with better functional and
structural properties. They have excellent mechanical properties. A soft magnetic material
should have good mechanical property, structural stability at high temperature and low
coercivity with high magnetization. Recently, reported FeCoNiMng,5Alj,5 and CoCrFeNiM
(M = Cu, Mn) HEAs got attention as a better soft magnetic material because these HEAs
having good soft magnetic characteristics along with good mechanical and excellent structural
stability at high-temperature. We have summarized the key results of magnetic characteristics
of some recently investigated promising high entropy alloys. Further the mechanical as well as
the magnetic characteristics of HEAs can be tuned through the selection of proper alloying
elements and synthesis route. The magnetic characteristics of these alloys basically depend on
the alloying element and compositional variation of the magnetic element present in particular
HEAs. Thus the magnetic as well as mechanical properties of these alloys can be tuned based
on our requirement/applications. As can be seen from the summarized results by the variation
of single element the magnetic nature of the material can be changed to ferromagnetic to
paramagnetic or super paramagnetic. Similarly, hard, semi-hard and soft magnetic character-
istics of the materials have been changed by the change in the processing route of the HEAs.
Thus we can conclude that alloying elements, composition and processing route has significant
effect on phase evolution and microstructure, which inevitably affects the magnetic character-
istics of HEAs. Among them, some HEAs (e.g FeCoNiAly 5ig 2, FeCoNiMny »5Al »5) have been
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proven to have better soft magnetic characteristics with high Curie temperature (Tc) and
excellent mechanical behavior as compared to conventional alloys. Therefore, more researches
are needed in future for design and development of new HEAs and to explore their properties
for application-oriented viewpoints.
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Abstract

Drug targeting is a process by which the distribution of drug in an organism is deployed
in such a manner that its major fraction interacts exclusively with the target tissue at the
cellular or subcellular level. Magnetic drug targeting is one of the major drug delivery
methods due to its noninvasiveness, high targeting efficiency, and minimized toxic side
effects on healthy cells and tissues. There are several experimental works on the magnetic
drug targeting through microvessel, but very few works are carried out on the mathemat-
ical models on magnetic drug delivery. The aim of the present chapter is to discuss all
major and minor factors, such as fluidic force, magnetic force, particle-particle interaction,
inertia force, Saffman lift force, permeability of the microvessel and carrier particle, and so
on, which influenced the drug targeting through microvessel by considering the nature of
blood flow as Newtonian, non-Newtonian, single phase, and two phase model. A brief
details of fluidic force, magnetic force, particle-particle interaction, Saffman force, buoy-
ancy force, etc. Mathematical models on the fluidic force are discussed for Newtonian,
non-Newtonian fluid, single phase, and two-phase fluid model including other forces that
influence the magnetic drug targeting in microvessel.

Keywords: magnetic drug targeting, mathematical model, non-Newtonian fluid,
single phase, two-phase flow

1. Introduction

Magnetic micro- and nanoparticles are finding increasing use in different fields of microbiol-
ogy, biomedicine, and biotechnology where they are used to transport and separate materials,
label, and to deliver therapeutic drugs to a target tissue. The use of the magnetic particles as
transport agents in different bio-applications has been discussed by Furlani [1]. They have

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN



84 Magnetism and Magnetic Materials

discussed the advantages of using magnetic nanoparticles which are well suited for the differ-
ent bio-applications due to the following reasons: (1) they are nontoxic and well tolerated by
living organisms after being well synthesized and functionalized; (2) they can be synthesized in
sizes that range from a few nanometers to higher ranges with a very narrow interval. This nature
makes them ideal for probing and manipulating bioparticles and biosystems of different ranges
such as protein (5-50 nm), viruses (20-50 nm), genes (2 nm wide and 10-100 nm long), or whole
cells (10100 pum). It is also noted that sub-micron and micron-sized magnetic nanoparticles are
used in different bio-applications; (3) magnetic nanoparticles are very familiar with custom-
tailored surface treatment to enhance biocompatibility and enable coating with affinity bio-
molecules for highly specific binding with a target biomaterial; (4) magnetic nanoparticles can
easily be magnetized by an applied magnetic field, but once field is removed, it reverts back to
an unmagnetized state. This behavior can easily be used to separate or immobilize magneti-
cally labeled biomaterials from a carrier fluid using an external magnetic field. Significantly,
the relatively low permeability of an aqueous carrier fluid enables efficient magnet coupling to
an immersed magnetically labeled biomaterial. Moreover, the low intrinsic magnetic suscepti-
bility of most biomaterials provides substantial contrast between labeled and unlabeled
material, which enables a high degree of selectivity and detection. Magnetic labeling has
advantages over conventional fluorescence and chemiluminescence-based biolabels. Notably,
small samples of magnetically labeled material can be detected using ultra-sensitive ferromag-
netic “spin valve” sensors, which can be integrated into microfluidic-based diagnostic systems.

Magnetic particles have an additional advantage, mainly designed to absorb energy at a reso-
nant frequency from a time-varying magnetic field, which enables their use for therapeutic
hyperthermia of tumors. During radio frequency (RF) hyperthermia, magnetic nanoparticles are
directed to malignant tissue and then irradiated with an AC magnetic field of sufficient magni-
tude and duration to heat the tissue to 42°C for 30 min or more, which is sufficient to destroy the
tissue (Moroz et al., [2]). In the same manner, it will be used for other cancer therapies (Hergt and
Duzt [3]; Gupta and Gupta [4]; Shaw and Murthy [5-7]). Magnetic nanoparticles are also used
for bioimaging, both optically, using surface-bound fluorophores for biophotonic applications
(Kircher et al. [8]; Sahoo et al. [9]; Sosnovik et al. [10]; Prasad [11]; Levy et al. [12]; Medarova et al.
[13]) and magnetically where they serve as contrast agents for enhanced MRL

Drug targeting is a process by which the distribution of drug in an organism is deployed in
such a manner that its major fraction interacts exclusively with the target tissue at the cellular
or subcellular level. Magnetic drug targeting is one of the major drug delivery methods due to
its noninvasiveness, high targeting efficiency, and minimized toxic side effects on healthy cells
and tissues (Liibbe et al. [14]; Alexiou et al. [15]). This drug targeting is mainly used for the
medical treatment of various diseases, especially cancer, and cardiovascular and endovascular
diseases, such as stenosis, thrombosis, aneurysm, atherosclerosis (Jurgons et al. [16]), trancheo-
bronchial airways (Pourmehran et al. [17]), and so on. Magnetic drug targeting is a growing
interest with recent progress in the development of carrier particles that are designed to target
a specific tissue and effect local chemo-, radio- and gene therapy at the tumor site (Figure 1)
(Fabrizio and Francois [18]; Berryl and Curtis [19]).
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Figure 1. Schematic illustration of multifunctional and stimuli-responsive porous carrier particle, which is modified with
specific antibodies, ligands targeting the cell surface, and anti-adhesive molecules (shown in the red area), and loaded
with magnetic particles, fluorescent agents, and drugs for imaging, detection, and therapy (shown in the blue area). It is
synthesized from stimuli-responsive polymers or modified with responsive molecules, which can respond to the change
of environmental stimuli like pH, light, heat, oxides, and so on. (shown in the yellow area) (Fan et al. [20]).

Magnetic drug targeting is one of the growing interests with recent progress in the develop-
ment of carrier particles that are designed to target a specific tissue to cure the tumor. In
magnetic drug targeting, the therapeutic agent can be either encapsulated into a magnetic
micro- or nanosphere or conjugated on its surface. Magnetic particles with bound drug mole-
cules are injected into the vascular system upstream from the malignant tissue (Figure 2). They
can be immobilized at the tumor site using a local magnetic field gradient produced by an
external field source. Particle accumulation at the tumor is often augmented by magnetic
agglomeration, and the efficiency of the accumulation depends on various physiological
parameters including particle size, surface characteristics, field strength, blood flow rate, and
so on (Figure 3).

Upon achieving a sufficient particle concentration at a tumor, drug molecules can be released
from their carrier particles by changing physiological conditions such as pH, osmolality, or
temperature, or by enzymatic activity (Berry and Curtis [19]; Arrueboa et al. [21]). Since the
therapeutic agents are localized to regions of diseased tissue, higher dosages can be applied,
which enables more effective treatment. This is in contrast to less selective conventional
chemotherapy wherein a toxic drug is distributed systemically throughout the body, poten-
tially harming healthy tissue.
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Figure 2. Noninvasive magnetic drug targeting in a microvessel (Furlani [1]).
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Figure 3. Drug-loaded carrier is typically composed of a magnetic core and a biocompatible coating material. The
magnetic core was made from different materials such as Fe;Oy4, Fe,O;, or Fe. The coating materials are Au, PEG, or
Si0,. Based on the biokinetics of particles, a drug carrier ranging from 10 to 200 nm in diameter is optimal for in vivo
delivery, as the small particles (D < 10 nm) escape by renal clearance and the large ones (D > 200 nm) are sequestered by
the reticuloendothelial system of the spleen and liver (Lunnoo and Puangmali [22]).

During magnetic drug targeting, beyond fluidic force and magnetic force, there are several
factors that play a different role in the phenomena. They are related to blood flow such as
particle-particle interaction (mainly for the vessel with small radius), Saffman lift force, and so
on. Some of them related to the drug particles e.g., drag force, interparticle effects such as
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magnetic dipole interactions, particle-blood cell interaction, etc. Here, one by one, we discuss
different forces that directly influence the trajectories of the carrier particle and on magnetic
drug targeting.

2. Magnetic force on the particle

Magnetic force on the particle that flows with the fluid is well described by Furlani and Furlani
[23]. By linear magnetization model, relation of magnetization and intensity of the magnetic
field in the saturation can be written as

Msp = XpHin, sats (1)

where x, = p, /iy — 1 is the susceptibility of the particle, y, is the permeability of the particle,
and , is the permeability of air. The magnetic force is determined by “effective” dipole
moment method as described by Jones [24] and Furlani [25]. In this method, the magnetized
particle will be replaced by an “equivalent” point dipole with a moment m,, ., and the force
on the dipole (and hence on the particle) is given by

Fn = Ky (meﬁf.V)Ha, 2)

where i, is the permeability of the transport fluid, s is the effective dipole moment of the
particle, and H, is the externally applied magnetic field intensity at the center of the particle,
where the equivalent dipole is located. Firstly, we solve the magneto-static boundary value
problem for the particle (here the considered shape of the particle is spherical, and it may change
according to the shape) immersed in a fluid where the magnetization M, is parallel to the applied
field and then determine the equivalent point dipole moment 1, .¢. Spherical coordinate system
(r.0, ¢)is considered for the spherical particle with origin as the center of the spherical particle.
Cartesian coordinates (x, y, z) are considered for the microvessel and magnet (see Figure 4).

The potential field inside and outside of the particle can be written as

®;,(r,0) = VHj,; = —Ciyrcos(0) (r < Ry). 3)
cos(0)
Dy (r,0) = —=VH,u = —H,1cos(0) + Cout a2 (rZR,,). 4)

where R, is the radius of the spherical particle. Moreover, we considered z— axis in the direction
of applied magnetic field. The magnitude of the field intensity inside the particle in the z— axis is

0 1[0 .
Hy,, = — [aq)m (r, 9)} cos(6) + - {& Oy, (7, 6)} sin(0). (5)

The corresponding boundary condition with respect to the potential inside and outside the
particle surface and normal component of resultant of the magnetic force are written as:

87



88 Magnetism and Magnetic Materials

(a)

®) y ©

Figure 4. Geometry and reference frame for analysis: (a) coordinate systems and reference frames, (b) magnetic flux lines
for a cylinder magnet, cross-section of microvessel with reference frame (Furlani [23]).

(Din(rv 9) = q)out(ra 9)/

1y (barq)in + Mp> = —ylr%@m. (6)
Solving Egs. (3) and (4) with boundary condition (6), we get
3
" Ho ‘ffzﬂf Ha Ho iozluf Ma 7
and
Cout = B ( ; 0+_ ;Zf Ho+ oo iOny M) ®)

From the definition (see Eq. (3)), it is clear that H;, = C;, and if the particle is below the
saturation, then M, = x,H;,. By substituting these two relations in Eq. (7), we get:
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Hiy = S +1) H,, ©)

(=) +3(x 1)

and

3%, (Xf + 1)
(=) +3(xr +1)

M, = x,Hi = H.,. (10)

The magnitude of the “equivalent” dipole for the particle is related to C,,, and it can be
written as

31~ 1)
Xp —)g) +3()(f + 1)

mp,eﬁ‘ = 47—‘ Cout = Vp ( Ha/ (11)

where V), = (4/ 3)7‘(R2 which is the volume of the spherical particle.
Substituting Eq. (11) into Eq. (2), we can define the magnetic force in the form of

3(6 )
X _Xf) +3(xf+ 1)

Fu =1V, ( (H,.V)H,. (12)

Now when the susceptibility of the fluid is very small (i.e.,

)(f’ <1), then yi; =, and hence
Eq. (12) can be written as

_ 32~ 1)

Fo =V <Xp _ Xf) N 3()()( N 1) (Ha.V)H,. (13)

In similar fashion,

3
H;, = WH,,, (14)
and
3

My, = V) WHW (15)

In general, the effective dipole moment can be written as

My, eff = Vyf (Ha)Hy, (16)
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where
3()(,, - Xf) CH< (X,, - xf) +3 M,
(}( - )(f> +3 3Xp
f(Hy) = (Il <<1), a7
Msp/Hm H, < 3Xp Msp
and H, = |H,|.

In this analysis, we assume that the magnet is infinitely extended in the y-direction, and
therefore the y— component of the magnetic field and force is considered as zero.

So, the intensity of the magnetic field and magnetic force has two components along x— axis
and z— axis. The resultant of the intensity of the magnetic field is written as

H, = Hu(x,2)X + Hp(x,2)Z (18)

and similarly, the resultant of the magnetic force is written as

Fy = Fue(x,2)X + Fiz(x,2)Z, (19)
where
Fux(x,2) = o Vo f (Ha) {Hﬂx (x,2) GHMTix,z) + Hyz(x,z) M{[,g(zx,z)} , (20)
and
Fux(x,2) = oV, f(H,) {Hax(x, z) bHazTgcx,z) + H,,(x,z) aH”Za(Zx’Z)} . (21)

2.1. Magnetic field and force of a cylindrical magnet

Equations (20) and (21) represent the magnetic force for a rectangular cylinder whose y-axis
extends infinitely and components of the magnetic force act along x— and z— axis. The
calculation will be different for the case of cylindrical magnet. The cylindrical coordinate
system (¥, ¢') with origin as the center of the magnet is shown in Figure 4.

Components of the intensity of the magnetic field in cylindrical coordinates are written as

, MR,
Hy <r ,cp/) = ;r’z £ cos(¢), (22)

and
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’ ’ MSR%M - /
Hy (1.¢/) = — 3% sin(¢)). (23)

Again, the geometry of the microvessel and flow nature is considered as the Cartesian coordi-
nate system, and so it is necessary to convert the cylindrical coordinate system into the general
Cartesian coordinate systems, say (¥, z'); then, the intensity of the magnetic field in the Carte-
sian coordinate system is written as:

o M R2 <xl2 - Z,Z
Ho(¥,2) =—5"% - Z (24)
(x2 +2%)

)

. N MR 7
H. (x ,z) _ g X2 5 (25)
2 (x2 + 272
and the corresponding field gradients is written as:

) ;o Mst,,ag x (322 — x2)
g (Hx’ (x y 2 )) = > (xIZ L 212)3 ’ (26)

9 ;o Mstm,g z (2% - 3x2)
g (Hz' (x y Z )) = > (xIZ N Zl2)3 s (27)

0 ;o Mstm,g Z (2% - 3x?)
57 (er (x 2 )) =— (w2122 (28)

d DN g o X (2% —327)
< (Ho(¥.2)) = MR, e (29)

Finally, components of the magnetic field from Eqs. (20) and (21) with the help of expression
for intensity of the magnetic fields (Egs. (26)-(29)) in a fixed Cartesian coordinate system (x, z)
with respect to the microvessel are written as:

x+d
me(x,z) = —l Vﬁf(H”)MgRﬁmg %, (30)
2 [(x +d)" + zz}
and
z
me(x72> = —Hy fo(Hﬂ)M§R4mag (31)

2[(x+d)2+zz}3,

where d represents the distance between the axis of magnet and the carrier particle.
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This magnetic force is further simplified for noninvasive magnetic drug targeting. In this
procedure, the treatment takes place in such a way that there are no breaks in the skin, and
there are no contacts with skin break or mucosa, or internal body cavity beyond a natural or
artificial body orifice. In this case, the magnet is placed outside the body, and the distance from
the magnet to blood vessel is much larger than the diameter of the blood vessel, that is, 4> x.
Furthermore, we used magnetite (Fe304) as a magnetic nanoparticle, which is highly biocom-
patible and for that the susceptibility of the magnetic particle is much larger, that is, x,,,>1.
Based on above two assumptions, the magnetic force components are simplified to:

31“0 VP Mszn;mg ) (32)

Fnloz) == 2(d + 22)°

and

zZ

F =-3u V,M?R* — =
mx(x7Z) AuO p z(dz +Zz)3

s7mag

(33)

3. Fluidic force on the particle

Fluidic force mainly represents the drug force acts on the particle and it depends on the
velocity of the fluid. There are several phenomena, and studies have been carried out to
understand the blood flow though artery. Blood is a marvelous fluid. Blood consists of a
suspension of red blood cells (erythrocytes), white blood cells (leukocytes), and platelets in an
aqueous solution (plasma). All contain different density. The plasma is a transparent, slightly
yellowish fluid, and its density is about 1.035 gm/ml which can modeled as a Newtonian fluid.
The red blood cells are dominant particulate matter in blood with about 40-45% by volume of
the whole blood, and it plays a vital role in changing the viscosity of the blood. In general, we
use the term “hematocrit” to specify the volume percentage of red cells and entrained plasma.
Platelets are much smaller than red or white cells, and so it is not so significant for the nature of
blood while it plays a vital role in the formation of blood clots which may severely interfere
with the flow.

3.1. Fluidic force for single-phase flow (Newtonian fluid)

We start with a simple mathematical model for drag force. Here we considered blood as a
Newtonian fluid. This nature of the blood flow appears mainly for vessel of radius more than
1500 um. The flow nature is well discussed by Furlani and Furlani [23]. Using Stokes” approx-
imation, the fluidic force for the Newtonian fluid is written as:

Fr = —6mnRey (0 — vf), (34)

where v, is the velocity of the carrier particle, vy is the velocity of the fluid, and 7 is the
viscosity of the fluid. First, we are interested to find the drag force for Newtonian fluid.
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Assume that the blood vessel is cylindrical and the flow is laminar, fully developed, and
symmetric about the axis. So, the velocity profile is function of r (along the axis), and it is

written as
1\ 2
Uf(T) = 251' (1 - <R—> ), (35)

where 7y is the average velocity of blood flow and R, is the radius of the blood vessel.
With the help of Eq. (34), fluidic forces along the radial and axial radial direction are written as

Fp = —61NRep0p, x, (36)

and

Fr, = —6mtnRy

2
V= — 20 (1 - <R1> )] . (37)

3.2. Fluidic force for single-phase flow (non-Newtonian fluid model)

The radius of the microvessel plays a vital role on the nature of the blood flow. It is observed
that the blood behaves as a non-Newtonian fluid due to low shear stress mainly when the
diameter of the vessel is less than 1300 pum. The blood in microvessel is more complex due to
the irregular geometry, mechanical behavior of blood, and its cellular constituents (mainly red
blood cells). It is well established that the Casson models hold satisfactory for the blood flow
through microvessel of diameter 130-1300 pum, while the Herschel-Bulkley model is more
suitable for the microvessel of radius 20-100 um (Mishra et al. [26]; Prier et al. [27]; Bugliarello
and Sevilla [28]; Cokelet [29]; Merrill et al. [30]).

The drag force for the Newtonian fluid is different than the non-Newtonian fluid. The drag
force for the spherical particle is written as

Co = Cp(Q") = 24X(n)/Q", (38)

where dynamic parameter Q* = Re/(1 + Bi)* with Reynolds number Re and Bingham number
Bi and X(n) is the rheological parameter.

For Casson fluid X(n) = 1, while Reynolds and Bringham number is written as (Shaw et al.

[31])
_ Ugpllepp o _ Pl
ReCasson - py ’ BlCasson - Ucp/dcp, (39)

where v, and d,, are the reference velocity and diameter of the carrier particle p and v are the

density and kinematic viscosity of the fluid.
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n X(n)
0.1 1.354
0.2 1.413
0.3 1.458
0.4 1.442
0.5 1.420
0.6 1.382
0.7 1.320
0.8 1.240
0.9 1.140
1.0 1.002
1.2 0.827
1.4 0.569
1.6 0.390
1.8 0.261

Table 1. Value of rheological parameter X(n) for different values of .

For Herschel-Bulkley fluid, the rheological parameter X (1) is defined in Table 1, and it is well
correlated by the following analytical expression (Renaud et al. [32])

n+1
X(n) = 6"~/ 5 U (40)
n24+n+1

The Reynolds number and Birmingham number are written as

Repp = , Bigp = ———, (41)
m

where m is the Herschel-Bulkley model parameter.

3.3. Shape of the carrier particle

The shape of the carrier particles plays a significant role in magnetic drug targeting. A
variety of nonspherical shapes including ellipsoids, discs, cylinders, hemispheres, cones,
and red blood cell-like bioconcave discoids have been shown to have an impact on biological
processes associated with the delivery of drugs (Geng et al. [33]; Canelas et al. [34]; Doshi
and Mitragotri [35]; Enayati et al. [36]). Several experimental and laboratorial scientists have
worked on the shape factor of particles in transport through the phagocytosis (Champion
and Mitragotri [37]), circulation half-life (Geng et al. [33]), endocytosis (Gratton et al. [38]),
targeting efficiency (Sutradhar et al. [39]), subsequent intracellular transport (Yoo et al. [40]),
and vasculature (Decuzzi et al. [41]). Spherical and non-spherical carrier particles plays an
imperative role on the passive drug targeting and bio-distribution of particles at the vascular
level (Champion et al. [37]; Decuzzi et al. [42]; Mitragotri [43]; Fox et al. [44]). An excellent
review of different shapes of carrier particles in drug delivery is given by Venkataraman
et al. [45] where they discuss different experimental observations in this field and point out
that understanding the implications of particle shapes would accelerate the development of
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next-generation drug delivery vehicles. It is noted that the shape of the magnetic nanoparti-
cle does not change, and it is spherical in shape.

Due to the different shapes, the drag force on the carrier particle is modified as
Cp = Cp(Q") =24k X(n)/Q", (42)

where k' is the shape constant which is defined as

1, Sphere,
, Prolate ellipsoid,
¢ pom(pe i) )
2% m, Cylinder,
8?7-(, Circular disk.

The fluidic force on the carrier particle in a laminar flow is written as
1 2
Fr=- 5 PApve,Cp, (44)

where A, is a reference cross-sectional area of the carrier particle.

With the help of Eq. (34), fluidic forces for the Casson fluid along the radial and axial radial
direction are written as

2

1/2 1/2
Ty vcp,x>
— + | = , 45
< n > ( ch ] ( )

Fp = —12Aqnk

and

Fp = —12A,nk

1/2 —\1/2]2
Ty) (”cp/z — )
o) (FE ) (46)
( n dep ]

However, fluidic forces for the Herschel-Bulkley fluid along the radial and axial radial direc-
tion are written as

Fy = —12A,X(m)K {ry + n(”;’"‘) } (47)
p

and

Fp = —12A,X(n)k {Ty + n(%) } (48)
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3.4. Fluidic force for two-phase flow

Due to the microscopic properties of the blood and interaction among its different particles
(Blood cells, platelets) in plasma, the nature of blood flow leads a two-phase flow model with a
core of rouleaux surrounded by a cell-depicted peripheral layer. Due to the translation, deforma-
tion, and rotation, RBCs accumulated near the axis of the vessel and followed a constant velocity
while the plasma layer appears near the vessel wall and velocity profile follows a parabolic
profile. A mathematical model for a two-phase fluid model has been discussed by Seshadri and
Jaffrin [46] in which they have considered the outer layer as cell depleted, having a lower
hematocrit than the core region. Later, several researchers are worked on this direction (Gupta
et al. [47]; Srivastava [48]; Sankar and Lee [49]).

3.5. Glycocalyx layer and permeability of the microvessel

Permeability of the vessel is another important characteristic, which mainly influences the flow
nature of the blood. Due to the wall permeability, the fluid flows laterally and across the vessel
fenestrations/pores. Fluid flow through the porous medium is defined by the Darcy law and
extended Darcy law or Brinkman Law. Microvessel walls consist mainly of endothelial cell.
The vascular endothelium layer helps to regulate the material exchange between circulating
blood and the body tissues. The mechanism of the endothelium cells modulates microvessel
permeability. It is well known that the luminal surface of the vascular endothelium is lined
with a glycocalyx, a layer of membrane-bound macromolecules and adsorbed plasma pro-
teins. This glycocalyx layer is capable of reducing or restricting the plasma flow at the periph-
eral layer, near to the vessel wall. Moreover, the presence of the glycocalyx layer decreases the
effective cross-sectional area of the vessel available for plasma and red cell motion, so that it
would possibly cause an increase in flow resistance. The flow resistance highly depends on the
thickness of the glycocalyx layer. The flow resistance of the glycocalyx layer is more higher for
the thick layer with respect to the thin layer (Pries et al. [27]; Weinbaum et al. [50]; Sugihara-
Seki and Fu [51]). It is observed that the permeability of the microvessel significantly changes
from organ to organ with the location of the microvessel and is written in ascending order as
brain < skin < skeletal muscle < lung < heart <gastrointestinal tract< glomerulus of kidney.

3.6. Porosity of the carrier particle

In recent years, researchers are focused on the development of porous materials as controlled
drug delivery matrices due to its unique features such as stable uniform porous structure, high
surface area, tunable pore sizes with narrow distribution, and well-defined surface properties
(Sher et al. [52]; Shivanand and Sprockel [53]; Ahuja and Pathak [54]) (Figure 5). Due to these
wide physical flexibilities, porous carriers have been used in pharmaceuticals for many purposes
including development of novel drug delivery systems such as floating drug delivery system,
sustained drug delivery system, and improvement of solubility of poorly soluble drugs (Sharma
et al. [55]; Streubel et al. [56]). These materials possess larger amounts of nanopores that allow
the inclusion of drugs (Wang et al. [57]). Also, these features allow them to adsorb drugs and
release them in a more reproducible and predictable manner. The use of mesoporous,
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Figure 5. Electron microscopy images of porous Cu,O nanospheres (Zhu [60]).

microporous, and nanoporous carriers for drug delivery is a part of growing research (Song et al.
[58]; Andersson [59]).

4. Particle-particle interaction

In a small vessel where diameter of the vessel is less than 500 pm, it is observed that the
apparent viscosity of blood is significantly decreased. This reduction of the apparent blood
viscosity with decreasing diameter is continued down to the diameter of approximately
10 pm. This phenomenon was first observed by Martini et al. [61] and at the same time by
Fahraeus and Lindqvist [62] during their vitro experiment to measure apparent viscosity of
blood in a small narrow glass tube. This phenomenon is called as the Fahraeus-Lindqvist effect
after their name. The reduction of the apparent viscosity of blood mainly appeared due to the
rotation and displacement of the deformable cells (mainly red blood cells) toward the tube axis
so that a cell-depleted region (mainly plasma) is formed near the wall. The effect of the cell-
depleted region does not significantly influence the apparent viscosity of blood for large
vessels (d > 500 pm) as the width of the cell-depleted layer is much smaller than the diameter
of the vessel. Pries et al. [63] compiled literature data on relative blood viscosity in tube flow
in vitro and obtained the empirical relationship between the relative apparent viscosity and
tube diameter for red cell suspensions with a hematocrit of 45% in glass tubes.
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<M) = 220e7 1 3.2 — 244070064 (49)
H Joas

where ,,, is the apparent viscosity, u is the viscosity of the plasma, and d (in pm) is the

diameter of the tube. The apparent viscosity of blood for the medium-to-high flow velocities
(above 50 tube diameters/s) is written as

C
Ho _ K—““””) - 1} U=H) —1 (50)
H B/ oas (1-045)- -1

where

1
1+ 1O(d/10)12> 1 10(d/10)"*

C=(0.8+¢ 07 (1 - (51)

Typical flow patterns of red blood cells in narrow tubes with different diameters are shown in
Figure 6. In all cases, at the wall where the highest shear stress occurs (wall shear stress), the
local viscosity of blood is the same as the viscosity of plasma (~ 1.2 cP), which reduces the wall
shear stress and flow resistance.

Red blood cells are gathered near the axis of the vessel and so a cell-free region or low
hematocrit region appears near the wall of the vessel. Red blood cells flow faster than the cell-
depleted wall layer which mainly contains plasma and due to that the average velocity at the
core region (RBCs’ region) is much higher than the outer region (plasma region). This phe-
nomenon leads to a reduction of the tube hematocrit as compared to the discharged hemato-
crit. A simple schematic diagram of this model is given in Figure 6 where a steady laminar
flow of suspension of cells through a tube to or from a reservoir is considered. The problem
leads to conservation of mass, which is written as

Hr/H; = Ug/Uc, 52)

where Hr and H; represent the volume concentration of cells in the tube and in reservoir,
respectively. Us and Uc are the mean velocities of the suspension and cells, respectively. In
narrow tubes, Us < Uc which gives Hr < Hy and it implies that Hr/H; decreases with
decrease in tube diameter. This phenomenon is called Fahraeus effect. A further decrease in
tube diameter below approximate 30 pm and less, we find an increase in Hr/H,, which known
as inverse Fahraeus effect (Figure 7). The dependence of Hr/H; on tube diameter D (in pm)
and discharge hematocrit H; is compiled by Pries et al. [64] and is written as

% = Hy+ (1 — Hy) (1 + 1.7 04157 — 0.6¢~0011), (53)
d

Consider a Newtonian fluid flow through the vessel as cylindrical tube of diameter d. Consider
the viscosity at the core region and outside the core region (or at plasma region) as u and p,,
respectively. Considered the continuity of velocity and stresses at the interface of the core and
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4.0 ym

6.0 pm

8.0 ym

11.0 pm

Figure 6. Schematic drawings of red cells flowing through narrow glass tubes. The flow is from right to left. The left panel
is at low hematocrit, and the right panel is at high hematocrit. Single-file flow is always present in smaller tubes, whereas
transition to “zipper” or multi-file flow may occur at higher hematocrit in tubes larger than approximately 7 um
(Gaehtgens [66]).

outer region while a non-slip condition on the tube of the wall. Using the abovementioned
assumption, the velocity profile of the fluid as a function of radial coordinates r is written as

2
f—; Kg) - rZ], Ad?<r<d)2,
U= (54)

P. [(Ad\* | P.[d\* )
n, K?) ] ta(a) 0o osrsan

where P, represents the pressure gradient along the tube axis, A is a constant which lies
between 0 and 1, and Ad is the diameter of the core region with d as the diameter of the
cylinder (vessel).

Using Egs. (52) and (53), the Fahraeus-Lindqvist effect and Fahraeus effects (Pries et al. [65])
are evaluated as

w w1l P(eg)
Fapp_l_(l—yﬁo)Pngz_Zl_pg( _::Ti) (55)

In the limit of A approaching 0, we have Hy/H; — 1/2 and y,,, /it — 1, and in the other way for
the limit of A approaching 1, we have Hr/Hs — 1and y,,, /it — 1o/ .
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Figure 7. (a) Relative apparent viscosity of blood and (b) hematocrit ratio HT/HD, as a function of tube diameter. Solid
and dashed curves, empirical fit to in vitro experimental data for blood flow in glass tubes (Egs. (52), (53), and (55));
Dotted curves, prediction by the stacked-coins model Eq. (55); filled circles, theoretical predictions based on axisymmetric

geometries at cell velocity = 1 mm/s (Secomb et al. [68]; Secomb [69]). Eqs. (52) and (55) at HD = 0.45 are represented by
solid curves, corresponding to normal states.

4.1. Saffman lift force

Saffman lift force is mainly effective for small particles in the shear field. During drug targeting,
we always used carrier particles with nanosizes, and so the particles experience a lift force
perpendicular to the direction of the flow, which is known as Saffman lift force. The shear lift
originates from the inertia effect in the viscous flow around the particle, and it can be defined as
(Zheng and Silber-Li [67])

Fup = 8k uy /7 /vRZ, (v — vg), (56)

where 7 is the shear rate of the fluid and k' is the shape factor.
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5. Buoyant force

For the large artery of diameter more than 1000 pm, the buoyant force plays a vital role with
the convective term due to the mass of the carrier particle. The buoyant force acting on the
carrier particle during its motion in the microvessel is written as

Fp=-Vy (pcp — pf)gx, (57)

where g is the gravitational acceleration and V., is the volume of the carrier particle.

6. Geometry of the microvessel

The geometry of the microvessel is not uniform throughout the cardiovascular system. Differ-
ent geometries of the vessel have been observed in the cardiovascular system, such as bifur-
cated vessel, with atherosclerosis inside the vessel which is attached with the wall of the vessel,
curved vessel, and so on. The flow phenomenon is very complex and interesting when blood
flows through curved or bifurcated or stenosed artery. Sometimes secondary flow appears
near the apex of the bifurcation vessel or near stenosis. In general, numerical simulations are
performed to obtain better insights into the theoretical analysis with computational fluid
dynamics (Wang et al. [57]; Pourmehran et al. [17]).

7. Inertia force

Inertia force is playing an important role in blood flow through a vessel with a large diameter.
In general we may use carrier particles with large radius, which can easily capture the tumor
position. In general multiplication of mass of the carrier particle (which is actually same as the
velocity of fluid) and acceleration of carrier particles (which is same as the acceleration of the
blood flow in vessel) is not negligible, and it gives a significant influence in the magnetic drug
targeting.

8. Equation of motion

Equation of the motion is followed by Newton’s second law of motion. According to this law,
the total force on any particle is equal to the multiplication of mass and acceleration of the
particle. According to this law, the equation of motion is written as

dv,
Mep d—;p = Sumof Allforces = Fy, + Fy + Feor + Fp, (58)

where 11, is the mass of the carrier particle.
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Equation (58) represents the force equation in the presence of inertia force. While in the
absence of inertia force, when the diameter of the vessel is very small, then the right part of
the Eq. (58) is negligible, and the equation of motion can be written as

0 = Sumof Allforces = F, + Ff + For + Fp. 59)

9. Conclusion and future work

Magnetic drug targeting is one of the very useful and biocompatible noninvasive methods.
Still there are many scopes left to study and build different mathematical models. There are
several factors that directly and indirectly act on the drug targeting and influence the trajectory
of the carrier particle. Moreover, here the main focus is on the magnetic drug targeting in the
cardiovascular, more particularly in the microvessel. Several experimental works have been
done in this direction, which can be implemented as mathematical models. Also, magnetic
drug targeting is effective for other human systems such as renal system, gastrointestinal tract,
and so on.
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