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ABSTRACT

In this report, the magnetic nanostructure of Co were grown through the nanopores of
Anodic aluminum oxide (AAO) template using both electrochemical and physical
vapor deposition (PVD) techniques. Detailed investigations on the fabrication of
highly ordered nanoporous AAO template in different electrolyte baths were
presented. Ordered domain structure with pore diameter of 405 nm was achieved in
an oxalic acid electrolyte bath at a temperature of 10 °C and potential of 40 V.
Whereas, in H,SO, electrolyte bath, the optimized pore diameter was obtained as
22+4 nm while anodizing at a temperature around 3 °C and at a potential of 25 V. As
grown membranes were further processed to vary pore diameters without modifying
the interpore separation from 40 to 10010 nm, and 22 to 45+4 nm through a wet
chemical route. Structural investigations revealed that Co nanowires have different
crystallographic texture while growing them in different conditions: such as pore
diameter of the template, the length of the nanowire, pH of the electrolyte, and
electrodeposition modes. These changes in crystallographic structure in Co nanowire
were reflected while studied their magnetic properties. Both of these structural and
magnetic properties were then correlated with a micromagnetic simulation using
OOMMEF package and detailed understanding of magnetization reversal processes
were presented. These studies were further extended by reducing the aspect ratio
between the length to wire diameter less than unity and entered into a nanodot array
regime trough PVD techniques using attached ultrathin AAO membrane. The
magnetic properties of fabricated both soft and hard magnetic nanodot arrays were
studied and the experimental results were presented.

Keywords: Porous anodic alumina membrane, nanowires, nanorods, nanodots,

magnetic anisotropy, magnetocrystalline anisotropy, magnetostatic interactions.
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Chapter 1

INTRODUCTION

1.1 MAGNETIC NANOSTRUCTURES AND 1D MAGNETIC Co NANOWIRE
ARRAYS

Magnetic nanowires, nanotubes, and nanodots are an important class of nanostructured
magnetic materials. Due to size confinement in nanometer scale, individual nanoparti-
cle shows unusual magnetic anisotropic behavior depending on their shapes and crys-
tallographic orientations. This anisotropic behavior gets more complicated in arrays of
periodic nanostructures due to the presence of magnetostatic interaction among them.
Therefore, it is interesting to understand the physics behind reversal processes of nanos-
tructured arrays with varying shape, structure and crystallographic orientation of mag-
netic materials. These studies are very important for their technological applications
in the area of spintronics, where they have used as data storage media, nano-switching

devices etc.

Nanowires, nanorods, and nanotubes have a cylindrical shape and described by three
geometrical parameters: length, L, outer diameter, D and inner diameter, a. To define
them in nanoscale, the value of D usually was restricted between 1 nm to 100 nm.
To differentiate between nanowires and nanorods, they were classified by the value of
aspect ratio (r = L/D). With 7 > 5, nanostructured materials were categorized as
nanowires (NWs), whereas with 3 < 7 < 5, the structures were termed as nanorods.
Furthermore, nanodots (NDs) can be generalized when 7 < 3, i.e., OD nanostructures.
In addition to these nanostructures, the structure of nanotube is well separated from the
nanowires/nanorods with the presence of cylindrical hollow core at the center. Most
commonly, nanotubes (NTs) were defined by an additional parameter, wall thickness
(tw), i.e., nothing but the difference between the value of D and a. As the magnetic
spins arrangement within these nanostructures is strongly influenced by their shape, it

affects the magnetization reversal mechanisms and thereby overall magnetic behavior.

Two different approaches have been made to develop these nanostructures, such as
top-down and bottom-up processes. Top-down approaches were performed by vari-
ous lithographic techniques such as electron beam lithography, X-ray lithography, laser
interference lithography, etc. In principle, it works by the etching process which re-

duces the size from bulk to nanometer scale. Additionally, it requires expensive and
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specialized equipment. In general, the processing time and the cost are higher than
the bottom-up techniques. There were two classified methods in bottom-up approach
such as, dry process (i.e., includes physical vapor deposition, chemical vapor deposi-
tion, molecular beam epitaxy, pulse laser deposition, etc) and wet process (i.e., includes
sol-gel, hydrothermal, electro-less and electrodeposition), respectively. Dry processes
also required sophisticated equipment to grow these nanostructured materials in a gas
phase environment. However, the wet process or the liquid phase methods were easy to

prepare nanostructures with lower cost and for a short span of time.

Among these techniques, electrodeposition is a very simple and cost effective bottom-
up technique which allows fabrication of ordered arrays of magnetic NWs, NTs and ND
structures (Yin et al. 2001, Schlorb et al. 2010, Han et al. 2010). In this technique, the
ordered array structure is grown through nanoporous templates such as polymer mem-
brane (track etched polycarbonate or polyester membrane), anodic alumina membrane,
porous silica membrane, etc. Recently, the template technique utilizing porous an-
odic Aluminum oxide (AAO) membrane was an elegant approach for the fabrication of
nanostructures (see Fig. 1.1), in particular, to grow different kinds of nanowires (NWs),
nanotubes (NTs) and nanodot (NDs) arrays (Henry et al. 2001, Darques et al. 2004,
Franklin et al. 2007, Lei et al. 2007). The main advantages in this template approach
are (Keller et al. 1953, Li et al. 1998, Masuda et al. 2002, Nielsch et al. 2002): AAO
template can be fabricated with varying i) pore diameter, ii) length and iii) periodicity,
by simple changing the processing parameters, such as anodizing voltage, electrolyte
and electrolyte temperature. The magnetic properties of the NSs can also be tuned by
varying the other parameters such as 1) material, i1) crystallinity (polycrystalline, single
crystal, amorphous), iii) structure (single layer, multilayer, etc), and iv) array geometry,
etc. For such systems, it is important to understand how the magnetic properties depend
on the fabrication parameters and thus on the geometrical and structural properties of
the nanoarrays. The crystalline properties of fabricated NSs can be tuned by adjust-

ing the electroplating conditions, such as pH, plating current, deposition time and bath

- a aad

Figure 1.1: Template assisted magnetic nanostructure arrays: a) Co nanowires, b) Co
nanotubes, and c¢) CoPt nanodot arrays, respectively.
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temperature which results in arrays of NSs with different intrinsic magnetic properties.

1.2 MAGNETIC PROPERTIES OF 1D NANOWIRES

The last couple of decades, investigations on magnetic nanowire arrays (Fe, Co, Ni and
their alloys) were focused on the fundamental magnetic properties such as the mag-
netic anisotropy (K,), coercivity (H.) and remanence ratio (M, /Mj; where M, is the
remanence (magnetization at zero fields), and M is the saturation magnetization of
the material) as a function of both wire geometry (shape, size and the separation) and
the crystalline phases (either for polycrystal or textured growth). These investigations
lead to understanding the physics behind the magnetic nanowire arrays, such as domain
wall motion (coherent, transverse and vortex), critical limit for switching the anisotropy
(in-plane to out-of- plane or vice versa), and the magnetostatic interaction between the
wires.

In 1-D nanowire system, the significant contribution in K, comes from the shape
anisotropy. Most preferable orientation of easy axis in these system lies along the wire
axis for Fe (bcc), Ni (fce) and Co (fec), whereas in hep Co phase, the c-axes of hep de-
termines the effective anisotropy, either enhancing the shape anisotropy when the hcp
c-axis lies along the wire axis or compensating the shape anisotropy if it lies perpendic-
ular to the wire axis. Other than intrinsic property (K,), the quantification on external
properties, such as H, and M, /M, are mainly determined by the size and the magne-
tostatic interaction among the wires. However, this behavior is also determined by the
intrinsic magnetic character of individual nanowires together with their magnetostatic
interactions, which are related to diameter and length of nanowires and to the porosity

of the membrane.

1.2.1 Magnetic anisotropy

As mentioned above, in 2-D arrays, the strong shape anisotropy of the nanowires favor
longitudinal magnetic anisotropy. An analytical formula was derived to quantify the
effective longitudinal anisotropy, which includes the magnetostatic interactions term
arising from the dipole-dipole field (i.e., along with length (L), diameter (D), and inter-
wire separation (.9)), self-demagnetization term from the geometry (i.e., N, depends on
the second order term of the type (D/L)? for long axis and N,=1-N., respectively) for
shape effect, and the magnetocrystalline term from the crystalline orientation. This ana-
lytical study predicts the critical value of the nanowire length (L.) at which a crossover
of the magnetic easy axis changes from parallel to perpendicular one. Strijkers et

al. (1999) was investigated the crossover phenomena for arrays of poly-crystalline Co

3
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nanowires with D = 100 nm, and S = 320 nm, respectively and were found that it occurs
at a length of 1 um. Whereas, different L. values were reported for different materials
and these values were found to be a function of both diameter and inter-wire distances
(Han et al. 2002, Srivastava et al 2007). With a nanowire diameter of 45 nm and S = 65
nm, we observed a crossover for Co fcc(111) phase at L. ~ 80 nm. The details of our

observations are discussed in chapter 4 and 6.

1.2.2 Coercive magnetic field

Investigations on the values of experimental coercive field, H. lead to distinguish the
rotational modes of magnetization reversal processes in nanowires. In general, an in-
finitely long wire exhibits the square hysteresis loop with finite H. value for an applied
external field parallel to the wire axis, 1, c“mt,

dicular direction (H j;t), as shown in Fig. 1.2. Theoretically, Stoner-Wohlfarth (S-W)

model (Stoner et al. 1948) has been well explained the H, characteristics for magnetic

and f. = 0 for field applied along perpen-

materials with prolate spheroid (¢ > x = y) in geometry. If the ellipsoid is uniformly
magnetized, then the magnetic field inside the ellipsoid depends directly on the demag-
netization factor, i.e., ]—7; ~ —]\711]\_4> . The negative sign indicates that the self-induced
H, is opposite to the applied field and Ny is a function of the shape of the magnetic
body which is expressed as N, + N, + N.=4m (cgs unit). Moreover, analytical cal-
culation of the demagnetization factors are related with a hypergeometric function for
cylindrical nanowires in which N, approaches 0 when L — oo (Landeros et al. 2007,
Escrig et al. 2007, Lavin et al. 2009, Sellarajan et al. 2013). Since H, ~ H, — NM,
this leads to the following expectation for the coercive field: ﬁc = f?a when N — 0,
where H, is the intrinsic anisotropy field. Therefore, a system with D ~ L exhibits a
finite V,(/V, #0) as in the case of nanowires.

However, the S-W model (Stoner et al. 1948) is assumed for coherent rotation of
the magnetization for non-interacting and randomly oriented grains. These assump-
tions limit the use of SW model in the case of arrays of nanowires. Here, H,, is always
smaller than the H,. (i.e., H, < H.), and this is mainly due to the presence of both
magnetocrystalline anisotropy and the magnetostatic interaction among the nanowires
as explained below. The magnetic properties of H, depends on the direction of the ap-
plied field with respect to the crystal lattice. For example, Fe has a bcc structure with
the highest density of atoms in the (111) direction, which leads to being the hard mag-
netic axis. In contrast, the atomic density is lower in (100) direction and become the
easy axis (Spaldin 2011). Similarly, for fcc Ni, the (111) direction is the easy axis, and
the hard axis lies along (100) direction. In the case of hcp Co, the lowest packed direc-
tion (perpendicular to the close-packed plane) is (0001) and is the easy axis, and then

4
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1.0

0.5+

-0.5

-1.0+

H (kOe)

Figure 1.2: Magnetic hysteresis loops for an array of Co nanowire (D = 70 nm, and L =
2 pm) with the applied field parallel (filled square) and perpendicular (filled circle) to
the wire axis.

the corresponding hard axis is the (1000) close-packed direction. On the other hand, in
hcp Co, the magnetization easy axis lies along the direction of crystallographic c-axis.
Therefore, in Co NWs grown with hcp (002) phase, the magnetocrystalline anisotropy
enhances the longitudinal anisotropy, whereas, in the case of hcp (100), this reduces the
effective anisotropy. It is to be mentioned that the one of the most anisotropic materials
is the hep structure of Co among the three transition metals. Therefore, for, Co nanowire
arrays, the magnetocrystalline term, and the static interaction should be included along

with the shape anisotropy in the overall anisotropy (i.e., H, = H,).

For arrays of nanowires, magnetostatic interactions among nanowires play an im-
portant role as reported in a number of previous studies. This static interaction has been
derived from a simple mean field approximation theory, in which the linear dependence
of the dipolar coupling on package density (P, i.e., the filling factor of the nanowires
inside the membrane or the porosity of the porous membrane used) was estimated and
the effective uniaxial anisotropy field for the arrays of infinite long cylinders can be
expressed as (Encinas-Oropesa et al. 2001),

Hy = (N, — N.)M,(1 — 3P) % H,,a, (1.2.1)

where the first term on the right-hand side denotes contribution from the shape anisotropy
modified by magnetostatic interactions, which depend only on the filling factor, P or

density of nanowires. The filling factor to be estimated by simple porosity calculation
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of the AAO membrane, that is given by (Nielsch et al. 2002):

T D
P=—_(=)? 1.2.2
LY (1.22)

where D and S are the diameters and the inter-wire separation (i.e., center-center) of
the nanowires. Independently, Strijkers et al. (1999) had shown that the length of the
nanowire plays an important role in defining the magnetostatic interaction term and the
equation for Hj; was derived as (Strijkers et al. 1999, Han et al. 2003, Ahmad et al.
2011),

Hy = (N, — N.)M, — 6.37Mr2L/S? + H,po, (1.2.3)

where, r, L and S are the radius, length and the interwire separation of the wire, respec-
tively. H,,, is the magnetocrystalline anisotropy field, which takes either positive or
negative when the corresponding magnetization easy axis is || or L to wire axis. With
effective magnetic anisotropy field derived in Eqn. 1.2.3, H, can be considered in both
|| and L directions are (Sanchez-Barriga et al. 2009),

2K, 2K.pp,
HI = —Mff|cosé\, H = —Mff|3m9|, (1.2.4)
HoiVig o iVis

here, K ¢¢(= HyM,/2) is the effective anisotropy constant of the ferromagnetic nanowires,
M; 1s the saturation magnetization of the magnetic material, for example, Co = 1400
emu/cc, and 6 is the angle between the applied field and the anisotropy axis of the
system, respectively.

Furthermore, the magnetization reversal in nanowires were discussed by the mag-
netization rotation, and the formation and motion of domain wall with respect to D. For
the field applied parallel to wire axis, two major magnetization rotation modes were
discussed. These modes were (i) homogeneous or coherent rotation, and (ii) magneti-
zation curling. There were several reports evaluating these reversal processes with and
without considering the magnetostatic interaction term. Among them, recently, Vivas
et al. (2011), were evaluated the formula for K¢, by considering the static interaction,

and can be expressed as,

Koy — U=3ND0Me (1 3 ) if D<D,
Kepr = . e . (1.2.5)
Kppg — S8 (1 — 3P) + 224 if D=>D,

Here, the third term of the second Eqn. 1.2.5 in the right-hand side represents the

field necessary to overcome exchange force. Here, q is a geometrical parameter and is
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given by the relation: ¢> = 1.087 for a cylinder. A is the exchange stiffness constant
(A=1.3x10~"! J/m for Co) and D, (=2q/M,+/A/N,) is the critical coherence diameter
of the wire. The theoretical value of D, was around 30 nm, whereas, experimentally this
values was found to be 50 nm (Sanchez-Barriga et al. 2009, Henry et al. 2001). If D <
D., then the exchange interaction leads to coherent rotation in nanowires. Whereas, for
D > D., magnetostatic interactions is responsible for curling rotation. However, the
presence of different magnetocrystalline anisotropy in Eqn. 1.2.5 may lead to increase

or decrease the D, value especially for Co materials.

1.2.3 Angular dependence of coercivity

The understanding of reversal mechanism is a challenge for researchers towards the ap-
plication point of view, in nanowire arrays. It is to be mentioned that different magneti-
zation reversal mechanisms would give a different angular dependence of the coercivity
H.. Theoretically, the magnetization reversal process of an NW with given anisotropy
have been explained by three different modes, namely: coherent rotation (C') in which
all the spins rotate simultaneously; transverse rotation (7;.) in which spins the rotation
takes place via propagation of transverse domain wall; and curling or vortex rotation
(V), in which spins are reversing their directions via propagation of vortex domain wall
(Escrig et al. 2007, Lavin et al. 2009, Kulkarni et al. 2013).

1.2.3.1 Coherent rotation (C)

Analytical formula of each mechanism for single NW was well established through the
angular dependence of the nucleation field, H,,, as this field is directly co-related with
the reversal mechanism has been derived by S-W model, and can be written as (Lavin
et al. 2009, Vivas et al. 2012):

2[Kn(L) + Kol V1 — 82 + t4

C
H, ()=~ L M2(1 1 1)

M. (1.2.6)

Here ¢ = tan'/?(f), with @ is the angle between the field and NW cylindrical axis,
M is the saturation magnetization, K, (L) is the shape anisotropy constant and K,

is magnetocrystalline anisotropy constant. Further K, (L) can be written as:

Kan(L) = G M2~ 3N(L)], (1.2.7)

where IV, (L) is a demagnetization factor along the z-axis.
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1.2.3.2 Transverse rotation (7))

For NWs with higher lengths, the coherent rotation is found to be energetically less
favorable. In such cases, Landeros et al. (2007) proposed that the energy minimization
can be achieved through a reversal mechanism via transverse mode, in which the width
of domain wall, wy and hence the effective volume, 7(D/2)*wr reverses its magneti-
zation by coherent rotation. Escrig et al. (2008) had then calculated the equation for

nucleation field, H!, as:

2[Kgn(wr) + Kol V1 — 2 + ¢4
o M2(1 4 t2)

H™ () = — M, (1.2.8)
where

1
Ka(wr) = 7M1 = 3N.(wr)], (1.2.9)

In general, wy is taken to be 50 nm more than NW diameter (Lavin et al. 2007,
Lavin et al. 2009). Hence, for NWs with length L. >> wp, the reversal takes place
by transverse mode, whereas in case of L ~ wp, the coherent rotation was found to be
energetically favorable. Additionally, Vivas et al. (2012) also had reported with the
resultant behavior of transverse mode for large aspect ratio (> 50), without considering
the NW crystallographic structure in the analytical form. In contrast to this, in this
work, the experimental study of the angular dependence of H,. exhibit coherent rotation
mode for hcp Co (002) with the dimension of L=400 nm, D=70 nm.

From Eqns. 1.2.6 and 1.2.8, both HY(#) and H!"(6) are distinguished by the co-
herent reversal length, i.e., for HS(f) mode L is representing the entire length of the
nanowire, whereas in H!" () mode the coherent length (wt) is independent to the wire
length (Hfﬁ = H,? (L:wT)). Therefore, it is to be mentioned that the H, is dependent
on L and @ for coherent mode and independent to L and 6 for transverse mode, re-
spectively. Therefore, the value of H,. for both coherent and transverse mode can be

expressed by the S-W model as a function of nucleation field as (Lavin et al. 2009):

HC (0 0<6<mn/4,
HT)(0) = | "é;’ cr <f=nf (1.2.10)
21Hy " (z/4)| — | Hy ™ (9)] 7/A<0< )2

However, the models discussed above are used to determine the reversal the mag-
netization of isolated nanowires. For arrays of nanowires, the magnetostatic interaction
term plays an important role along with the crystalline anisotropy energy. Therefore,
the classical micromagnetic simulations are very much useful to study the role of shape

anisotropy and the magnetostatic interactions in many aspects. Still, it is not fully a
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closed issue and the influence of the crystalline structure has not been sufficiently ad-
dressed. Moreover, recent modifications in the analytical expressions have led into the
inclusion of the magnetocrystalline anisotropy for the calculation of H, in coherent and
transverse reversal modes, it could not be useful to investigate for complicated struc-
tures of bi-layer textured or the combined different crystalline phases (multi-layered) of

nanowires.

On the other hand, micromagnetic simulation provides useful information based
on the understanding towards the reversal mechanism on complicated structures such
as, for the bi-layered structures of different crystallographic orientations in the same
material or for the different material (multi-segmented nanowires). The structure and
the geometry can be designed such a way that to elucidate the reversal processes within
the cylindrical nanowires / nanowire arrays. Interestingly, this leads to ruled out the
applicability of the above-mentioned models for NW arrays and used to unveil the actual

magnetization reversal process of our experimental nano-structures.

1.3 SCOPES AND OBJECTIVES

In this work, we were focused on the fabrication of 1D magnetic Co nanowire array with
different (hcp/fcc) crystalline phases via electrodeposition processes through the pores
of porous alumina membrane. Both pulse and continuous depositions under chronoam-
periometry condition were performed to grow different crystalline phases and textured
Co nanowire arrays as a function of length and diameter. The whole thesis report deals
with the understanding of the effective magnetic anisotropy of the nanowires with the
presence of the crystallographic phases. In addition to this, a longitudinal magnetic
anisotropy of hcp Co (002) phase is mainly used to estimate the effective magnetostatic
interaction between the nanowires within denser (~ 3 x 10'° no. of wires/cm?) and
less denser (~ 1 x 10 no. of wires/cm?), arrays respectively. The micromagnetic sim-
ulations are utilized to reveal the magnetization reversal processes of such crystalline
phases and their geometry effect using OOMMEF package. Futhermore, we have in-
vestigated the properties of 0D magnetic nanodot arrays which were fabricated using

physical vapor deposition technique using UTAM as shadow mask.

e Fabrication of highly ordered AAO membrane with pore diameter in the range of

25 nm to 100 nm in two-step anodization process with different electrolytes.
e Fabrication of magnetic Co nanowire arrays via electro-deposition.

e To fabricate patterned magnetic nanodot arrays on the silicon substrate through

ultra thin Alumina membrane (~100 nm) by physical vapour deposition.
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e To characterize the magnetic properties of the magnetic nanowire arrays, which
will help to understand the fundamental physics behind the magneto crystalline

anisotropy and shape anisotropy.

e To simulate the results using micromagnetic simulation with same geometrical
parameters as observed in experiments and correlate them with both structural

and magnetic data.

1.4 THESIS OUTLINE

After the detailed survey on the state of the art in magnetic nanostructure arrays (Chap-
ter 1), we describe the experimental techniques in chapter 2, those are used throughout
this work: 1) Experimental setup, preparation steps on the formation of self-ordered
hexagonal alumina pore arrays, i1) deposition techniques those are used to grow nanowires
/ nanodots using electrochemical techniques and nanodots using sputtering methods. In
chapter 3, particular attention is paid on the growth optimization of ordered AAO tem-
plates in two different electrolytes; sulphuric and oxalic acids. Using these AAO tem-
plates, magnetic nanowires are grown through electrochemical routes with a variation of
pH and their morphology and structural characterization are presented in Chapter 4. In
this chapter, special emphasis is given on the magnetic properties of the highly ordered
Co nanowire arrays as a function of length, diameter, inter-wire spacings, and crys-
talline phases and their co-relation with structural data. Chapter 5 deals with the sur-
face patterning of magnetic nanodot arrays of CoggFe;, and SmCoj and their magnetic
properties as a function of thickness. Chapter 6 begins with the basic understanding
of micromagnetic simulation and their tools to nanomagnetism. In this chapter, micro-
magnetic simulation data are presented for the Co nanowire arrays. In these simulation,
the physical parameters of the wire i.e., diameter, length and interwire separation are
taken from the experimental results. Emphasis was given to understand the magnetic
reversal processes of Co nanowires including different crystalline structures, such as
hep (002), hep (100) and fce (111) phases, along with the shape and the magnetostatic
phenomenon. In this case, the magnetostatic interaction between the neighboring wires
were established by comparing the no. of wires such as; single, hexagonal arrays (i.e.,
a single wire positioned at the middle is surrounded by six nanowires hexagonally) of
nanowires. In Chapter 7, the overall summary of the results was highlighted with justi-
fication described in the previous Chapters. Moreover, the outline of the future studies

also discussed for real-time applications.
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EXPERIMENTAL PARTS

In this chapter, we present the details of the experimental techniques used throughout
this work. Mention briefly the techniques-Electrodeposition, pulse deposition, FESEM,
VSM, MFM etc.

2.1 TEMPLATE ASSISTED GROWTH OF MAGNETIC NANOSTRUCTURES

A non-lithographic approach has been used to grow magnetic nanostructures (nanowire
and nanodot) array using the porous anodic alumina (AAO) membrane. The synthe-
sis procedure of nanoporous AAO membrane involves two-step anodization process
of high purity (99.99%) aluminium foils in different acidic electrolytes (Masuda et
al. 1995, Masuda et al. 1997, Masuda et al. 1997, Masuda et al. 1998, Li et al.
1998, Nielsch et al. 2002, Hwang et al. 2002). The porous structures are well de-
fined and arranged in a self-ordered regular hexagonal array with densities as high as
10 pores/cm? with optimized conditions. In this case, the hexagonal arrays contain a
closed-packet cells with a cylindrical central pore which are grown normal to the sur-
face of underlying Al foil, as shown in figure 2.1. The pore size, the interspacing dis-
tance between adjacent pores and the local self-ordered domain size can be controlled
by changing the anodization conditions, such as anodization potential, electrolyte, bath
temperature, and the first anodization time (Masuda et al. 1995, Masuda et al. 1997,
Masuda et al. 1997, Masuda et al. 1998, Li et al. 1998, Nielsch et al. 2002, Hwang et
al. 2002).

Additionally, apart from the structural effects (i.e., confined by the nano-channels
of the membrane), the magnetic properties of deposited Co nanowires are highly in-
fluenced by the crystalline phase (fcc/hcp) of Co while growing them, such as poly-
crystalline, textured, bi-layered texture. These changes in crystalline phases were ob-
tained by tuning the electrochemical deposition conditions, i.e., mode of deposition,
reduction potential, pH of the electrolyte, bath temperature, and the presence of mag-
netic field while deposition, etc., (Darques et al. 2004, Wang et al. 2007, Han et al.
2009, Ren et al. 2011).
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Figure 2.1: Schematic view of porous alumina membrane, note: D), is the diameter
of the pores and I, is the inter-pore distances measured from centre to center of the
neighbouring pores

2.2 SELF-ORDER HEXAGON ARRAYS OF AAO MEMBRANE

2.2.1 Experimental set-up for anodization

When a high purity Al foils is oxidized under anodic process in an acidic electrolyte, a
porous oxide film is formed. A two-step anodization process was adopted to synthesize
highly ordered AAO templates under two different acidic electrolytes. The experimen-
tal setup for anodization is shown in figure 2.2 and used for anodizing Al samples in this
work. It consists of a source meter (Keithley 2400) and a refrigerated circulator (Poly-
Science, USA) with temperature stability of 4+ 0.1 °C in the temperature range of -50
to +80 °C. At low temperatures, especially below 5 °C, a mixture of water and ethylene
glycol with 40:60 ratio was used as a coolant. During our anodization experiment, a
borosil beaker (250 ml) covered with a Teflon lid was used as an anodization cell (inset
in Fig. 2.2). The lead was designed with clamps to hold two electrodes i.e. anode (Al
foil) and cathode (Pt wire) at 30 mm apart. It also provides the electrical feedthrough
to connect the power supply. The whole arrangement was kept partially dipped inside
the circulator bath to have thermal stability at the set temperature. A LabView program

was developed for automation and recording the data.

2.2.2 Steps followed in anodization

Hexagonally arranged well ordered porous AAO membranes were fabricated by taking
a high purity Al (99.99 %, sigma Aldrich) foil with dimension of 40 mm x 10 mm x
0.13 mm. Prior to anodization, surface cleaning of Al was done by using ultrasonication

in acetone for 30 min, followed by rinsing the foil with deionized water (Milli-Q) and
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Figure 2.2: Experimental setup of anodization cell: a) Water bath with thermal con-
troller (+£0.1°C), b) Keithley source meter, and ¢) dimension of Al used. Inset show the
beaker kept inside the water bath which contain weak acid as well as both the anode
(Al) and cathode (pt) electrodes.

then dried. The cleaned Al foil was then anodised at a constant voltage in the voltage
range from 15-30 V in an electrolyte bath with 0.3 M sulphuric acid concentration and
30-60 V in a bath with 0.3 M oxalic acid concentration. For fixed anodising voltage,

experiments were performed at different set temperatures in the range from 0 to 15 °C.

During the 1% anodization, the rearrangement of pore ordering towards a hexagon
array is observed due to the merging of neighboring incipient pores. As this ordering is
a slow process, in this work, 1°¢ anodization was continued for a duration of 10 hrs. This
leads to increase the ordered domain size up to ~ 1-2 m? at self-ordering voltage. The
optimum self-ordering voltage depends on the electrolyte, i.e, 25 V in the sulphuric acid
bath and 40 V in an oxalic acid bath. At the end of the 1*! anodization, the oxide (AAO)
film was removed by wet-chemical etchant (i.e., mixture of 1.8 wt% chromic and 6 wt%
of phosphoric acid) at 60 °C for a duration of 45 mins. Thereby, the resultant surface
of the unreacted aluminium foil contains arrays of ordered concave nano-hemisphere
structures, which assist as nucleation sites during the subsequent anodization.

Prior to subsequent anodization, an acrylic polymer (PMMA: polymethyl methacry-
late) was applied on one surface of unreacted Al foil, obtained after the completion of
1% step of anodization and subsequent etching of the oxide layer. When this foil kept
under subsequent anodization keeping same parameters as the 1 one, the PMMA layer
protects the coated Al surface and the anodic reaction with the uncoated surface initi-
ates with a highly ordered pore structure even at the beginning of the 2" anodization.
Through the 2" step of anodization provides unique size nano-dimensional cells with
a constant pore diameter, however, further enhancement in pore diameter within the
restricted cell dimension was tuned to the desired value by post-etching treatment in

an appropriate etching solution. The length of the cylindrical pore or the thickness of
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the membrane was controlled by the duration of second anodization with respect to the
growth rate of the porous film. The growth rate depends on the electrolyte (i.e., the
concentration of anionic species O~ and OH™), applied voltage, and the bath temper-
ature. For example, the growth rate was observed to be ~ 2.5 nm/s in 0.3 M sulphuric
acid at 25 V, 3 °C, and ~ 1 nm/s in 0.3 M oxalic acid at 40 V, 10 °C. In this work, the
prepared membrane thicknesses were varied from 100 nm to few pm with varying the
anodization duration from 20 sec to 2 hrs respectively.

After completion of the second anodization, the sample was rinsed with distilled wa-
ter followed by the removal of PMMA (i.e., coated back side of Al surface) using ace-
tone. To obtain a free standing alumina membrane, the following steps were followed:
(1) a thick layer of PMMA was coated on the top of AAO film (i.e., the anodized surface
of Al) and then attached to a substrate as a supporting base, (i1) subjected to CuCl, solu-
tion until unreacted Al was completely removed, (iii) removal of the barrier layer at the
pore bottom and subsequently the pore widening in phosphoric acid solution, and (iv)
dissolved the PMMA in acetone and rinsed with water, and (v) then the membrane was
heated up to 150 °C to remove the content of water/acid which are trapped inside the
nanochannel arrays during the fabrication processes. Figure 2.3 shows the schematic

representation of these process steps including the membrane preparation.

2.3 FABRICATION OF NANOSTRUCTURES

Free standing and large aspect ratio membranes with variable pore diameters (D),,) and
the inter-pore distances (/,,) were used to grow magnetic Co nanowire arrays via electro-
deposition process. In addition to this, the small aspect ratio membranes, UTAM (i.e.,
thickness < 100 nm) were used to fabricate highly ordered arrays of nanodot (Lei et
al. 2007) by serving as shadow masks in sputtering or physical vapour deposition tech-

niques. The detailed description of these techniques are given below:

2.3.1 Nanowire arrays
2.3.1.1 Electro-deposition

Electro-deposition is most commonly used technique to grow nanowires due to higher
and uniform filling rate inside the nanopores of an alumina membrane. In this work,
three-terminal electrochemical workstation (SP150-Bio-Logic Instruments) was used
to carry the electrodeposition and the deposition potential was controlled with respect
to the reference electrode (Ag/AgCl ~ 0.198 V). Both potentio-static and pulsed tech-

niques were used to grow nanowires and their structural and magnetic properties were
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Figure 2.3: (a) High purity Al foil,(b)irregular top pore structures is shown after the 1°
step anodization, (c) the ordered arrays of textured Al surface is shown by removing the
grown Alumina using Phosphoric and chromic acid solution,(d) highly ordered porous
Alumina is prepared on Al by doing the 2" step anodization, (¢) PMMA is coated on
Alumina side,(f) PMMA is used as a glue to stick to the substrate (Si or Glass) which
illustrate the Al on top for further etching, (g) the hexagonal barrier layer is shown after
removing the residual Al by using CuCl,, (h) Barrier layer is etched using Phosphoric
acid, and then PMMA also removed by acetone, illustrate the through hole free standing
AAOQO / UTAM on substrate.
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Figure 2.4: The Electro-deposition unit

compared. During the experiment, Ag-coated AAO membrane was used as a cath-
ode/working electrode and Pt wire severed as an anode/auxiliary electrode in the elec-
trolyte containing metal salt to provide ion species during deposition. Figure 2.4 shows
the deposition unit, i.e., electrochemical workstation used in this work. The schematic
representation of template assisted electro-deposition was shown in Fig. 2.5 for the
preparation of nanowire arrays. The required parameters are:

Electrolyte: Electrodeposition was carried out using an aqueous electrolyte con-
taining 120 g/l CoSO, and 30 g/l H3BO3 at room temperature with pH ~ 4. The pH of
the final electrolyte was adjusted to 2 with H,SO,4 and 6.7 with NaOH.

Working electrode: The metal (Au or Ag) coated AAO membrane was served as a
working electrode for the preparation of NWs. Figure 2.6 show the top view of Ag NSs
morphology at the pore bottom of the AAO membrane for two different pore diameters.
The thickness of the Ag-coated film was around 300 nm. From this figure, it is clear that
the Ag NSs are uniform in size and the tip of each Ag NS provides an active surface area

to grow individual nanowire within the nanochannel through electrodeposition process.

Removal of Al Removal of bargier
—— 5 L R R R R R jromemo i
I ‘ l l l l l ALO,
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Figure 2.5: Scheme of the process for template assisted electro-deposition.
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Figure 2.6: Surface morphology of hemi-spherical Ag nanostructures via sputtering
which is formed inside the pore bottom of AAO membrane: a) D, = 45 nm and I, =
65 nm (H2SOy, 25V, 3 °C), and b) D, = 85 nm, I,, = 105 nm (C3H04, 40 V, 10 °C),
respectively. The AAO membrane was removed by using 5 M of NaOH solution.

To provide the electrical connection, the Ag-coated membrane was glued with a Cu
lead using silver paint. Then, the exposed surface area of Ag film was painted by a thick
layer of PMMA and subsequently dried under the lamp. This ensures that the measured
current during the electrodeposition process arises due to the diffusion of Co?" ions
through the nanochannels and hence the 1D growth of Co nanowires (see Fig. 2.5(e)).

Under potentiostat condition, two different modes i.e., pulse and continuous modes
were used to grow nanowires which are discussed below. Under these modes of opera-
tions, the growth parameters are tabulated in table 2.1.

Pulse deposition: A single polarity was maintained throughout the voltage cycle
with a pulse height of -2 V and constant pulse ratio (=1, i.e., the ratio of pulse duty
(Ton) and relaxation time (Tprp)) (Zhang et al. 2007). In this work, the pulse fre-
quency was kept constant at 25 Hz with 50 % duty cycle with 7, = T;,;y= 20 ms.
Figure 2.7(a) shows the pulse duty cycle and the corresponding current transits vs time.
The uniform current transits show the growth of Co NWs inside the pore channels.
Whereas, the resultant +ve current during the relaxation time may signify for the deple-

tion and rearrangement of Co ions near the working electrode.

Continuous deposition using CA mode: The deposition potential was maintained

Table 2.1: Electrochemical deposition modes and their conditions for the synthesis of
Co nanowires

Electrodeposition
parameter — Potential Bath Ton Torr Growth
mode of applied temperature rate
deposition | (V) ©C) (ms) (ms) (nm/s)
Pulsed -2 25 20 20 100
Continuous -1.1 40 15k - 30
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constant at -1.1 V. The filling of the pores was monitored by measuring the deposition
current. The current transits vs time indicates two different growths of Co nanowires:
homogeneous and non-homogeneous filling, as shown in Fig. 2.7(b). The whole filling
mechanism can be divided into three regions: (i) the initial nucleation, (i1) steady state
growth inside the pores, and (iii) for the overfilling of the pores that emerging the wires
into a continuous film. In this work, the samples of Co NWs were considered when
the steady state filling (homogeneous) has occurred to produce straight wires (i.e., the
length of wires < the membrane thickness). The length of the wire was determined by
the deposition time. One of advantage in CA mode that the bulk pH of the electrolyte
affects the crystallographic structure of the nanowire with identical growth conditions.
So in this work, we have grown nanowire with different crystallographic structures by
varying the pH from 2 to 6.7 and utilized only for hcp Co (002) phase to compare their

structural and magnetic properties in different pore geometries, as discussed in Chapter

£ V) --3.5

—(O— uniform filling
—A— non-uniform filling |

'2|0'3|0'4|0'50 60
Time (s)

Figure 2.7: The voltage (F,.), current () transits vs time for Co electro-deposition:
a) pulse mode with pulse height of -2 V [freq=25 Hz, for T;,, = T,f; = 20 ms], and
b) continuous mode at -1.1 V with two different filling rates: uniform (open circle)

and non-uniform (filled triangle), 1) nucleation time, ii) filling inside the pores, and iii)
over-flow of the pores, respectively.

2.3.2 Nanodot arrays

In this work, we prepared Co nanodot arrays by using physical Vapour Deposition. The
experimental details are provided below:

2.3.2.1 Physical Vapour Deposition (PVD)

Fabrications of high-quality magnetic nanodot array of different materials were carried

out using sputtering techniques. An ultra high vacuum (UHV) compatible dc magnetron
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sputtering system with a base pressure of 10~® mbar was used to carry out this depo-
sition. Prior to sputtering process, UTAM was transferred on the top of ultrasonicated
clean Si substrate, which acts as a shadow mask. Here, the adhesion between the sub-
strate and the attached UTAM layer was improved by fast evaporation of acetone and it
is believed that this adhesion is due to the presence of weak van der Waal’s force. The
Si substrate with attached mask was then further heated at ~ 150-200 °C for more than
1 hr to remove water/chemical contents inside the pore walls. These substrates were
then used to grow nanodot arrays of Co and Co alloys (CoggFe1g, and SmCos) using
sputtering technique. The schematic presentation of process steps to fabricate ordered

nanodot arrays via vapour phase deposition is shown in Figure 2.8.

Target (a)
........ "
— —— O\O) O\ C £ (d)
Target Target D \ O \ O\ Z Anti- dot arrays on

\ ﬁ ﬁ ﬁ ﬁ\ Si substl ate
85 nm 115 nm i ‘
Plasma Plasma \ )

UTAM on Si After sputtering ‘

substrate target metals with Namodobsrras, oh
(b) UTAM on Si Si substrate
substrate

© O]

Figure 2.8: Scheme of synthesis of dot arrays via vapor phase deposition.

During the deposition process, the sputtered materials were entered through nanopores
of the mask and formed nanodot arrays. At the same time, the coated materials on
the top of the membrane formed an antidot arrays. Therefore, Si substrate with only
nanodot arrays were achieved by removing the membrane in acetone/NaOH solution
through ultrasonication. As the deposited film thickness increases, the aperture size of
the nanopore decreases due to shadow effect. This shadow effect modifies the shape
of the nanodot array from disk to hemisphere to hemi-elliptical to hemi-conical as a
function of film thicknesses (Lei et al. 2005, Lei et al. 2007).

2.4 CHARACTERIZATION TECHNIQUES

2.4.1 Analysis of elemental structure and composition

X-ray diffraction (XRD) is used to determine the crystal structure of the Co NSs. It

is one of the most frequently applied techniques in material characterizations. It has
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a wavelength in the angstrom range, that are sufficiently energetic to penetrate solids,
and are well suited to probe their internal structure. Here, It has been used to identify
crystalline phases of Co NSs by means of lattice structural parameters and to obtain an
indication of nanosize effect. In general, XRD is the elastic scattering of X-ray photons
by atoms in a periodic lattice. The scattered monochromatic X-rays that are in phase
give constructive interference. This allows to derive the fingerprint of the crystalline
plane from the unique d;; value (i.e., lattice spacings) of the material by using the

Bragg relation:

nA = 2dpsind; n=12,.. (2.4.1)

where, A is the wavelength of the X-rays, dp; is the distance between two lattice
planes, 6 is the angle between the incoming X-rays and the normal to the reflecting
lattice plane and n is the integer called the order of the reflection.

In this work, the XRD pattern of Co NSs is measured with a stationary X-ray source
of Cu Ko with an energy of 8.04 keV and a wavelength of 0.154 nm, and a movable de-
tector, which scans the intensity of the diffracted radiation as a function of the angle 26
between the incoming and the diffracted beams [D8 Advanced Brucker X-ray diffrac-
tometer]. For Co NSs embedded inside alumina membrane, an image of diffraction
lines occurs because a small fraction of the Co NSs will be oriented such that by chance
a certain crystal plane is at the right angle 6 with the incident beam for constructive
interference.

X-ray diffraction has an important limitation: clear diffraction peaks are only ob-
served when the sample possesses sufficient long-range order. The advantage of this
limitation is that the width (or rather the shape) of diffraction peaks carries informa-
tion on the dimensions of the reflecting planes. Diffraction lines from perfect crystals
are very narrow, whereas, in our case for crystallite sizes below 100 nm, however, line
broadening occurs due to incomplete destructive interference in scattering directions
where the X-rays are out of phase. The resultant characteristics behaviour are discussed
in Chapter 4.

2.4.2 Surface topography

Electron Microscopy: It yields remarkable surface images preferably in atomic details.
Unfortunately, optical microscopy is of no use for achieving this, due to the light source
of long range wavelength (X is in the range of visible region, i.e., few 100 nm) which
limits the image resolution (=a.\/N A, where N A is the numerical aperture). Moreover,

the diffraction effect and the aberration effect of the lens also contribute in the formation
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of image processing. However, electron microscopes could routinely achieve magnifi-
cations in the order of one million times and reveal details with a resolution of about
0.1 nm. Since, the sample surfaces are examined with accelerated electron beam, the
associated wave function of each electron has a wavelength of A\ = h/mv = h/v/2mE,
where m is the mass, v is the velocity of the electron, and h is the Planck constant, that
can be derived by the de Broglie relation. With the increase of the kinetic energy (£ in
eV), the decrease in A will be achieved (~ less than 0.1 nm) under the ordinary condi-
tions of operation in electron microscopy. In addition to this, optical lenses are replaced
by the electromagnetic lenses that have been used to focus the electron beam on the
specimen surface. This assist to provide two major benefits in electron microscopes;
(i) range of magnification and (ii) depth of field of the sample surface. Therefore, it
is possible to achieve an extremely small electron beam diameter and angular aperture,
that results for much higher resolving power and field depth than those obtained with
light microscopy. In order to generate and propagate the electron beam, the system re-
quires high-vacuum chambers that impose some restrictions on the characteristics of the
samples for observation. Moreover, there are several methods of electron microscopy
that classified by (i) depending on the characteristics of the lighting system (the inci-
dent electron beam generation and guidance control), (ii) the mode to detect radiation
emerging from the sample (under the electron beam impact), and (iii) the image con-

struction.

In this work, the morphology of the AAO template and the Co NSs are studied by
using Field Emission Scanning Electron Microscopy (FESEM, ZEISS Supra 40V). In
general, it is different from the generation of electron beams that produced by field
emission principle than the ordinary scanning electron microscope (SEM). However,
SEM is carried out by rastering a narrow electron beam over the surface and detecting
the yield of either secondary or backscattered electrons as a function of the position of
the primary beam. Contrast is caused by the orientation, parts of the surface facing the
detector appearing brighter than parts of the surface with their surface normal pointing
away from the detector. The secondary electrons have mostly low energies (~ 5-50 eV)
and originate from the surface region of the sample. Backscattered electrons come from
deeper regions and carry information on the composition of the sample because heavy
elements are more efficient scatters and appear bright in the image.

Energy Dispersive X-Ray Spectroscopy (EDS): As the electron beam of the FE-
SEM is scanned across the sample surface, it generates X-ray fluorescence from the
atoms in its path. The energy of each X-ray photon is characteristic of the element that
produced it. The EDS microanalysis system collects the X-rays, sorts and plots them by

energy, and automatically identifies and labels the elements responsible for the peaks in
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this energy distribution. EDS identifies the elemental composition of materials imaged
in FESEM for all elements with an atomic number greater than boron. Most elements

are detected at concentrations on the order of 0.1%.

2.4.3 Scanning Probe Measurement

One of the non-destructive approach in the recent developments for determining the
surface structure is the Scanning Probe Microscopy (SPM). Atomic Force Microscope
(AFM) is one of the SPM technique. It is capable of imaging the local surface topog-
raphy with atomic resolution. In principle, a sharp tip is a raster across a surface by
piezoelectric transducers, while a certain property reflecting the interaction between the
tip and the surface is monitored and yields local information. For AFM, the detectable
forces are the van der Waal’s forces in the order of magnitude nano-Newtons (nN),
which acts between the sharp tip and the atoms in the surface. The tip is mounted on
a flexible arm called cantilever and is positioned at a subnanometer distance from the
surface. If the sample is scanned under the tip in the  — y plane, it feels the attrac-
tive or repulsive force from the surface atoms and hence is deflected in the z direc-
tion. Therefore, the topographic images are generated by variation in the van der Waals
forces that associated with the tip-sample distance. Various forces have been utilized
between the tip and the sample surfaces. In order to measure the magnetic stray field on
the surface of our samples, magnetic force microscopy (MFM) is used to measure the
magnetic force between the magnetized tip and magnetic sample of Co NSs. During
the MFM measurements, there are two forces acting on the tip; magnetic and Van der
Waals forces. The dominating force depends on the distance between the tip and the
sample surface, since the inter-atomic magnetic force persists for greater tip-to-sample
separations than the van der Waals force, a lift-off process in non-contact AFM mode
is operated. This yields a local magnetization state or the magnetic domain distribution

on the sample surface.

2.4.4 Magnetometery Studies:

Vibrating Sample Magnetometry (VSM): The magnetic characterization of materials
is usually made by measuring a hysteresis loop, from +M/ to -M; and vice versa at
a particular temperature. In this work, a high sensitive VSM (LakeShore) is used to
characterize the magnetic properties of the Co NSs at room temperature as a function
of magnetic field (~10 kOe) and time. The basic principle of VSM is based on the
Faraday’s law of electromagnetic induction, which states that the voltage V() induced

in an electrical circuit is proportional to the rate of change of magnetic flux linking the
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circuit (do/dt),
de
dt
In this case, a sample is attached to a vibrating rod and allowed to vibrate in a

V(t) = (2.4.2)

magnetic field produced by electromagnets. With an increase in the magnitude of the
applied magnetic field increases in the magnetization of the samples, which cause a
change in magnetic flux to induce a net voltage signal. This signal can be measured by
the induction coils located near the samples. It is usually small and is measured by a
lock-in amplifier at a frequency specified by the signal from the sample vibrator. The
signal measured by the induction coils is directly proportional to the magnetization of
the sample and independent of the external field intensity. While plotting the Magne-
tization (M) vs applied magnetic field intensity (/1) results in a hysteresis curve repre-
sentative of the samples magnetization. In this work, the M (H) loops are measured in
both parallel and perpendicular to nanowire axis, (i.e., out-of-plane and in-plane to the
substrate). However, the low temperature M (H ) loops of Co NSs are characterized by

using superconducting quantum interference device (SQUID) magnetometry.

2.4.5 Micro-magnetic simulation

Micromagnetic simulations are also used to understand the nano-magnetism with a clear
image of magnetic spin configurations. The simulations were performed using object-
oriented micromagnetic simulation software (OOMMEF: Donahue et al. 2012). The
parameters used for the calculations are taken from bulk Co, for the exchange constant,
the saturation magnetization, and K for the cubic or uniaxial anisotropy. In these cal-
culations, the cell size is selected to be 2 x 2 x 2 nm?® and mentioned that wherever is
required, which is much smaller than the exchange length L., = \/W (=7
nm for Co) with y being the permeability of vacuum. We then compute the equilib-
rium magnetization patterns for our magnetic NSs. The dynamics of magnetization are

discussed in Chapter 6.
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FABRICATION OF POROUS ALUMINA MEMBRANE: OPTIMUM

CONDITIONS FOR SELF-ORDERED PORES

In this chapter, fabrication of anodic Aluminum Oxide (AAO) templates/membrane
using sulfuric and oxalic acid as electrolytes are discussed. Influence of varying an-

odization voltage and bath temperature on pore morphology is discussed

3.1 SELF-ORDERED POROUS ALUMINA MEMBRANE
3.1.1 Anodization of Al

A century-old industrial process, anodization of Al exists with two different oxide lay-
ers, (i) non-porous or barrier alumina, and (ii) porous alumina film in aqueous elec-
trolytes (Li et al. 1998, Zhu et al. 2009). The nature of oxide layer is determined by pH
of the electrolyte (Li et al. 1998, Sulka et al. 2008, Zhu et al. 2009). For example, non-
porous barrier oxide film can be formed in neutral and non-aggressive solutions, (i.e.,
pH 5-7) such as borate, oxalate, citrate, phosphate, tungstate solution, etc., in which
the anodic oxide is practically insoluble. Whereas, the porous alumina film is formed
in weak acid electrolytes, such as selenic, sulfuric, oxalic, phosphoric, chromic, mal-
onic, tartaric, citric acid, etc. It is also well known that the growth kinetics of these
two different types of oxide layers are different. In the case of barrier alumina, under
potentio-static anodization, the current density decreases exponentially with time as the
thickness of the barrier AAO film increases. Hence under this condition, the thickness
of the barrier layer is determined by the applied voltage. Whereas, in case of porous
alumina film, the initial formation of oxide layers reduces current density to a constant
value with a short span of time when subjected to anodization under potentiometric
condition and maintains this value as the anodization progresses.

In general, the alumina film is formed due to the movement of AI** ions from the
metal across the metal/oxide interface and O*>~/OH~ ions are formed from water at
the oxide/electrolyte interface and migrate into metal/oxide interface, respectively (Li
et al. 1998). Non-porous barrier-type AAO film is formed on two interfaces with the
highest forming efficiency of the oxide, i.e., current efficiency (n; = 100%) in neutral
solution. Whereas, in porous AAO film, the forming efficiency is much lower (7; =

53.5%) than the barrier film, because the egress of AT cations do not contribute to the
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oxide growth at oxide/electrolyte interface in acid solutions, i.e., the oxide formation
occurs only at metal/oxide interface at initial phase of the growth (Sulka et al. 2008,
Lee et al. 2014). On the other hand, the current efficiency (7;) can be represented
by the Pilling-Bedworth ratio (PBR), i.e., the ratio of the molar volume of the grown
oxide to molar volume of the consumed metal in oxide formation process. It is sug-
gested that the barrier-type AAO has a value of PBR ~ 1.7, for the growth of highly
uniform oxides on Al surface, maintaining flat metal/oxide and oxide/electrolyte inter-
faces. Meanwhile, low PBR ~ 0.9 is reported at the initial barrier oxide formation in
porous AAO, whereas highly ordered porous alumina has been reported in the range of
1.22 to 1.45 (Jessensky et al. 1998, Li et al. 1998, Nielsch et al. 2002), irrespective of
the electrolyte. This leads to increase the tensile stress on the initial growth of barrier
AAO, which causes the formation of some flaws and embryo voids on the surface. The
generated defects are considered to be local paths for electrolyte penetration, causing
non-uniform local thickening of the initial barrier oxide. Therefore, different growth
features of the initial barrier oxide, such as non-uniform thickening or flat anodic oxide
layers can distinctly differentiate the porous- and barrier-type AAO films as reported by
Shimizu et al. (2011). Further discussion is for porous AAO film, which is particularly
focused as part of this Ph.D. work.

Thus, the non-uniform thickening of anodic oxide arises to local increase in the electric
field, E' caused by the concentration and redistribution of the current lines into the rela-
tively thin oxide regions between the protrusions. Further reactions in acidic electrolyte
result with the development of regular pores with concentrated £ at the pore bases.
During the process the steady-state pore growth (i.e., almost constant current density)
is established and the thickness of the barrier oxide layer is maintained by the dynamic
rate balance between the two processes: (i) oxide formation and (ii) oxide dissolution,
occurring at the oxide electrolyte interface. The oxide formation is mainly due to the
reaction between O%~ ions and Al** ions migrated at the metal/oxide interface, as in the
formation of barrier-type oxide and the oxide dissolution is the outward migrating of
AI*T ions which exclusively ejected to the electrolyte under the enhanced electric field
at the pore bases (i.e., oxide/electrolyte interface). Therefore, unlike barrier-type AAO,
the pore growth and development of AAO film has been explained by the field assisted
dissolution (FAD) model at the pore bottom.
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3.1.2 Electro-chemical mechanism of pore formation

For anodization of Al, migration of both anion (O?>~ and OH™) and cation (AI*") are in-
volved at metal/oxide and oxide/electrolyte interfaces. As mentioned above, the steady-
state equilibrium condition leads to porous AAO growth via oxide formation and disso-
lution at oxide electrolyte interfaces. Therefore, chemical reactions at the two interfaces
are considered, and the possible reactions are (Li et al. 1998, Zhu et al. 2009, Lee et al.
2014):

(i) At the metal/oxide interface:

Al — ALY+ 3e” (3.1.1)

2AL0F + 300, — AlO3 (3.1.2)

(i1) At the oxide/electrolyte interface:

2A107 + 300, — AlOy (3.1.3)
Al O3 + 6H |, — 2AI0} + 3H,0(, (3.1.4)
ALLR — Al (3.1.5)

207,,) = Oyg) +4e” (3.1.6)

40H — Oyg) + 2H,0 + 4e” (3.1.7)
2H,0q) — Of +OH,, +3H (3.1.8)

The balance between the rate of oxide formation and dissolution is determining the
steady-state pore deepening process. In this case, the formation of anodic oxide at the
metal/oxide and oxide/electrolyte interfaces correspond to reactions 3.1.2 and 3.1.3, re-
spectively. Whereas, the oxide dissolution is described in reaction 3.1.4 and it can be
stimulated by two factors, such as Joule’s heating- and/or field-assisted oxide dissolu-
tions. However, direct ejection of Al** ions also occur from the metal/oxide interface to
the electrolyte through oxide, by field-assisted mechanism in reaction 3.1.5. Therefore,

the net current efficiency (7;) associated with the anodic oxide formation is decreased
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by reactions 3.1.4-3.1.6 for porous-type AAO. In addition to this, the heterolytic disso-
ciation of water molecules at the oxide/electrolyte interface also supply oxygen anions
to the metal/oxide interface to form an anodic oxide, in reaction 3.1.7.

Su et al. (2009) were proposed the overall reaction at oxide/electrolyte interface, by
assuming the possible oxide anion formations: such as (i) from the dissolution of Al,O3
at the oxide/electrolyte interface may reform the oxide at the metal/oxide interface, and
(i1) from the dissociation of water may contribute to the oxide formation. The overall

reaction at oxide/electrolyte interface is:

Al,O5+nH,00) — ZAZ?;;) +B—n— x)O2;) +20H,, + (2n — r)3H ) 3.1.9)

(o (ox (aq

where the ratio of produced O?~ and OH™ cannot be determined, while n is used to
indicate the molar ratio of dissociation water and the dissolution of Al,O5 at the same
time. In addition to this, the relative dissociation rate of water is also demonstrated for
AAO film with disordered pores. In a simple relation, the heterolytic dissociation of
water at the oxide/electrolyte interface is proposed for the key factor for governing the
porosity (P = ratio of the pore size to the cell dimension) of ordered AAO films, rather
than the position of the pores. In this regard, Su et al. (2009) claimed the field dependent
nature of the heterolytic dissociation, which accounts for the decreasing porosity with
increasing applied field.
T Dy 3
P = m(]—p) = —(n+3) (3.1.10)
However, the attainment of long-range regular porous structure and the control over
the pore size and the cell size is determined by the anodization parameters, such as ap-
plied potential or current density, nature of electrolyte, pH, and bath temperature. In
this regard, self-ordered pore arrangements are prepared by two-step anodization pro-
cess, as described in Chapter 2. Moreover, perfectly ordered alumina structures are also
achieved in a single-step anodizing by Al pre-nanoindentation via various techniques
(Masuda et al. 1998, Masuda et al. 2002, Masuda et al. 2004). In this work, a simple
two-step anodization is considered and the conditions for the preparation of self-ordered

porous AAO membrane is described below:

3.2 ANODIZATION CONDITIONS

The self-assembled pore formation in alumina film in 0.3 M H,SO, electrolyte was
carried out at different anodization potentials in the range from 15 to 25 V while keeping

the bath temperature at different set values from 1 to 15 °C. In order to understand
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Figure 3.1: Current density vs time characteristics of Al anodization: a) for different
anodization potential at constant temperature (3 °C), and b) for different anodization
temperature at constant potential (25 V).

the behavior of anodization process, a real-time current evolution was monitored to
evaluate the steady state anodization, i.e., from the current density (j) vs time () transit.
Figure 3.1(a) presents the plot of j vs t curves for three different values of anodizing
potential 15, 19, and 25 V where the electrolyte bath temperature was kept at 3 °C.
Figure 3.1(b) presents the similar plots for three different temperatures, 3, 7 and 10 °C
with a constant anodizing potentials of 25 V. Irrespective of the anodizing potential or
the bath temperature, at the beginning, j decreases rapidly and then maintain at a steady-
state value. The drop in j indicates the increase in resistance i.e., barrier layer formation
and then j increases slowly towards a saturated value. This is due to the dissolution
of alumina at the oxide/electrolyte interface. As j reaches to a saturated value, the
anodization process reaches an equilibrium stage where the rate of oxide formation
at metal/oxide interface becomes equal to the rate of dissolution at oxide/electrolyte)
around the pore bottom. From this figure, it is clear that the stable anodizing process
can be achieved under various anodization conditions. However, the highly ordered
pore geometry was attained in a small window of anodization which are influenced by
the effect of electrolyte temperatures and applied potentials. The anodic voltage and the

temperature of electrolyte affect both the growth rate and nanopore geometry.

3.2.1 Effect of applied Potential

As shown in figure 3.1, the observed value of j is low while anodization was carried
out at 15 V and 3 °C. This indicates that the formation of oxide layer occurs at lower
growth rate, which may induce more stress on Al,Oj3 layer (i.e., for a very small value
of PBR << 1 due to the smaller expansion of volume during oxide formation). This
may result in a number of small voids or disordered pores. The top surface morphol-

ogy of porous membranes were shown in Figure 3.2 after second anodization at various
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Figure 3.2: Top view of pore arrays grown at different voltages and temperatures. The
scale bar is 200 nm.
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voltages and temperatures. It can be seen that the pore density (n) was decreasing with
increase in applied voltage due to the enhancement in the interpore distance as well as
the pore diameter, such as 15V > 19 V > 25 V. For higher applied potential, the diffu-
sion of AI** or O?~/OH~ may increase in the oxide electrolyte interface which results
higher j values in Figure 3.1. This leads to thickening the alumina film with higher
growth rate, i.e., the oxide dissolution rate at pore bottom (oxide/electrolyte interface)
was induced by the enhanced electric field strength or by increase in the local temper-
ature (i.e., joule heating) during the steady-state anodization. However, the mechanical
stresses and rates of heat dissipation become nonuniform at pore bottom which may
affect the pore ordering (Li et al. 1998, Li et al. 1999, Li et al. 2000). According to
Jessensky et al. (1998), PBR value is increased with the increase in anodization poten-
tial, meanwhile a moderate expansion of Al will offer the highly ordered AAO (PBR ~
1.22) (Jessensky et al. 1998). In this view, it is suggested that for a fixed volume, the
pores were rearranged in a lateral direction to attain hexagonal close packing when the
Al,O3 layer is expanding freely only in the vertical direction. Therefore, it is clear that
the determining factor for adjacent pore distance is the applied potential with respect to

the volume expansion of Al.

3.2.2 Effect of bath Temperature

The electrolyte temperature is also influenced in the diffusion rate and the oxide disso-
lution during the anodization process. Figure. 3.1 (b) indicates that the increase in j as
a function of temperature for a constant applied potential of 25 V. Most importantly, the
effect of electrolyte temperature was reported for the etching of pore walls wider at top
AAO surfaces than at the bottom of pores while doing anodization process for a pro-
longed time (Aerts et al. 2007). Therefore, here the optimization process was restricted
for a short duration (~ 5 min) during the second anodization. In the optimized con-
dition, the influence of electrolyte temperature on the self-ordered porous structure are
investigated, and the variations in the pore diameters, inter-pore distances, pore growth
rate, and top surface roughnesses as a function of temperature are presented. Here, the
first and the second anodizing times are maintained constant throughout the study as
10 hours and 5 minutes. The first anodization time may reflect in the pore arrangement
and the domain size. Whereas, the second anodization time only influences in the pore
length (i.e., thickness). The set temperature of the electrolyte was maintained with an
accuracy of + 1 °C during each anodization. The average pore parameters, such as pore
diameter, inter-pore distance and the porosity of the porous membrane for the given

anodization conditions are calculated and tabulated in table 3.1.
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Table 3.1: Condition optimization of self-ordered AAO membrane using 0.3 M sul-

phuric acid.

Anodization =
voltage 15V 19V 25V
Bath | D, I, P D, I, P D, I, P
temperature (nm) (nm) (%) | (nm) (nm) (%) | (nm) (nm) (%)
1°C 2243 4243 0.24 | 254+2 46+4 0.26 | 33+3 61+£3 0.26
3°C 2542 4442 0.29 | 29+3 5242 0.28 | 35+£2 64+4 0.27
7°C 28+4 43+4 0.38 | 30+4 48+3 0.38 | 37+4 63+5 0.3
10 °C 30+5 4443 042 | 34+4 50+4 0.41 | 38+2 6342 0.32
15°C 3146 45+2 043 | 35+5 5243 041 | 3945 6443 0.33

3.3 PORE PARAMETERS

3.3.1 Pore diameter (D,) and inter-pore distance (/,,)

Figure 3.3 (a,b) shows the variation of inter-pore distance and pore diameter, respec-
tively, with increase in temperature from 1 to 15 °C of the electrolyte at three differ-
ent anodization potentials in 0.3 M H5SO,. It is seen that for a constant anodization
potential, the average inter-pore distance remains unchanged with the variation of tem-
perature. However, the inter-pore distance increases with an increase in the anodization
potential from 15 to 25 V at a given temperature and supports literature results (Li et
al. 1998, Sulka et al. 2002, Sulka et al 2009). The average inter-pore distance varies
with anodization potential from 4243 nm at 15 V to 64+3 nm at 25 V in the studied
temperature range.

On the other hand, it can be seen that the pore diameter increases with increasing
electrolyte temperature and ultimately saturates at a higher temperature for a given an-
odization potential. This kind of observation is reported for the first time since earlier
literature (Aerts et al. 2007, Sulka et al. 2009) mentioned about the monotonous en-
largement of pore diameter with the rise in temperature. Basically, a high temperature
favors ionic diffusion and reactivity which enhances the chemical dissolution of the
formed oxide layer on Al. This dissolution process leads to selective etching of the in-
side wall of the pore due to the availability of large surface area rather than the pore base

resulting into a larger pore diameter. It is also noticed that at a given temperature, the
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pore diameter increases with increase in anodizing potential. Therefore, as mentioned
above, the inter-pore distance is related with pore nucleation density, and influenced by
the function of anodizing potential; whereas the pore diameter is strongly dependent
on electrolyte temperature as well as anodizing potential. Indirectly, we can say that
the applied anodizing potential essentially patterns the pore arrangement on the Al sur-
face and the combined effect of potential and temperature help unidirectional pores to

propagate via dissolution.
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Figure 3.3: (a) Variation of interpore distance with bath temperature. (b) Variation of
pore diameter with bath temperature. (c¢) Schematic showing influences of bath temper-
ature on inter-pore distance and pore diameter when the voltage is constant.

In Figure 3.3(c), we show a schematic representation of the temperature effect on
inter-pore distance and pore diameter where it is seen that at constant potential, the inter-
pore distance is not influenced by enhanced rate of dissolution at various temperatures
(see Fig. 3.3(a)), but it helps to assume that only the pore walls are etched to widen the
pore size. This enhanced dissolution clarifies the resultant etched surface topography of
porous alumina film prepared at elevated temperature (15 °C at 25 V). Further increase
in temperature may lead to more opening the pore and declining the wall thickness,

supporting the observations made by Aerts et al. (2007).
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3.3.2 Porosity

Eventually, at very high temperature the walls between the neighboring pores dissolve
merging them together and enlarge the pore size. This also contributes in the poros-
ity calculation of the porous alumina membrane. The porosity of the hexagonal pore

structure is given by the relation in Eqn 3.1 that the ratio of D, /1, determines the film
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Figure 3.4: Porosity of ordered nanostructures formed by anodizing of aluminium at
electrolyte temperatures between 1 °C to 15 °C for three different potentials 15, 19 and
25 V.

Figure 3.4 shows the variation in porosity as a function of temperature for given
anodization potential. Irrespective of the anodization potential, the porosity, P, was ~
28 % at lower electrolyte temperatures i.e., from 1 to 3 °C. With further increasing the
electrolyte temperature till 10 °C, the value of P increases from 28 % to 42 % while
anodizing at 15 V and then saturated at higher electrolyte temperatures. The rate of
increment in P in the temperature window of 3-10 °C reduces as the anodizing potential
increases from 15 to 25 V. This is explained above in terms of the oxide dissolution at
the pore walls at higher temperatures. This causes to enlarge D, without affecting I,
as supported by the literature (Ono et al. 2003). Hence, our porosity calculation also
confirms that the higher rate of pore wall etching at lower applied potentials (15 and
19 V) than at 25 V with elevated temperatures. Moreover, D,/I, has been reported
as a constant factor for the well defined self-ordered porous structure and requires a
porosity about 10 % independent to anodizing conditions (Nielsch et al. 2002, Ono et
al. 2004). Here, the well-ordered porous nanostructure forms at 25 V with a porosity
value of 28+3 %.
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3.3.3 Pore Growth Kinetics

Self-ordering of nanoporous alumina membrane is known to be controlled by current
density and high electric field apart from anodizing potential, temperature and bath
composition (Ono et al. 2004). At constant anodizing potential, the analysis of tran-
sient current density variation with time at different temperatures appears to be very
important. Since for heterogeneous processes like electrode/electrolyte interface reac-

tions, the current density (j) is directly proportional to the rate of reaction (k)

j=zFk (3.3.1)

where z is valency and F' is Faraday’s constant. Assuming a first order reaction from
the Arrhenius equation (Patermarakis et al. 1991), the reaction rate (k) is related to

temperature (7) as:
k= Aexprr (3.3.2)

where A is a constant and E,, is activation energy and R is universal gas constant. By
combining equation (3.3.1) and (3.3.2) one can get a relation between current density
and temperature as
. —Fa
j=zFA.exp®RT (3.3.3)

which shows an exponential variation of current density with temperature for a given

potential and electrolytic condition.
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Figure 3.5: Current density vs time characteristics during second anodization of Al
at 25 V and inset shows the evolution of steady state current density as a function of
temperature at different anodizing potentials.
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In order to find out the relation between current density and temperature exper-
imentally, the transient current density behavior was recorded for first 100 s during
second-step anodization at different temperatures and potentials as shown in Fig. 3.5.
One can see a rapid stabilization of very high current density to a lower steady state
value within 5 seconds of starting the experiment. The high beginning current density
arises due to the absence of oxide layer and once oxide layer starts forming it reduces
drastically. But with an increase in temperature the steady state current density is found
to increase obeying the Arrhenius equation (3.3.4). It is also noticed that the variation in
steady-state current density is gradual till 10 °C, but it becomes drastic at 15 °C due to
the exponential relationship between current density and temperature. Importantly, we
also observe that the steady state anodization is attained faster by increasing bath tem-
perature and initiates the growth of porous alumina layer. This behavior is the result of
enhanced oxide formation and dissolution rate at the metal-oxide and oxide-electrolyte
interface, respectively. Inset of Fig. 3.5 shows the variation of steady current density
with the temperature at different anodizing potentials. It is evident that the current den-
sity increases with increase in anodizing potential and temperature. This signifies a
steady increase in pore growth rate with anodizing potential and temperature. More-
over, within the studied temperature range (1 to 15 °C), the exponential variation of
current density with temperature is reflected only at higher potential (22 V and 25 V).
A better picture could be visible if one conducts experiments in a wider temperature

range.

We have carried out a detailed analysis of the growth rate of AAO films prepared
in Hy SOy electrolyte at 15, 19 and 25 V to correlate the steady current density data.
The bath temperature was varied from 1 to 15 °C. Growth rate, r (nm/s), was obtained
by dividing the thickness of membrane (t) by duration of anodization (Han and Shen
2011). The thickness of AAO membrane is measured by a 3D surface profilometer.
Duration of anodization was kept in the range of 60-300 s to ensure that the membrane
thickness is in the range of 100-400 nm. The thin AAO membrane is placed on a silicon
substrate. Since the membrane is very thin, it sticks on the silicon surface. Figure 8
shows the variation of growth rate with bath temperature at different potentials. The
growth rate of alumina membrane increases exponentially with bath temperature for
all the anodizing potentials. We note that the influence of bath temperature is greater
at higher voltages. This is because at higher anodizing potential, enhanced anodizing

current influences the growth kinetics as evidenced in Fig. 3.5.

From the detailed analyzes of the effect of temperature on pore diameter, inter-
pore distance, current density behavior and growth rate, it is now confirmed that the

temperature alone has a significant influence on the pore growth rate apart from the
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Figure 3.6: Shows the variation of growth rate as a function of temperature for anodiz-
ing potentials of 15, 19 and 25 V.

effects of anodizing potential and kind of electrolyte. Higher temperature not only
enhances the pore diameter but also it contributes to pore lengthening. Therefore, the
increase in resultant growth rate increases the overall thickness of AAO layer. The
resultant growth rate (r) vs. temperature curves (Fig. 3.6) of AAO nanopores can be

fitted with a modified Arrhenius equation (Patermarakis et al. 1991) as

r= AexpF +c, (3.3.4)

where, E, is the activation energy, R is the gas constant (8.314 J/mol.K), T’ (=
T+273.15) is the bath temperature in K, ¢ is constant and A is a field dependent coef-
ficient. The estimated E, values are 31.6, 56.9, and 72.8 kJ/mol for the given applied
potentials 15, 19, and 25 V, respectively in HoSO, medium. These results agree with
the previous analysis done by Han and Shen (2011) with the reported value of E, (75.2
kJ/mol) in HsPO4 medium at 140 V. A slight difference in activation energy value could

be due to the difference in medium and anodizing voltage.

3.4 FAST FOURIER TRANSFORM (FFT) BASED ANALYSIS OF PORE REG-
ULARITY

Recently, the regularity or the ordering of nanopore arrays in the porous AAO mem-
brane is quantitatively investigated by using 2D or 3D FFT pattern of the FESEM im-
ages. This is very helpful to show the effect of anodization conditions towards the
symmetry of pore distributions. FFT images are generated from the image software

using WSxM (http://www.nanotec.es.), which works for the structure periodicity in the
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inverse space to show the lattice points for the corresponding FESEM images. It re-
flects the periodicity of the pore distribution, such as, (i) disc shape is for disordered
pore structure, (ii) ring is for ordered periodicity with non-uniform pore size, and (iii)
six distinct points or six-fold symmetry for the highly ordered pore distributions. Ac-
cording to Sulka et al., (2002), that the higher magnified FESEM image (0.25;:m?) can
have a better degree of ordering in the FFT pattern to show short-distance ordering in
AAO i.e., for the existing smaller domains in AAO surface. Therefore, the limitations
of measuring pore regularity by FFT are, the size of the FESEM image, no. of domain
(edge may have non-uniform pore distribution) presents, and surface defects in the AAO
membrane. In this case, the sample area of FESEM images is kept constant for taking
FFT pattern, 1.16 pm?. The effect of anodization conditions based on their regularity

profile is shown below:

3.4.1 Effect of anodization potential

The effect of anodizing potential on the regularity of nanopores was analyzed by varying
the anodizing potential in the range of 15-25 V keeping the temperature constant at 3 °C.
The top surface FESEM images of AAO films at 3 °C are presented in Fig. 3.7 whose
anodization was carried out at 15, 19 and 25 V. It is evident that the pores formed
at 15 V are irregular in shape. We note that such irregular pore shape is maintained
at 15 V at other bath temperatures (see Fig. 3.2). An improvement in pore ordering
was visible upon elevating the anodizing potential to 19 V. Keeping other parameters
constant, the further increase in potential to 25 V, almost perfectly ordered hexagonal
arrays are observed. With the increase in potential, the pore ordering and the interpore
spacing were found to increase, whereas, the pore density showed descending order.
The calculated pore size and the spacings were 18 nm (44 nm), 23 nm (52 nm) and
29 nm (64 nm), at 15, 19 and 25 V respectively. The pore regularity, periodicity, and
correlations among pores were further ascertained from the 3D FFT analysis of FESEM
images of AAOs. For these 3D-FFT analyzes, an area of 1.16 um? was selected.
Figures 3.7 (b),(d) and (f) represent the 3-D FFT plots of AAO films corresponding
to Fig. 3.7 (a), (c), and (e), respectively prepared at different anodizing potentials. It
can be seen from Fig. 3.7 (b) and (d) that a ring structure is formed at 15 and 19 V.
This ring structure is a representation of poor ordering (Li et al. 1999) among pores.
The domains are of short range with non-sharp boundaries. This is consistent with the
analysis done by Sulka et al. (2002) where the ring structure has appeared at 17 and
21 V. The inverse of the ring diameter represents the inter-pore distance between two
nanopores. Itis also seen in Fig. 3.7 that the ring diameter is decreasing with increasing

anodizing potentials. It corroborates with the fact that the inter-pore distance increases
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Figure 3.7: FESEM micrographs and 3D FFT images of AAO thin membranes prepared
at 3 °C for voltages of (a,b) 15V, (c,d) 19 V and (e,f) 25 V.

with increasing anodizing potential which corroborates previous investigations (Jessen-
sky et al. 1998, Belwalkar et al. 2008). It can also be seen from Fig. 3.7 that the peaks
in the ring structure become intense and narrower with an increase in anodizing voltage.
This interprets that the size of the ordered domains increases with increasing anodizing
potential. There are six distinct high-intensity peaks formed at 25 V, as shown in Fig.
3.7(f). Also, these six peaks are arranged in the form of a hexagon, which represents the
formation of the hexagonal lattice by the nanopores. The high intensity of these peaks
shows that this hexagonal lattice is uniformly repeated in the nanostructure. Thus, the
best regularity of nanopores was obtained at 25 V in H,SO, medium. According to this
results, then the effect of anodization bath temperature is also described in section 3.4.2
for anodizing Al at 25 V.
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3.4.2 Effect of Temperature

The influence of electrolyte temperature on pore ordering was also investigated by vary-
ing the temperature in the range 1 to 15 °C during two-step anodization of aluminum
in HoSO,4 employing anodization voltage constant at 25 V. Top-view micrographs of
porous alumina membrane and their corresponding 3D-FFT images examined at vari-
ous bath temperatures are shown in Figure 3.8 (a, b) 1 °C, (c, d) 3 °C, (e, f) 7 °C, (g,
h) 10 °C, and (i, j) 15 °C, respectively. The highest ordered pore arrangement with a
domain size of ~ 1-2 um was obtained at 3 °C, however, on either side of this temper-
ature the scale of pore ordering was found to be deteriorated. At higher temperatures,
a gradual decrease in ordered pore domain size was observed associated with the dis-
solution at the pore edges. Such etched pore walls are indicated by drawing an arrow
in Fig. 3.8 (i). Previously, Li et al. (1998) suggested that the ordered domain growth
in anodic alumina film is a linear function of time and temperature as described by an
empirical formula, R = Bt", where B is the temperature dependent parameter and » is
about 0.5-0.4. However, later Almasi et al. (2005) showed that such linear relation is
not valid at higher electrolyte temperatures in an oxalic acid medium. They found an
increase in domain size from 0.5 ym? to 4 ym? as a linear function of bath temperature
(i.e., for 0 to 17 °C) and at above 20 °C a drastic reduction in pore ordering and the
domain size is reported. Our results of non-linear domain growth in H,SO, medium
with the highest pore ordering at 3 °C in the temperature range 1 to 15 °C corroborates

the previous observation by Alamasi et al (2005).

For detailed analysis and comparison of spatial order of the nanopores, the 3D-FFT
images from a 1.16 um? segment of the samples were evaluated and one presented in
Fig. 3.8 (b), (d), (f), (h) and (j). A continuous ring pattern with reduced intensity of the
peaks as can be seen in Fig. 3.8(b) at 1 °C represents disordered pore pattern. On the
other hand, at 3 °C, a clear distinct six spots with sharp intense peaks demonstrates the
formation of hexagonal array of pores with a long range order. Such six-fold symmetry
as shown in Fig. 3.8(d) also signifies about the higher order configuration of the pore ar-
rangement with larger domain size. At 7 °C, still the six-fold symmetry in pore arrange-
ments exists with the appearance of six distinct larger spots but with reduced intensity
in the 3D-FFT pattern (Fig. 3.8 (f)). This reduced spot intensity signifies shrinking
of the domain size. On further increase in temperature to 10 °C, a relatively disturbed
hexagonal symmetry (i.e., nearly a ring shape) is observed as shown in Fig.3.8(h) which
could be attributed by the reduced domain size. A similar situation was observed at 15
°C (Fig. 3.8(1)) with reduced hexagonal domain size and uneven pore opening. We

note that the hexagonal symmetry in pore arrangement has not been completely wiped
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Figure 3.8: FESEM micrographs and 3D FFT images of AAO thin membranes prepared
at 25 V for bath temperatures of (a,b) 1 °C, (c,d) 3 °C (e,f) 7 °C, (g,h) 10 °C, (i,j) 15 °C.
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Figure 3.9: Intensity profiles of line scans drawn on AAO surface using 2D FFT images
(inset) for 25 V and (a) 1 °C, (b) 3 °C, (¢) 7 °C, (d) 10 °C, (e) 15 °C. (f) Variation of
pore regularity ratio for different bath temperatures.

out with an increase in temperature till 15 °C. It clarifies that the self-order nature of
pore formation up to first neighbor is very little affected by the electrolyte temperature
at a given anodization voltage of 25 V. However, the long range order with respect to
the repetition of hexagonal pattern, which is nothing but the domain size, is definitely
perturbed with the variation of temperature.

For further investigations, we have also evaluated the regularity ratio from the line
profile across the hexagonal symmetry of 2D-FFT images. Here, the regularity ratio
is defined as the ratio of the maximum spot intensity H,,,, to its full width at half-
maximum (FWHM) W ;. Figure 3.9 (a-e) shows the intensity profile along a direction
between the two symmetric spots across the center in the 2D FFT image (shown as an
inset of Figure 3.9 (b)). The calculated spatial order parameter or the regularity ratio
H /W, is plotted as a function of the electrolyte temperature in figure 3.9(f).

3.5 SURFACE ROUGHNESS OF SELF-ORDERED POROUS AAO MEMBRANE

In addition to this, the surface roughness of these alumina films using AFM is also
analyzed. The films are prepared at the various temperatures from 1 to 15 °C by two-
step anodization at 25 V in 0.3 M H5SO,. Figure 3.10 shows the 2D and 3D surface
topographic images of the alumina films. Figure 3.10(f) shows the corresponding vari-
ation of RMS roughness of the template as a function of bath temperature. The RMS
roughness was found to increase monotonously with an increase in temperature from
1 to 15 °C unlike regularity ratio with a peak at 3 °C (Fig. 3.9(f)). This observation

is contradictory to previous investigations by Sulka et al. (2007) where they obtained
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Figure 3.10: AFM surface topography images ( 2D and 3D) of AAO films prepared at
25 V and bath temperatures of (a) 1 °C, (b) 3 °C, (c) 7 °C, (d) 10 °C, (e) 15 °C . (f)
Variation of RMS roughness with bath temperature.

lower surface roughness with increasing bath temperature with the help of FESEM mi-
crographs. However, we need to point out that AFM is a better technique for measuring
the surface roughness accurately than FESEM. Of course, our findings corroborate a
previous observation of obtaining higher roughness in AAO template prepared in ox-
alic acid medium Sulka et al. (2009). This kind of surface roughness enhancement at
higher temperature is attributed to the higher rate of alumina template formation as well
as the rapid dissolution of an oxide layer. Since high temperature favors both oxidation
as well as dissolution kinetics resulting into the uneven surface at the top layer of the
template. We note that the variation of pore regularity ratio and RMS roughness are not
incommensurate with temperature. The reason is that the pore regularity ratio is a cor-
relation parameter with respect to the arrangement of neighboring pores and extension
of lattice size, however, surface roughness measured peak to valley height distribution
across the surface. Now, with an increase in temperature the average pore diameter in-
creases, which in turn reduces the overall fraction of pore separation. This is indicated
as peak regions in 3D view of AFM. This process effectively, with an increase in tem-
perature, increases the overall peak-valley height differences in addition to contribution

from rapid dissolution which results into higher surface roughness.
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Figure 3.11: FESEM image of AAO membrane after widening the pores in H3PO,

solution at RT for 20 to 30 min, images are having the scale bar of 200 nm. The
corresponding pore size distribution is shown in the right column.
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3.6 BARRIER LAYER REMOVAL AND TUNING THE PORE WALL THICK-
NESS

The most critical step in the fabrication of AAO is the pore opening while removing the
barrier oxide layer by a wet chemical process. As described in Chapter 2, H;PO, acid is
used to etch the cap alumina layer. This process is time-consuming and depends mainly
on etchant concentration, temperature and the uniformity of the barrier layer (locally).
At first, it dissolves the oxide layer to thin the barrier alumina from the center of the
hemisphere structure (Lillo et al. 2009). Once the pore is initiated with the thin barrier
layer then the migration of solution inside the pores will induce isotropic chemical
etching throughout the alumina film, ie., simultaneous etching of the inner pore walls
and the exposed AAO surface kept inside the etchant bath. Therefore, pore size is
possibly tuned by controlling the etching rate and time in this wet-chemical process,
without affecting the pore density (N) and [,. The samples used here are prepared by
the self-ordered porous AAO membrane at 25 V and 3 °C in HySOy,.

Figure 3.11 shows FESEM images of bottom AAO membrane with different etching
time, i.e., 20 to 30 min at room temperature. In this figures, it is clear that the initia-
tion of pore opening without barrier layer was observed at 20 min of H3PO, etching
time with average pore size of 25 nm. Whereas, further continuing the process leads to
widening the pore size to 35+4 nm for 25 min and 45+4 nm for 30 min. The honey-
comb network structure is almost destroyed in the surface while etching the alumina for
30 min, which sets the upper boundary limits in the etching time. Therefore, the porous
AAO membranes are etched for the time interval of 20 to 28 min to produce 25 to 45+4

nm pore size.

Figure 3.12: FESEM image of AAO membrane prepared by 0.3 M C;H>0,4 at 40 V, 10
°C: a) bottom, b) top, and ¢) cross-section view. The scale bar is 200 nm.

3.7 ANODIZATION UNDER OXALIC ACID BATH

Similar to this, highly ordered porous AAO membrane was also prepared by using
oxalic (C2H,0,) acid at different anodization potentials and bath temperatures.The pa-

rameters for optimized conditions had been already carried out in this laboratory before
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my joining as a Ph.D. scholar. The preparation steps followed in the optimum condi-
tions of AAO membrane were tabulated in table 3.2 for anodizing Al in both oxalic and

sulphuric acids.

3.7.1 Optimum conditions and discussions
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Figure 3.13: FESEM image of AAO membrane after widening the pores in H3PO,
solution at RT for 40 to 90 min, images are having the scale bar of 200 nm. The
corresponding pore size distribution is shown in the right column.

Porous alumina membrane with hexagonally ordered nanopore arrays was prepared
using a two-step anodization of Al in an electrolyte using 0.3 M C;H50,. Figures 3.12
(a-c) show the surface morphology of the porous films with bottom, top and cross-

section views respectively. For CoH,O, electrolyte, the pore diameter was 40 nm when
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anodized at 40 V, and then it can be tuned to till 100 nm by the wet-chemical process
as described in section 3.8. Figure 3.13 show the process of barrier oxide layer removal
at different etching time. Moreover, while comparing the pore geometry with the one
prepared in H,SO, electrolyte, we observed that the pore parameters, such as, the inter-
pore distance (/,,) became higher (~ 110 nm), and the pore density (N) are decreased(40
V, see section 3.3.1). During the anodization of Al in CoH50,, the alumina growth
rate was found to be 1 nm/s, as reported by several authors. This is correlated with
the aggressiveness of the acids which have different growth rates, such as H,SO, >
CyH50,4 > H3PO, (Sulka et al. 2008).

Table 3.2: Optimum conditions for self-ordered AAO membrane.

Anodization Electrolyte Remarks
conditions H>SO, C,H50,

Applied voltage 25V 40V
Bath temperature 3°C 10 °C
Electrolyte concentration 0.3 M 03 M

Pre-cleaning 30 min 30 min Removal of

surface impurities
I step 10 hrs 10 hrs For large domain size
~ 1-2 ym?

Removal of Al;O3 30 min at 60°C | 45 min at 60°C To achieve highly
ordered pre-texturing
on Al surface

274 step 20 s to 2 hrs 75 s to 2 hrs Highly orderd
hexagonal pore arrays
Al removal 30 min at RT 30 min at RT Free-standing AAO
membrane

Pore-widening time 20-30 min at RT | 45-90 min at RT For barrier layer
removal and
pore wall etching

Pore size D, 22-45 nm 40-100 nm

Inter-pore distances 65 nm 110 nm
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3.8 SUMMARY

e Highly ordered pore arrangement of ultra-thin alumina membrane (UTAM) were
successfully fabricated by using two different acids (H,SO, and CoH50,), via
two-step anodization processes. The present study clearly showed systematic
variation of pore regularity, pore diameter, inter-pore distance and porosity in
alumina template with the variation of temperature in H,SO,4 anodizing medium.

The largest self-arranged pores of ordered domain size were obtained as 1-2 pm.

e The pore diameter and top surface roughness were increased with the increase
in temperature due to temperature assisted dissolution of alumina pore walls as
well as a top porous layer. However, the inter-pore distance remained unaffected

within the temperature range studied here.

e The variation in the pore diameter with respect to the pore widening time were

optimized for porous AAO membrane with two different interpore distances.
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FABRICATION, STRUCTURAL AND MAGNETIC PROPERTIES
OF COBALT NANOWIRE ARRAYS

Magnetic cobalt nanowire arrays are grown via electro-deposition process through the
pores of porous AAO membrane, which are described in the previous chapters. These
nanowires are grown electrochemically using Chrono-amperometry with two different
conditions: (i)pulse-deposition (frequency, f=25 Hz and Tpony = Torr = 20 ms) with
the pulse height of 2 V (0 to -2 V) and (i1) continuous deposition at -1.1 V, respectively.
The structural evaluation and the corresponding M(H) loops behavior are characterized
with varying their size (diameter, length) and inter-wire spacings. It is found that the
presence of crystalline phases (Co: fcc/hep) are highly influenced by the diameter and
the pH of the electrolyte, whereas for some cases, the length of the wire leads to tuning
the Co texture from one phase to other. Therefore, this study is involved by the influence
of Co nanowire arrays with its crystalline phases and their magnetic reversal processes.
At first, growth of Co nanowires with bi-layer texture (ie., hcp (002) and hep (100)
phases) is demonstrated for larger pore diameter (~ 70 nm) and fcc (111) phase for
nanowires of the diameter of 45 nm, respectively. Among these crystalline phases of
Co, the Co hcp (002) phase is performed particularly to investigate the magnetostatic
interaction between the nanowires in an array as a function of diameter and inter-wire
separations. The geometry of the nanowire (i.e., size, shape and interwire separation) is
controlled by the selected AAO membranes which has a pore size (cell size) of 25-45 nm
(66 nm), and 50-80 nm (105 nm), respectively. During this investigation, independent
to the pore geometry, a pH dependent (~ 6.7) growth is performed to obtain Co hcp
(002) phase. In this chapter, the summarized results of the magnetic properties of the
highly ordered Co nanowire arrays as a function of diameter, length, inter-wire spacings

and the presence of crystalline phases are discussed.

4.1 MAGNETIC Co NANOWIRE ARRAYS

Recently, the physics of magnetic nanowire (NW) array has attracted great attention due
to the easily accessible route of electrochemical deposition through anodic aluminum
oxide (AAO) template (Henry et al. 2001, Darques et al. 2004, Zhang et al. 2007,
Kartopu et al. 2008, Sanchez-Barriga et al. 2009, Maaz et al. 2010, Ahmad et al. 2011,
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Vivas et al. 2012 Vivas et al. 2012). The main advantages in this bottom-up technique
are; AAO template can be fabricated with varying pore diameter, length, density and
periodicity, by simply changing the processing parameters, such as anodizing voltage,
electrolyte, and electrolyte temperature (Li et al 1998, Nielsch et al. 2002), as men-
tioned previously in Chapter 3. Therefore, the geometry (i.e., size and shape) of the
magnetic nanowires is controlled by filling with pores in porous alumina membrane
via electrodeposition processes (Garcia et al. 1999, Henry et al. 2001, Zhang et al.
2007 Kartopu et al. 2008, Maaz et al. 2010, Vivas et al. 2011). At first, we define
the magnetization terms which contribute in the resultant magnetization behaviour of
the magnetic nanowire arrays, such as the magnetic anisotropy and the static interac-
tions between the neighboring wires. The magnetic anisotropies are classified into three
components such as shape, magneto-crystalline and magneto-elastic. Here, the shape
is determined by the geometry of the material and other two are the intrinsic property
of the material. The static interaction is extrapolated by the geometry of the nanowires

and their periodicity in an array with respect to applied field direction (H,,;).

For large aspect ratio (7 > 1) nanowires, the resultant magnetic anisotropy is pri-
marily determined by the shape anisotropy (K sxqpe), Which leads to longitudinal (out-of-
plane) magnetic anisotropy (along L). It is also well known that this shape anisotropy is
originated by the demagnetization factor (/N,;) present in the nanostructure. Apart from
the shape anisotropy, other anisotropies such as magneto-crystalline anisotropy (K ,,,),
magneto-elastic anisotropy (K .qstic) may also affect the resultant magnetic behavior in
nanowires. The K, is originated from the spin-orbital interaction in subatomic level,
whereas microscopically, it has been related to the atomic structure of a crystal that
introduces preferential directions for the magnetization i.e., the tendency of the magne-
tization to align itself along a preferred crystallographic direction. The preferred crys-
tallographic directions for Fe is body-centered cubic (bcc) structure with (100) direction
as its easy axis (Henry et al. 2001). Similarly, the magnetization for Ni is aligned along
the (111) the direction of face-centered cubic (fcc) structure (Pan et al. 2005, Kartopu
et al. 2008), and Co material has two different crystalline phases, such as, hexagonal-
close-packed (hcp) and fcc structures. Then, the preferred directions are observed to be
either (100) or (002) for hep Co and (111) for fee Co structures (Armyanov et al. 2000,
Zhang et al. 2007, Ye et al. 2009). The change in the crystalline phases of Co in the
nanowire arrays and the resultant behavior of magnetization is discussed later in this
chapter. In addition to this, the K, anisotropy arise from the effect of magnetostric-
tion due to the influence of stress or strain on the magnetic material during growth or

by the magnetization processes.

At the same time, the magnetostatic interaction is also contributing in the resultant
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magnetic behavior which originates from long-range dipole-dipole interaction between
the neighboring nanowires in arrays. The term interaction will have an average effect of
the overall energy transfer (relaxation) through mutual exchange between the neighbor-
ing particles or the wires. This static interaction is similar to the exchange interaction
between the nanocrystalline particles. However, the exchange interaction phenomena
are observed to be a short range interaction (Armyanov et al. 2000) (i.e., it can be
negligible if particles are separated by a distance higher than 10-20 A), and the static
interaction is for long-range interaction between the array of nanoparticles. Therefore,
understanding of the magneto-static interaction has been trivial interest among the re-
searcher in magnetic nanoarrays. In general, it is complicated by the fact that the dipo-
lar fields depend on the magnetization state of each element, which, in turn, depends
on the fields due to adjacent elements. Therefore, initial studies are performed based
on the preparation of single nanowire or keeping the inter-wire separation higher than
twice the diameter of the nanowire (~ few pm). This helps to investigate the nanosize
effect of magnetic nanowires without any interaction from the neighboring magnetic
nanowires in an array. In this case, at the earlier stage, the ion track etched polycar-
bonate porous (PC) membrane with poor pore ordering and large interpore distances (~
1 pm) is utilized to study the single nanowire properties. However, the last couple of
decades, porous AAO membrane is used for the growth of nanowire arrays due to the
uniformity and high density within the easy processing steps. In which the interpreta-
tion for the fundamental issues on magnetization properties of magnetic states and the

reversal mechanisms in magnetic nanowires are focused.

Among different magnetic nanowires such as Fe (Escrig et al. 2008), Co (Darques
et al. 2004, Xu et al. 2005, Wang et al. 2007, Kartopu et al. 2008), and Ni (Goolaup
et al. 2005, Escrig et al. 2007) studied so far, Co nanowires were investigated exten-
sively as Co is a hard magnetic material and its magnetic properties depend on several
factors, such as crystal orientation, phase, and grain size. In hcp Co phase, the mag-
netization easy axis, originated from the magnetocrystalline anisotropy, lies along the
direction of crystallographic c-axis. Therefore in hcp Co, the easy axis is || to nanowire
length for (002) phase and in the case of the phase of (100), it is aligned L to nanowire
length. As discussed earlier, for 1-D magnetic nanowires, the contribution of two major
anisotropies, namely; the shape and the magnetocrystalline anisotropies are determin-
ing the magnetic properties of the system. In this case, Co nanowires grown with hcp
(002) phase, the magnetocrystalline anisotropy enhances the longitudinal anisotropy;
whereas in the case of hcp (100), this reduces the effective anisotropy. Normally, the

hcp phase of Co is preferred in data recording systems because it exhibits significantly
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higher magnetic anisotropy and hence is capable of delivering potentially higher coer-
civities.

Most of the structural investigations on electrodeposited magnetic Co nanowires
were observed to have the polycrystalline structure (Yang et al. 2000) but the textured
growth of Co nanowire array with hcp phases was reported recently (Henry et al. 2001,
Darques et al. 2004, Xu et al. 2005, Zhang et al. 2007, Han et al. 2009, Maaz
et al. 2010). The crystalline orientation with respect to the nanowire axis has been
fabricated by adjusting the electroplating conditions, such as pH, plating current, and
bath temperature (Henry et al. 2001, Zhang et al. 2007, Vivas et al. 2011, Pirota et
al. 2011). This leads to influences the magnetic anisotropy in many ways (Wang et
al. 2007, Han et al. 2009 Ren et al. 2011, Vivas et al. 2012) and provide an added

advantage to tune the anisotropy of the system for spintronic applications.

In addition to this, the pore diameter modifies crystalline structure of electrode-
posited Co nanowires. fcc Co (111) phase was found to grow when D, is below 50 nm
(Pirota et al. 2011, Vivas et al. 2011) due to the lower surface energy of the fcc phase
present during the deposition. Moreover, recent studies are shown with the change in
the crystallographic phases as a function of both length and diameter. Very recently,
Pirota et al. (2011), and Vivas et al. (2011) are shown the reduction in the magnetic
coercivity (H.,), squareness (M, /M) as a function of the length of nanowires (L). This
have been demonstrated by the change in crystalline structure from the fcc to hcp Co
phases during electro-deposition through pores of 35 nm. In this case, the critical length
of fcc Co phase was estimated around 260 to 270 nm, as evidenced from both structural
(XRD) and magnetic behaviour (M(H) loops: VSM). Whereas, in the case of varying
the diameters; 35 to 70 nm, Vivas et al (2013) reported the change in crystalline phases
from fcc Co (111) to hep Co (100) for the arrays of Co nanopillars with 120 nm height.
Importantly, the resultant magnetization processes in these Co nanowires are illustrated
with different reversal magnetization process by using the micromagnetic simulations.

These studies have shown growing research interest to understand the mechanism
behind the remagnetization processes of magnetic Co nanowire arrays (Han et al. 2003,
Han et al. 2009, Sanchez-Barriga et al. 2009, Yang et al 2010, Vivas et al. 2011 Ren
et al. 2011, Vivas et al. 2012). Based on the above literature, it is found that the un-
derstanding of the reversal mechanism for different crystalline Co phases is not well
established for an array of nanowires and their micromagnetic simulation studies. Ad-
ditionally, the investigation based on the magnetostatic interaction is also limited only
with varying the diameter within the cell structure of the porous alumina membrane.
However, in this study, we investigate the magnetostatic effect of Co nanowire arrays

grown through two different cell size with nearly equal pore diameter.
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It is known that understanding of the reversal magnetization processes for 1-D
magnetic nanowire arrays are complicated due to the competition between the shape
anisotropy, magnetocrystalline anisotropy, and the magnetostatic exchange interactions
between the neighboring wires (Han et al. 2003, Vivas et al. 2011). Therefore, in this
Chapter, we describe the growth of magnetic Co nanowire arrays as a function of ge-
ometry (diameter and length, i.e., shape) in a controlled electro-deposition process via
potentiostat mode using pulse dc- and continuous deposition processes. This leads to
control the crystalline phase of Co during the growth as mono- and bi-layer textures,
i.e., for magneto-crystalline. In addition to this, particularly the magnetostatic interac-
tion is also studied for Co hcp (002) crystalline phase by varying the pore density of
porous AAO from (0.8—2.25)x 10'° per cm? area, respectively.

4.2 MECHANISM OF Co DEPOSITION INSIDE
NANOPOROUS MEMBRANE

The electrochemical behavior of the nanoelectrode system is quit different than the bulk
electrode for the synthesis of Co nanowire arrays, and still, it is a great challenge to
understand the growth kinetics inside the nanoporous electrode (Valizadeh et al. 2001).
Basically, the oxidation or reduction of the electrochemically active species does lead
to the current flow in the electrode reaction, i.e., the current flow is limited by the
diffusion rate. For bulk case, the electrode geometry has a significant effect in the
diffusion rate, i.e., time dependent and independent current flows after applying the
potential steps. In this view, the time-dependent current flow obey the Cottrell equation
for planar electrodes, (i.e., iait, no steady-state current is achieved) (Bard et al. 2008),
whereas, the hemispherical diffusion conditions exist with steady-state current flow in
spherical (micro-) electrodes and obey the Cottrell equation when 7y — oo (i.e., rg is
the radius of the spherical electrode) (Brad et al. 2008). However, for nanoelectrodes
(i.e., inside the nanochannels of the porous PC membrane), the diffusion nature has
explicated and characterized by two types of diffusion regimes (Pletcher et al. 1991):
(1) time-dependent diffusion that appears as linear or Cottrell diffusion for short time,
and (i1) the gradually increasing radii of spherically shaped diffusion zones from each
recessed nanoelectrode, result in the overlapping of diffusion zones at a longer time,
which leads to a constant steady-state current as diffusion controlled limiting current
(Valizadeh et al. 2001) during the synthesis of Co nanowires. Additionally, Valizadeh
et al. (2001) also showed the existence of microscopic concentration variations between
mouth and vicinity of the recessed nanoelectrodes. This leads to steady-state current
density by reducing the diffusion length while depositing inside the pores, i.e., jporet T

L
(Schlorb et al. 2010). Therefore, it is also mentioned that the ion concentration may
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modify when the thinner membrane is used. In this Ph.D. work, we used porous AAO
membrane with thickness of ~ 3um to synthesise Co nanowires potentio-statically.

In addition to this, Cao et al. (2006) have proposed a current assisted growth mech-
anism, which plays an important role in controlling and designing of metallic nanos-
tructures (nanowires/nanotubes) inside the pores of porous alumina membrane. This is
considered by the competitive growth rates for metal atoms entering the crystal lattice,
Le., V and V|, at where growth rate is parallel and perpendicular to current direction,
respectively. Metal (Fe, Ni, Co) nanowires can be obtained at V| =~ V| while applying
low current density, whereas nanotubes can be obtained at Vj > V| with high current
density (Cao et al. 2006). Accordingly, Narayanan et al. (2008) also followed the same
to describe the mobility assisted formation of nanowires and nanotubes, while keeping
the voltage constant.

However, the growth mechanism in a porous material initiates with metal atom ab-
sorption at the bottom edge of the pore, which is energetically favorable due to the
reduced coordination number and high surface area, i.e., the effective cathode surface
area. When negative potential is applied to the working electrode, divalent metal ions
(Co*") are surrounded by the hydration layer and move towards the cathode, which are
then reduced as Co. Moreover, the reduction process of Co** ions in the electrodeposi-
tion solution consists of three steps, as described below:

(i) The hydration number of Co?" ions decreases initially, and then Co?" ions are

rearranged in solution near the cathode surface,
Co** mH,O — Co**.(m — n)Hy,O(m > n) + nH,0 (4.2.1)

(ii) Further reduction in Co®* ions are observed from the surrounding water molecules,

as a step-by-step process shown in Eqns. 4.2.2-4.2.3,

Co*".(m —n)HyO + e~ = Co™.(m — n)Hy,O (4.2.2)

Co".(m —n)H,0 + e~ = Co.(m — n)HyO(adsorption) (4.2.3)

(111) The final step is that the adsorbed Co atoms discard the surplus hydration layer,

and enters into the crystal lattice,

Co.(m — n)HyO(adsorption) — Co(crystallattice) + (m —n)H,O  (4.2.4)
However, the electro-crystallization of Co deposition is a complex phenomenon; at
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which Co has an hcp structure and cubic (fcc) structure at room temperature, whereas
bulk Co, has an fcc structure above 422 °C at ambient pressure. This structural transi-
tions in electrodeposition have been observed by several ways, such as, (i) the presence
of Co concentration in the electrolyte (Henry et al. 2001, Darques et al. 2004, Ren et al.
2011, Vivas et al. 2012), (ii) added additives to the electrolyte, (iii) variation in the pulse
frequency (Zhang et al. 2007) or the current density by galvanostatic and potentio-static
deposition in alumina templates, respectively. For example, at low pH (less than 2.5),
hydrogen evolution is more active in solution due to a higher concentration of H' ions.
This causes heavy adsorption of the hydrogen into the deposited Co during the growth
process at room temperature. Hence, the disturbed crystallizes is fcc Co structure, and
the structure could be heavily faulted due to the desorption of hydrogen from the de-
posit. For pH above 6.0, the onset of cobalt hydroxide precipitate is reached due to the
interaction of Co** ions and OH ™~ ions at the cathode. Then, the reduced Co has an hcp
structure with the c-axis parallel to the growth direction (along L), which is promoted
by the presence of such Co-hydroxide layer (Cavallotti et al. 1983).

Moreover, the effect of pore diameter on texture of Co nanowires has also been investi-
gated by several authors (Henry et al. 2001, Darques et al. 2004, Xu et al. 2007, Zhang
et al. 2007, Kartopu et al. 2008, Ye et al. 2009, Yang et al. 2010, Maaz et al. 2010).
The orientation of the hexagonal c-axis of Co nanowires has been found to change from
perpendicular to parallel to the wire axis (Vivas et al. 2013) or to the presence of an fcc
Co phase, which is enhanced at small diameters (Darques et al. 2004, Sanchez-Barriga
et al. 2009, Pirota et al. 2011), when decreasing the pore diameter below a critical value
of about 50 nm (Henry et al. 2001). In both cases, an increase of the uniaxial anisotropy
is observed. Still, the origin of the change of crystallographic texture of Co as the wire
diameter is varied and left as an opened question. However, it may be related to several
reasons, such as; (i) a local increase of pH in the pores of smaller diameter, were the
Boric acid could not fully play its buffering action, and (ii) generated stress during the
growth of Co deposition due to the constrains in the lateral direction by the pore walls.
In this work, the effect of pore diameter and the pH were analyzed by the selected de-
position techniques of pulse dc- and chronoamperometry studies for the preparation of
Co nanowires into the pores of porous AAO membrane. The deposition conditions of

the above-mentioned techniques were already described in Chapter 2.

4.3 PULSE DEPOSITION

The pulsed dc- (f=25 Hz, V = -2 V and Ton=Torr=20 ms) electrodeposition was per-

formed to fill the Co material inside the pores of nanoporous membrane. The structural
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and magnetic properties of Co nanowires were characterized to investigate the influence
of the pH of the electrolyte (2 to 6) and the wire geometry. The nanowire length was
varied from 25 nm to 4000 nm, whereas the wire diameter was kept in the range from
45 to 70 nm. It is important to mention that the effect of pH was not observed during
the pulse deposition. Figure 4.1 show the M(H) loops of Co nanowires prepared as a
function of pH, i.e., the as prepared electrolyte solution has pH of 4 and it has been
adjusted into 2 and 6 by adding Con.H>,SO, and NaOH, respectively. During this in-
vestigation, the length of the nanowire is kept constant by controlling the deposition
time (i.e., no of sequences in the pulse deposition) and the diameter is also fixed by the
pore size of the porous AAO membrane, 70 nm, respectively. In addition to this, the
function of wire geometry and the corresponding structural changes during the growth
of Co nanowire is tabulated for pH 4 in Table 4.1. and the magnetic behaviors of as

deposited Co nanowires as a function of length and diameter are described below:

1.0+
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Figure 4.1: M(H) loops of Co nanowires prepared as function of pH 2, 4, and 6, respec-
tively.

4.3.1 Magnetic properties as a function of nanowire length

Figure 4.2(a) shows the FESEM image of AAO membrane with hexagonal pore arrays.
The average diameter and interpore distance are estimated as 705 nm and 110+£5
nm, respectively. The cross-sectional view of AAO membrane with partially filled Co
nanowires is shown in Fig. 4.2(b). The average length, L, of nanowires was 1000420
nm. Figure 4.2(c) presents the XRD patterns for nanowires with varying length from
100 to 2000 nm. As shown in the figure, only one peak is observed at 26 = 44.4° for the
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Table 4.1: Wire geometry and the extracted structural parameters of Co nanowires via
pulse dc- technique.

Co nanowires =
Mode of |} Diameter Crystalline Solution pH
Electrodepostion | (D) (nm) phase
hcp (002); L <300 nm
Pulse (25 Hz 70 hep(100); L >300 nm
Ton =Torr fcc (111); L <200 nm 4
=20 ms) 45 hep (100) and hep (101);
L >200 nm

nanowire arrays with L<500 nm, indicating textured growth of Co hcp (002) structure.
It is to be mentioned that the XRD peaks corresponding to hcp (002) and fcc (111) Co
structures lie within A#=0.2°. It is rather difficult to distinguish these two phases from
the measured XRD spectra (Zhang et al. 2007, Vivas et al. 2011). But it is reported that
the Co hcp structure is more stable than fcc Co at room temperature (Ye et al. 2009).
Moreover, the deposition conditions applied here are favorable to the Co hcp growth
(Han et al. 2009, Ye et al. 2009, Vivas et al. 2012).

—~ 0
= e 4“4 &
= : |
] = ! ! 2000 nm
h _:' ! !
= A ! . !000 nm
~— : ' ‘ '
. \ i 500 nm
2 i : 200 um
3 : ! 100 nm
= |
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400 nm

Figure 4.2: FESEM images of AAO membrane (a) top view, (b) cross-sectional view
filled with Co nanowires, and (c) X-ray diffraction patterns of Co nanowires with vary-
ing length (L) of the nanowires

Interestingly, with increase in length (L>500 nm) of the nanowires, one more peak
corresponding to Co hep (100) appears at 20=41.6° along with the existing hcp (002)
peak. In fact, the intensity of (100) peak becomes dominant with further increase in
L. Nevertheless, the (002) peak does not vanish but appears as a small hump even at
L=4 pm. Therefore, the structural evolution indicates that initially Co grows into the
pores with hcp (002) texture up to few hundred nanometers and then the growth ori-

entation changes to hcp (100) as L increases. It is to be mentioned that there might be
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an existence of an intermediate region where the mixed state of both textures lies. The
quantitative investigation of preferred orientation has been carried out with the help of
texture coefficient (7°C'). For L=1000 nm, T{g2)=1.05, and T'C|100)=0.95 were reported
and decrease in T'C(gg2) to 0.63 was observed when L increased to 4000 nm. This indi-
cates the preferred (100) phase at higher L suggesting diminishing of (002) texture and
enhancement in (100) texture with increasing the length (Ye et al. 2009).

4.3.1.1 Magnetic properties of bilayer crystalline texture of Co hcp
(002) and hcp (100) structures

Figures 4.3(a)-(e) show the M(H) hysteresis curves measured for the nanowire arrays
with different L values: 60, 200, 500, 1000 and 2000 nm, respectively. M(H) data are
presented here for the external magnetic fields (H) applied both parallel (||) and per-
pendicular (L) to the nanowire axis at room temperature. Irrespective of the nanowire
length, all the samples show their easy axis of magnetization along the axis of the
nanowire with decreasing anisotropy field. As shown in Fig. 4.3(f), the variations of
both the longitudinal coercivity H- and the squareness ratio M,/M as a function of L
indicates three different regions. In region I, with L<300 nm, the values of H-=1.6
kOe and M,/M,=0.8 are independent of L. In region II, with 300 nm<L<500 nm, H¢
decreases from 1.6 kOe to 0.9 kOe, but the squareness ratio remains same. In region
III (with L>500 nm), the sharp decrease of both H- and M,./M indicates a reduction in
effective longitudinal anisotropy, even with the enhancement of the shape anisotropy.

4.3.1.2 Angular dependence of magnetic coercivity based remagne-
tization process in bi-layered Co nanowire arrays

The reversal magnetization behavior in magnetic NW array has also performed for bet-
ter understanding. Therefore, the angular dependence of magnetization with respect to
the wire axis was investigated in Co nanowires with three different nanowire lengths,
200, 400 and 1000 nm. There were several reports to quantify the reversal magnetiza-
tion of nanowires by angular dependence of hysteresis loops, and mentioned as a useful
tool (Han et al. 2003, Landeros et al. 2007, Escrig et al. 2008, Lavin et al. 2009,
Vivas et al. 2012, Vivas et al. 2012). The measured experimental coercivity (H.) can
be compared with the expected evolution assuming different possible reversal modes,
such as coherent rotation (C) in which all the spins rotate simultaneously; transverse
rotation ('7;.) in which spins rotation takes place via propagation of transverse domain
wall; and curling or vortex rotation (V), in which spins are reversing their directions via

propagation of vortex domain wall.
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Figure 4.3: Normalized longitudinal (||) and transverse (_L) M (H ) loops of Co nanowire
arrays for lengths (a) 60 nm, (b) 200 nm, (c) 500 nm, (d) 1000 nm and (e) 2000 nm.
(f) shows the measured H and the squareness ratio, M, /Mj, as a function of nanowire
length L.
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Figure 4.4: Measured M(H) loops of Co NW array for lengths (a) 200, (b) 400, and (c)
1000 nm for different @ values. (d) Shows the measured H as a function of 6.

Figures 4.4(a)-(c) present the detailed angular dependence of M(H) hysteresis curves
measured for the NW array with three different L values; 200, 400, and 1000 nm, re-
spectively. The M(H) data presented here are measured with varying the angle, 6, be-
tween 0° to 90°. Irrespective of the NWs length, the M(H) curves show systematic
decrease in hysteresis loops with increasing 6 from 0° to 90° and M,/M, follows the
cosine function of this angle as expected. This indicates that the bulk easy axis arising
from both the shape and the magnetocrystalline anisotropies lies along the NWs axis.
However, the anisotropy field, Hy (—H +H?, H, is the saturation field), decreases
with increasing L, indicating a transformation from an anisotropic to the isotropic sys-
tem. The variation of Hy as a function of 6 for three different wire lengths is shown
in Fig. 4.4(d). It is interesting to see that irrespective of the nanowire length, Ho de-
creases sharply for #>45. However for <45, the following observations are made: (i)
for L=200 nm, H¢ is independent of #, and (ii) for L=400 and 1000 nm, H- shows
upward and downward trends, respectively.

To correlate the structural investigations with experimentally observed magnetic be-
haviors, we have performed the micromagnetic simulation using the 3D-OOMMEF pack-
age (http://math.nist.gov/oommf/) with keeping the external field in the direction of the

nanowire axis. For NWs, with L=200 nm, the structure was considered to be hcp (002)
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with the crystallographic c-axis in the longitudinal direction. For L=400 nm, the texture
is defined as two segments along the NWs length; the lower segment of length 300 nm
with hep (002) structure and a mixture of hep (002) and (100) with an equal percentage
for rest of the upper segment. While simulating for L=1000 nm, we have considered
three different segments: (i) lower segment of length 300 nm with hcp (002) texture,
(i1) middle segment of length 200 nm with mixed structure of both hcp (002) and hcp
(100), and (ii1) upper segment of length 500 nm with hcp (100) structure. The resultant
study having a good agreement with the experimental data and details are discussed in
Chapter 6.

Figure 4.5: The surface morphology of porous anodic alumina membrane (a) bottom,
b) top, c) cross-section view. The partially embedded Co nanorod arrays with variable
length (d) L=100 nm, e) L=200 nm and f) L=400 nm, respectively.

4.3.2 Magnetic properties as a function of nanowire diameter

Porous alumina membranes with hexagonally ordered nanopore arrays were prepared
using a two-step anodization of Al in an electrolyte using 0.3 M of H,SO4. Figures
4.5(a)-(c) show the surface morphology of the porous films with bottom, top and cross-
section views respectively. It is also expected that the diameter of the pore should be
uniform throughout the channel length, and is shown in Fig. 4.5(c). Pores filled Co
nanorod arrays were obtained by a dc pulse deposition technique, hence the growth
was found to be uniform throughout the nanochannels. Partially etched porous alumina
membranes, which were embedded with Co nanorod arrays, are shown in Figs. 4.5(d)-
(f) with different nanorod lengths of 100, 200 and 400 nm, respectively. The diameter of
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each Co nanorod was found to be same as the diameter of the nanopore (i.e., D, =45+5
nm) in the alumina membrane. It is to be mentioned that, during this investigation,
the template with nanopore diameter was kept at a fixed value of 45£5 nm, whereas,
the length of the as grown nanorod array was varied from 25 to 400 nm keeping in
mind that the aspect ratio (L/D) covers both below and above the unity. To the best
of our knowledge, there is no report on the reversible process so far on nanorods with
length less than 120 nm. Therefore, it will be interesting to work in this regime due
to the following reasons: (i) decrease in aspect ratio leads to an enhancement of shape
anisotropy due to geometry effect and (ii) growth of single crystalline structure in lower
length regime enables us to see the effect of magnetocrystalline anisotropy against the

shape anisotropy.
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Figure 4.6: the structural characterization of Co embedded porous anodic alumina by
X-ray diffractometer, b) Expanded view of XRD plots as a function of the length of the
nanorod arrays (symbols: square and the triangle represents the Ag substrate and the
deposited Co, respectively).

The recorded X-ray diffraction patterns for Co nanorod arrays with varying lengths
are shown in Fig. 4.6(a). The 26 scan provides the information of Co nanorods with
a preferential growth of fcc (111) for length up to 200 nm and further growth indicate
the change of the crystalline structure into hcp polycrystalline phases with the presence
of peaks from (100) at 41.6° and (110) at 75.9° respectively. Some of the additional
peaks at 38.2°, 64.6°, and 77.5° are obtained from the Ag (filled square) coated thick
film, which served as an electrical contact in one of the faces of the porous membrane.
The peak corresponding to Co fcc (111) at 20 ~ 44.4° is shown in Fig. 4.6(b) in the
expanded form, which indicates that the decrease in FWHM while growing the length
of Co nanorod array from 40 to 400 nm, as expected in a nano-scale regime. Moreover,
it is well known that to distinguish between the peaks arising from hcp (002) and fcc

(111) Co phases is very difficult, where the 26 lies very close to each other i.e, at 44.2°
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Figure 4.7: Magnetic behavior of Co nanorod arrays with variable length a) L=25 nm,
b) L=40 nm, ¢) L=60 nm, d) L=100 nm, ¢) L=200 nm.

and 44.4°, respectively. In particular, we know that for bulk Co, the hcp structure is
more stable than the fcc structure at room temperature (Ye et al. 2009), whereas, the
plausible growth of hcp (002) phase for larger diameter (~ 70 nm) was discussed earlier
in section 4.3.1 and reported in our work (Sellarajan et al. 2013, Kulkarni et al. 2013).
However, it is still unclear why the amount of fcc phase increases in small diameter
(Darques et al 2004, Sanchez-Barriga et al. 2009, Pirota et al. 2011). In particular, this
agrees with very recent studies of diameter influenced crystalline phase diagram, which
reported that fcc Co phase formation is favorable for 35 nm pore size while growing
them through electrochemical route (Sanchez-Barriga et al. 2009, Pirota et al. 2011,
Vivas et al. 2011, Vivas et al. 2013).

4.3.2.1 Effective magnetic anisotropy
Experimental resutls

We have also performed magnetic characterization with applied field both parallel
(|hand perpendicular (L) to the nanorod axis at room temperature. Figures 4.7(a)-(e)

show the complete data set of the hysteresis loop for different lengths of the nanorod

arrays. Table 4.2 presents the extracted physical parameters from the measured M(H)
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loops. In this table, M) /M, and M: /M, represent the remanence ratio for parallel
and perpendicular directions, respectively. Hence, the ratio, M) /M, greater or less
than unity determines the easy axis parallel or perpendicular to the nanorod axis, re-
spectively. The magnetization easy axis may also be defined by the sign of the effective
anisotropy field, AH, (Ahmad et al. 2011). Here the estimated values of AH, (=
H}—H J) for our samples are given in table 4.2, where H Iis the saturation field when
the magnetic field is applied parallel to the nanorod axis and H7 is the saturation field
when the magnetic field is applied perpendicular to the nanorod axis. The dependence
of AH, on L and hence the change over in easy axis direction from perpendicular to
parallel direction supports the observation made on remanence ratio data, as mentioned

above.

From table 4.2, it is confirmed that the easy axis lies along the longitudinal direction
for L>100 nm as expected from the shape anisotropy. However, a reduction in both H !
and M, was observed for L = 200 nm. The origin of such discrepancy might be due
to the change of the crystalline structure from fcc (111) phase to hep (100) phase while
nanorod growing in length beyond 200 nm. This is further confirmed from the X-ray
diffraction data where the appearance of hcp(100) phase was observed for a nanorod of
length 400 nm ( see Fig 4.6(a)). The fcc (111) phases orient one of their easy magnetiza-
tion direction along the nanorod axis, which reinforces the shape anisotropy. Whereas,
the small contribution from the hcp (100) phase, in which the ¢ axis is aligned normal
to the rod axis, may result in the decrease of MTH and HC” (Pirota et al. 2011, Vivas et al.
2011, Sellarajan et al. 2013, Vivas et al. 213). As presence of hcp (100) phase within a
nanorod complicates the magnetization reversal process (Sellarajan et al. 2013), in this
case, our theoretical explanations on observed behavior of anisotropy field, AH, as a
function of L was restricted to the nanorod length, L<200 nm. To explain AH (L), the
following two approaches are made: (i) analytical calculations and (ii) micromagnetic

simulations, which are provided below.

Table 4.2: Extracted magnetic parameters of Co nanorods.

AH, = H:-H!

Length H! H: MM, MM,  Expt.  Analytical Simulated
(nm)  (Oe) (Og) AH,(Oe)  (Hp)(Oe) AH,(Oe)
25 710 530 0.6  0.64 -5676+275  -3355 22394
40 563 588 0.5 056 -3854+265  -604 -2380
60 1781 474 043 043  -13444224 1408 -1195
100 2151 626 074 033 10164230 3188 1492
200 1730 472 0.64 022 15954350 4002 3276
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Figure 4.8: a) The behavior of the demagnetization factors (/V, and N,) as a function
of L for circular cylinders, calculated using on Eqns. 2 and 3, and b) the effective
anisotropy field (/H}): experimental, micromagnetic simulated, and analytical expres-
sion (Eqn. 1) as a function of length (L).

Analytical Calculations
An analytical approach has been made to estimate the effective magnetic anisotropy
field on an array of nanocylinders based on the following assumptions: 1) the shape
anisotropy related with demagnetization factor of the geometry, 2) the magneto-crystalline
anisotropy, depending on the crystal symmetry of the material used and 3) the magneto-
static coupling among the nanocylinder arrays, as described in Eqn. 1.2.3, and can be
written as in cgs unit (Strijkers et al. 1999, Han et al. 2003, Ahmad et al. 2011):

Hy = ArAN(L)M,6.37 ML/ S® + H o (4.3.1)

where r, L and S are the nanorod parameters such as radius of the nanorod, length
of the rod and the separation between the rods (in nm) respectively and AN (L) =
N.(L) — N,(L); with N, and NN, are the demagnetization factor along the x and z-axis

respectively, and can be determined using the relations (Lavin et al. 2009),

N,(L) =1 — Fy (D*/L*) + 4D (4.3.2)
3L

and
N,=(1-N,)/2 (4.3.3)

Here, Fy(y)= Fy1[-1/2,1/2,2,-y] is a hypergeometric function. Figure 4.8(a) presents

the variations of NV,, and NV, as a function of L. It is interesting to see that for the ratio of
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L/D=0.9065, the values of N, and N, become 1/3, where the effect of shape anisotropy
gets nullified due to the spherical symmetry of the nanorods. Hence, equation (4.3.1)
predicts the crossover of Hg from negative to positive value occurred at a critical length,
L. (=4ANS?/6.3r> ~ 45.9 nm) with a rod diameter of 45 nm. In other words, for L>L,
the easy axis lies along the rod axis, whereas for L<L., it is perpendicular to the rod
axis. The calculated H(L) values using equation (4.3.1) with H,,, = 0 is shown in
Fig. 4.8(b). The estimated anisotropy field for our samples, tabulated in table 4.2, is
also plotted in Fig. 4.8(b) along with the above analytically calculated curve. From this
figure, it is clear that a large discrepancy on L. value was observed. Experimentally de-
termined value of L. was around 785 nm, which was almost two times larger than the
analytically predicted one. This large discrepancy may be attributed by the non-uniform
reversal magnetization process in the rods, as mentioned by a vortex domain wall for
fcc (111) (Vivas et al. 2013). To further understand the reversal magnetization pro-
cess, micromagnetics simulations has been carried out using 3D—OOMMF package, as
described in Chapter 6.

4.4 CONTINUOUS DEPOSITION

In this case, the main objective is to prepare Co nanowires with hcp (002) phase to
study the magnetostatic interaction between the nanowires in arrays. Therefore, the
electrodeposition conditions are modified from pulse deposition into a continuous de-
position process at -1.1 V vs Ag/AgCl and pH of 6.7 as reported by several authors
(Darques et al. 2004, Vivas et al. 2012). This leads to growing the hcp (002) phase
inside four different nanopore geometries of porous AAO membrane.

4.4.1 Effect of magnetostatic interaction in hcp Co (002) phase

The textured growth of hcp Co (002) nanowire arrays were prepared with considera-
tion of following geometries (i.e., pore diameter (D,) and interpore separation (/,,)) of

alumina membrane:
e D, =25nmand I, = 65 nm
e D,=45nm and I, = 65 nm
e D, =50nm and I, = 105 nm
e D, =80nm and I, = 105 nm

In this case, the above variation in the pore geometry leads to have the nanowire

diameter approximately the same within two different cell sizes (I, = 65 nm, and 110
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Figure 4.9: Surface morphology of porous AAO membrane with two different diameters
in cell sizes of 65 nm (a-b), and 110 nm (c-d). The diameters of the AAO membranes
are (a) 25 nm, b) 45 nm, ¢) 50 nm and d) 80 nm, respectively.

nm for D, ~ 50 nm). During the investigation, the analysis is also considered by "N,
number of wires per unit area, i.e., N ~ 1.0 x10° per cm? for larger interwire spacings
(110 nm), and for 65 nm spacings: it is approximately equal to 3xN (i.e., ~ 3.0 x 10°
per cm?). Here, for simple system the length and the crystalline phase is controlled by
maintaining the electrodeposition time and the deposition parameters (pH=6.7 and 40
°C). The uniform in length and higher filling rate (> 90%) of Co hcp (002) have been
achieved for length (L) of < 300 nm. Importantly, hcp Co (002) phase is chosen because
the length of the nanowire has not influenced in their magnetic properties (coercivity
and remanence ratio) of Co nanowire arrays in the absence of other crystalline phase,

as reported previously in this work (Sellarajan et al. 2013, Kulkarni et al. 2013).

4.4.1.1 Magnetic properties as a function of nanowire geometry (both
inter-wire separation and diameter

The highly ordered hexagonal arrays of monodispersed pores in the AAO membrane
is confirmed by FESEM imaging, as depicted in Fig. 4.9. In this figure, sample (a,b)
were prepared in H,SO,4 bath at 25 V, and the pore widening time was kept at 20 min
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Figure 4.10: The structural characterization of Co embedded porous anodic alumina by
X-ray diffractometer as function of diameter (cell size): a) 25 nm (65 nm), b) 45 nm
(65 nm), ¢) 50 nm (110 nm), and d) 80 nm (110 nm), respectively.

(Dp~254-3 nm) and 29 min (D,~45+5 nm) without affecting I,,;~654-4 nm, respec-
tively. Similarly, AAO membranes with larger interpore distance, I,,, ~11043 nm were
prepared in CoH5O, bath at 40 V with the pore size of 50+5 nm (45 min) and 80+7 nm
(90 min), as shown in Figs. 4.9(c and d), respectively.

In addition to this, X-ray diffraction patterns of deposited Co nanowires are pre-
sented in Fig. 4.10 as a function of wire diameter (inter-wire separation), as mentioned
above. As shown in these figures, only one peak is observed at 20=44.4 °, indicating
a textured growth of Co with hcp (002) phase, irrespective of different wire diameters.
Such observations were also reported for nanowire grown in electrolyte with PH above
6 (Darques et al. 2004).

Magnetic properties of as-grown samples were performed at room temperature us-
ing a vibrating sample magnetometer (VSM: LakeShore) while applying 10 kOe (H,.)
field in the direction parallel and perpendicular to nanowire axis. The resultant M(H)
hysteresis loops are shown in Figs. 4.11(a)-(d) for different wire diameters of 2543,
45+5, 50+5 and 80£7 nm, respectively. We refer these samples as sample-a, sample-
b, sample-c and sample-d hereafter and they correspond to Co NWs with D,, (1,,) of
25 (65), 45 (65), 50 (110) and 80 nm (110 nm), respectively. Table 4.3 show the ex-
tracted magnetic parameters such as coercive field (/.), and remanent magnetization
value (M,./Mj) in both parallel (H, Jj'

€T

,) and perpendicular (A épt) directions. At first, the
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Figure 4.11: M(H) loops Co nanowire arrays with four different diameters within the
two different interwire separations: I, 25 nm (a) and 45 nm (b) in /,, of 65 nm, and D,
50 nm (c) and 80 nm (d) in [, of 110 nm. H., is applied in both parallel (square) and
perpendicular (circle) to nanowire axis.

reduction in H,. was observed with increase in diameter of the nanowires for an ap-
plied field parallel to the nanowire axis, as reported by several authors. The behavior
of coercivity as a function of D /S for a constant L (D=wire diameter, L= wire length,
and S=inter-wire spacings), was derived based on the analysis of the influence of ef-
fective magnetostatic interaction among the nanowires, and the expression is as follows
(Vazquez et al. 2005, Arora et al. 2012),

2K N|E,| .,
H, = 1— vz 4.4.1

where 2K /119 M denotes the intrinsic H,. due to magnetic anisotropies, K, E, is mag-

netostatic interaction energy, and N is the number of nanowires which are reversed by
the large F,. It is well known that magnetostatic interactions favor an antiparallel dis-
tribution of magnetization in the neighboring NWs and depends on the direction of the
field, length (L) to the diameter (D) ratio and inter-wire separation (.5). In this case,
the reversal of an individual nanowire results in the decrease in the F, that equals in
the magnetic anisotropy barrier A E. Here, the interaction term has been derived while
considering that the NWs are homogeneously magnetized for D/L << 1, i.e., due to

their uniaxial magnetic anisotropy, with magnetic charges at both ends, o = |M|. This
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interaction energy, £, was considered as multipolar components rather than dipolar for
S << L, and can be written as (Vazquez et al. 2005, Arora et al. 2012),

2

B, = (A0 ML) {1 - [+ (77,

where, M, is the magnetization component along the length of the wires. Equations

(4.4.2)

(4.4.1) and (4.4.2) suggest that with the increase in D /S, the magnetic charges would
increase leading to an enhanced magnetostatic interaction between the wires for con-
stant L. Additionally, for constant D, the increase in L/S leads to increase the static
interaction in the array of NWs. This is having a good agreement with our experimental
results, that the observed decrease in the /. value is as a function of D. Importantly,
for constant L/ D, our results show that the extracted H, values of two different S (I,
and [,5) are ~ 2000 Oe in Co nanowires [D ~ 50 nm as shown in Figs. 4.11(b and ¢)].
Therefore, it is clearly indicating that the obtained H. value is not highly influenced
by term L /S at room temperature. In order to obtain deeper information, the temper-
ature dependence of magnetic hysteresis loops have been measured for sample -b and
-c, when the field is applied parallel to the nanowire axis. The corresponding H.(T) is

later discussed for providing the possible influence of L/D with temperature.

Moreover, it is clear from the magnetization hysteresis loops that for all the sam-
ples the easy axis is along the wire length. The higher M, /M, ~0.9 is observed for
smaller ratio of D /S [sample-a ~ 0.35 and sample-c ~ 0.45], whereas in case of larger
D/S ratio [sample -b and -d (~ 0.7)] the shearing effect is observed to be more and
resulted with a reduction in the M, /M; (see Table 4.3). This indicates that the magne-
tostatic interactions are increasing as wires get closer together. Therefore, the variation
in M/ /M, for wire diameter of ~ 50 nm in two different /, values are believed to be
influenced by the magnetostatic interaction between the neighboring nanowires in ar-

rays, as suggested in Eqn. 4.4.2. This is also consistent with the results obtained by

Table 4.3: Magnetic parameters of hcp Co (002) nanowires as function diameter and
interwire spacing.

Sample | Diameter | interwire | Packing Hl, HE,
Name (nm) spacing (nm) | density | H) (Oe) | M\/M, Hl(Oe) | M:-/M,
sample-a 25 2500 0.9 610 0.13
65 3x10°
sample-b 45 2240 0.68 300 0.2
sample-c 50 2110 0.86 400 0.12
110 1x10°
sample-d 80 1500 0.41 250 0.05
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Figure 4.12: Theoretically calculated demagnetization factor of nanowire in both per-
pendicular (/V,:fig. (a)) and parallel (/V.:fig.(b)) to nanowire axis, by using Eqns. 4.3.2
and 4.3.3.

Sanchez-Barriga et al. (2009), a reminiscent influence of the magnetostatic dipolar in-
teraction on the magnetic behavior could manifest through a small contribution to the

reduced remanent magnetization for shorter wires.

The effective anisotropy of grown Co nanowires was mainly contributed by the
shape anisotropy, magnetocrystalline anisotropy, magnetoelastic anisotropy, and mag-
netic dipole interaction between the nanowires in arrays. Here, the magnetoelastic
anisotropy is not considered for calculations in Co with the poor magnetostriction ef-
fect. Therefore, the dipolar interaction is the only term which results in the variations in
the M (H ) loops of sample -b and -c. Other contributions from the shape and the magne-
tocrystalline anisotropies are same as the diameter and the crystalline phase of Co NW
were kept same. Here, the shape anisotropy arises from the demagnetization factor of
the 1D nanowires. The value of shape anisotropy field, Hpqpe ~ 27 M5, 1s independent
to the wire diameter for L>>D. Figure 4.12 shows theoretically predicted demagnetiza-
tion factors as a function of length for all four samples shown in Fig. 4.11(a)-(d). As
expected the close relation is found for samples between -b and -c, at where the shape
demagnetization factor may not affect the magnetic characteristics of Co nanowires (see
Fig. 4.12). Furthermore, the understanding of reversal magnetization processes due to
the magnetostatic and magnetoelastic effects were carried out in sample -b and -c at low
temperature from 300 K to 5 K with the interval of 50 K, respectively.

Figures 4.13(a and b) show the resulting hysteresis loops measured for both systems
of nanowire arrays at low temperatures. Insets show the magnetization behaviors of Co
nanowires when the field is applied to 40 kOe, along the wire axis at different tem-

peratures. The main observation as a quasi-monotonic decrease in H,. with increasing
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Figure 4.13: Low temperature magnetic measurements of Co nanowire arrays with
diameter of ~ 50 nm for two different inter-wire separations: a) 65 nm, and b) 110 nm.
Inset shows the M (H ) loops of the corresponding Co NWs with H,,; ==+ 4 kOe.

temperature is shown in magnified M (H) loops in Fig.4.13, and the values of H.(T)
and the variation of normalized remanent (M, /M) values as function of temperature
are depicted in Figs. 4.14 (a and b) for samples -b and -c, respectively. In this case,
the M,./M; value is defined as the value of M, is normalized with the value of M at 40
kOe, i.e., the ratio of the magnetization at H.,, = zero and 40 kOe (M (0) and M (40)
kOe).

From H.(T') data, the following observations are made. H.(T') follows a linear
behavior with dH./dT have a negative slope of -2.27 for I,; (sample-b) and -4.05 for
I, (sample-c), respectively. This linear increment of H..(7") in both of the sample is due
to the suppression of the thermally activated magnetic relaxation at low temperature.
However, the variation in the rate of the increment in H.(7') is nothing but due to the
effect of the magnetostatic interaction between the neighboring wires. In addition to
this, the contribution of magnetostatic interaction field has been evaluated by using a
simple formula, H;,,=-4.2M mr*L/S3, at where the interwire separation is reciprocal to
H;pi, here M, r, L and S are the saturation magnetization, radius, length and separation
between the nanowires (Strijkers et al. 1999, Han et al. 2002, Srivastava et al. 2007).
Then, the calculated values of sample -b and -c are -128 Oe and -37.5 Oe for L=300
nm, respectively. However, the variation in the H.(7") can be clarified due to the two
different approaches, that may be (i) due to the variation in the observed M, as function
of T, i.e., it increased (i.e., M4(7T")=17% from 300 K to 5 K) for sample (c) and it remains
nearly constant M, (7%) for sample (b) in the temperature range studied, and (ii) the
variation in the tensile stress on the wires due to the contraction effect of the alumina at
low temperature.
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Figure 4.14: M, /M, (square) and H,. (circle) measured parallel to the axis of the
nanowires plotted as a function of temperature for Co nanowire arrays with diameter
of ~ 50 nm for two different interwire separations: a) 65 nm, and b) 110 nm.

4.5 SUMMARY

This chapter highlights the importance of crystalline structure in the magnetic properties

of Co nanowire arrays. It can be concluded that:

e The crystalline structure of Co was tailored with varying both diameter and the

electrochemical processes.

e For pulse deposition, the structure of Co has been modified from hcp (002) to

fcc (111) while reducing the diameter. Whereas, the change in pH has not shown

any influences during the growth of crystalline Co. However, the increase in the

length of nanowire was demonstrated with the change in crystallographic phase

to hep (100) above the critical length in both cases. The reason behind this struc-

tural transition is still unclear. However, this may be due to a twisted wire with

circumferential strain while growing nanowires in a constrained AAO pore wall

structure as suggested by Hu et al [2005].

e This change in the crystallographic phase of Co as a function of the length of

nanowire resulted with different magnetic behaviors. Independent to nanowire

length, Co hep (002) phase shows longitudinal anisotropy, whereas, fcc Co (111)

was established by the change in the magnetic anisotropy from transverse to lon-

gitudinal just below and above the critical length. However, the reduction in the

longitudinal anisotropy was observed with the presence of hcp (100) phase above

certain NWs length. Importantly, the observed reduction in coercivity and rema-

nent ratio of ordered Co nanowires were also explained considering the change

in crystalline structure from hcp (002) to hep (100) phase as they grow in length,
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1.e., the hep (100) phase determines magnetocrystalline anisotropy nearly at trans-
verse orientation and compensate the shape anisotropy. The angular measurement
was evident for the highly uniaxial and isotropic magnetic anisotropy as a func-

tion of hcp crystalline Co phases for L of 200 and 1000 nm, respectively.

e For continuous deposition, different hcp Co phase textures were obtained by mod-
ifying the electrolyte pH from 2 to 6.7 in the electrodeposition of Co nanowires
at 40 °C. In this case, the uniaxial magnetic anisotropy with hcp Co (002) phase
(i.e., magnetization easy axis lies along the nanowire axis) was grown in differ-
ent diameter and periodicity, to demonstrate the magnetostatic interaction effect
among the NWs. Here, it was paid attention to study the magnetostatic interac-
tion between the NWs by keeping the diameter ~ same and varying the interwire
spacings (i.e., vary the density of the NWs) in hcp Co (002) phase. Therefore,
the resultant reduction in remanent ratio was considered as a function of diam-
eter and the interwire spacings, whereas coercivity was determined by only the
diameter in the array of Co NWs. During this investigation, nanowire at ~ 50 nm
in diameter exhibits nearly equal H. (~2.0 kOe) for both the inter-wire spacings.
However, the resultant M, /M, was founded to be highly influenced by the inter-
wire spacings, 1.e., 0.9 for 105 nm and 0.6 for 65 nm. This was exemplified by
the long range order of magnetic dipolar interaction among the nanowire arrays
with different densities [(0.8—2.25) x10'Y per cm?]. With decreasing NWs di-
ameter within the same interwire spacings, both H, and M, /M was found to be
increased and enhancing the shape anisotropy in hcp Co (002) phase. This latter
effect is even more pronounced in the case of NWs separated with > twice the
diameter of Co nanowires, either lower or higher density of NWs, i.e., the highest
M,./M, achieved in hcp Co (002) phase.

These findings are indicating the crystalline structure of Co depends on both the
geometrical parameters and the particular electrodeposition parameters. Furthermore,
detailed investigations are required to understand the reversal magnetization processes

of different Co phases which are observed in micromagnetic simulations.
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PREPARATION AND MAGNETIC PROPERTIES OF NANODOT

ARRAYS

5.1 SURFACE PATTERNING OF MAGNETIC NANODOT ARRAYS

Recent studies on ordered arrays of surface nanostructures such as nanodots and nanoholes
became intensive research interest due to cost effective approach by a non-lithographic
patterning process (Lei et al. 2007, Kouklin et al. 2006). In this approach, ultrathin
thin alumina membrane (UTAM) was used as an evaporation or etching mask on a
substrate. This method is applicable to pattern all different types of materials such as
metals, semiconductors, and metal alloys (Lei et al. 2005, Kouklin et al. 2006, Ding
et al. 2006, Li et al. 2006, Kim et al. 2007, Zou et al. 2009, Gao et al. 2009, Wu et
al. 2010). Hence, this low-cost, nano-patterning process become an ideal model system
to the fabrication of electronic, magnetic and optical nanodevices with extremely small

size and high density.

In particular, the porous alumina membrane possesses several essential features de-
sirable to test the theories of nanomagnetism and their future applications. The size and
the periodicity of the pores can be tuned by selecting the appropriate anodization con-
ditions (Jessensky et al. 1998, Li et al. 1999). As reported earlier, these porous masks
were prepared by two methods; i) attached UTAM (i.e., a free-standing ultrathin alu-
mina membrane is ready to transfer on any of the substrate), and ii) connected UTAM
(i.e., growth of ultra-thin porous alumina on a desired substrate) (Lei et al. 2005, Li et
al. 2006, Lei1 et al. 2007). Due to higher regularity and large scale of ordering, attached
UTAM (Jeong et al. 2009) is more preferable. In this process transferring these thin
porous alumina on the Si wafer is most critical and challenging task. It is also reported
that the size and the shape of the nanoparticles can be tuned due to the shadowing effect

by thickening the porous membrane or by the deposition time (Wu et al. 2010).

Arrays of magnetic nanodots (Fe, Ni, Co, FePt, CoPt, etc.,) had been fabricated by
using this technique (Li et al. 2006, Kim et al. 2007). Most of their magnetic properties
were limited by perpendicular anisotropies for high density magnetic media applica-

tions. Research on hard magnetic in-plane anisotropy was not reported previously. In
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Figure 5.1: FESEM surface morphology and section view of the UTAM with different
anodization time (a) 900 s, (b) 420 s and (¢) 75 s. The scale bar used here are for 200
nm.

this report, we patterned both soft (CoggFeg) and hard (SmCos) magnetic nanodot ar-
rays with large in-plane magnetic anisotropies. The dot arrays with different heights
were deposited and the results were correlated with the thickness of the same thin film.
The in-plane magnetic anisotropy was liable in both film and the dot arrays, however,
the strong magnetic anisotropy was reduced in the dot array due to the exhibited vortex
along the perpendicular direction. This magnetic vortex has a strong potential applica-
tion in spin-based nanoelectronic devices because of the superior thermal stability and

the negligible magneto-static interaction.

Figure 5.2: Surface morphology of UTAM after transferred on Si substrate.
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Figure 5.3: Schematic outline of the fabrication of highly ordered nanodot arrays and
the anti-dot formation which limits the shape of the dots (a-c).

5.2 CONDITION OPTIMIZATION OF UTAM

The cross-sectional view of highly ordered porous anodic alumina membrane (AAO)
was shown in Fig. 5.1(a-c) for thicknesses of a) 880+20 nm, b) 360+20 nm, and c)
100420 nm. The average thickness of the AAO was controlled by the anodization time
(i.e., 900 to 75 s). Interestingly, even after the barrier removal, the thinner membrane
retains the shape of honeycomb structure (see Fig.5.1(c)) while comparing with a thick
membrane ( > 300 nm) which has circular in pore structure. This is due to the higher

etching rate of side walls in UTAM structure.

Alumina membranes with aspect ratio (7=thickness/pore size) from 10 to 1 were
used as evaporation masks on Si substrate. CoFe was deposited by sputtering technique
in a ultra-high vacuum chamber. The removal of UTAM leads to show the ordered of
nanodot arrays on Si. It is to be mentioned that the well-ordered nanodot structures
were obtained through the UTAM of thickness less than 300 nm (7 < 3). For (7 > 3),
the shadowing effect does not allow to form the nanodot array on the substrates, though

the formation of nanodot arrays structures 7 < 10 was reported by Lei et al. (2007).

Similarly, UTAM was also prepared in 0.3 M sulphuric acid by varying the 2"
anodization duration from 20 to 50 s for 7 < 3. The growth rate is 2.5 nm/s with pore
size of 25 nm and interpore distance of 65 nm in 25 V, 3 °C. The optimum conditions
were tabulated in Table 1. Photo shows the transparent UTAM which is transferred on
Si substrate in Fig.5.2.
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Table 5.1: Optimum condition for the fabrication of UTAM.

Electrolyte 2nd Growth | Pore widening | Pore parameter
(0.3M | anodization | rate time D, I,
acid) time (s) (nm/s) (min) (nm) | (nm)
Oxalic 75-150 1 50-60 80-100 | 110
sulphuric 20-50 2.5 13-18 25-40 66

5.3 FABRICATION OF NANODOT ARRAYS VIA SPUTTERING TECHNIQUE

5.3.1 CogFe;, Nanodot arrays

Figure 5.4: Surface morphology of the UTAM based nanodot arrays prepared by the
sputtering system with variable thickness on CoFe. a) UTAM on Si substrate, b) CoFe
dots with 10 nm thickness, ¢) 20 nm and d) 30 nm. Here, the scale bar drawn is 200
nm.

Nanodot array structures of CogoFe;y with varying height from 0 to 50 nm were
deposited by varying the duration of sputtering time. During sputtering, the deposition
occurred: 1) through the nanochannel arrays, and ii) on the top surface of the pore walls.
With the progress of deposition, in other words, as the thickness of the deposited film
increases, the face of the pore wall becomes narrower. This leads to the change in shape
of the deposited nanostructure from disc to elliptical to conical. This phenomenon is

known as shadowing effect in the fabrication of patterned nanodot arrays using UTAM
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as an evaporation mask by sputtering as shown in Fig.5.3. In fact, we also observed the
disk arrays without shadow effect for thickness less than 20 nm. However, the shape
was little modified into hemisphere for higher thickness. Figure 5.4 shows the highly
ordered hexagonal arrays of CoggFe;y nanodot structures with a thickness of 20 (b), and
30 nm (c-d). The dot arrays were replicating the same hexagonal ordering as similar to

porous membrane in the patterned nanodots.

5.3.2 Magnetic properties of NanoDot arrays

5.3.2.1 Vibrating sample magnetometery

The magnetic properties of the fabricated nanodot arrays are macroscopically analyzed
by vibrating sample magnetometry. Here, anti-dot arrays will also contribute signifi-
cantly in the M(H) loops. This was avoided by ultrasonication in diluted NaOH before
performing the magnetic studies. This will help to remove the UTAM along with antidot
arrays.

Figures 5.5 (a-e) show the in-plane easy magnetization of CogyFe o nanodot arrays
structure with heights a) 10, b) 20, c) 30, d) 40, and e) 50 nm, respectively. The re-
sultant behavior shows gradual increase in the M, /M, from 0.4-0.8 and H. from 100
to 300 Oe with increase in CoggFeyq thicknesses, as shown in Fig. 5.5(f). Whereas,
small discrepancy in the decrease in H. with single domain state was observed at 50
nm, which may be due to the presence of magnetic antidot arrays on the sample surface
with maximum error(30-40%). Therefore, the film thicknesses are limited to less than
50 nm for UTAM with a pore size of 100 nm. Interestingly, M(H) loops accompanied
with these H variations were involved in the reversal magnetization processes with a
different magnetic state such as vortex, single domain. Li et al. (2007) reported that
M(H) loops with reduced H, values by the pinched neck were representing vortex mag-
netic states, as shown in Fig. 5.6(a). The pinched neck can be quantified by calculating
the ratio between width of the hysteresis loop at zero magnetization (I¥,;—¢), and at
half the saturation magnetization (Wy;—o 5115, i-€., 0 = War—o/War—o.5ms as shown in
Fig. 5.6(b). The loop width ratio,
delta was observed to increase from 0.6 to 0.8 as the thicknesses increase from 10
to 50 nm. It is evidenced that the increase in thickness leads to single domain state
with width ratio close to ~1. Whereas, 20 nm sample shows perfect vortex state with
smaller width ratio of ~ 0.4. As a comparison, we have shown the M(H) loop of 20 nm
thin film, which indicates a single domain state. Further understating of these vortex

magnetic states were analyzed by the first order reversal curve, see section 5.3.3.
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Figure 5.5: Magnetic hysteresis loops of CogoFe;o nanodot arrays when the field applied
parallel to the film direction (a) 10 nm, (b) 20 nm, (¢) 30 nm, (d) 40 nm and (e) 50 nm
and (f) M, /M, and H, as a function of thickness.
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Figure 5.6: Magnetic hysteresis loops of CoFe nanodot arrays when the field applied
parallel to the film a) for thickness of 20 nm (pinched neck) and 40 nm, b)show the ratio
of Wi—o and Wy—g.5016, 0 as a function of thickness to represent the pinched neck or
the vortex magnetic state in the CoFe nanodot arrays.

Additionally, M(H) loops for field applied perpendicular to film direction was also
examined for CogyFe,y nanodot arrays with a thickness of 20, 30, and 50 nm, as shown
in Fig. 5.7. The non-saturated behavior exhibits zero remanence with zero coercive
field at a thickness of 20 nm which indicating the hard magnetization direction in the
CoggFe;q nanodot arrays. Whereas, with increase in thickness to 50 nm, the small open-
ing near the zero magnetization field was observed with negligible M, /M as shown in
Fig. 5.7(b-c). This may be attributed by the shape effect where these dot structures can

be elongated along the pore channels to rearrange the easy axis.
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Figure 5.7: Magnetic hysteresis loops of CoFe nanodot arrays when the field applied
perpendicular to the film direction; a) 20 nm, b) 30 nm and c) 50 nm.
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5.3.3 First order reversal curve (FORC)

Further understanding of the vortex magnetic states in 20 nm CogyFe;y nanodot arrays
were investigated from the first order reversal curve (FORC), from a set of minor hys-
teresis loops. The minor hysteresis loops measurement begins by saturating the sample
with a large positive applied field H. The field is decreased to reversal field /, and
the FORC is defined as the magnetization curve that results when the applied field is
increased from H, back to H,. This measurement procedure is repeated for different
values of H, to obtain a suite of FORCs (see Fig. 5.8). The magnetization at the ap-
plied field H, on the FORC with reversal point H, is denoted by M (H,, H;), where
H, > H,. Data from consecutive measurement points on consecutive reversal curves
are used to determine the FORC distribution, which is defined as the mixed second
derivative:
190?M (H,, Hy)

— e >
p(Ha, Hy) = =5 =gt 2o (Hy > Ho) (5.3.1)

The FORC distribution and related diagram have been calculated using FORCinel
(Harrison et al. 2008) which use locally weighted regression smoothing algorithm
(LOESS)(Roberts et al. 2000) for the calculation. Usually it is convenient to define a
new set of co-ordinates (H,.,H,) instead of (H,,H,;) for the representation of the FORC
diagram,

H,—H, H,+ H,
Hc:b—yHu:_L

2 2
Thus rotating the FORC diagram by 45 from (H,,H;) plane to (H.,H,) plane (Har-

rison et al. 2008). We have used both the coordinate system for the discussion of the

(5.3.2)

results. In this measurement CoggFe;y nanodot arrays were initially subjected to the
maximum field of 2000 Oe, H,. Afterwards, we have varied the reversal field from
1200 Oe to -2000 Oe with the field spacing of 10 Oe in the previously mentioned man-
ner. The FORC distribution results are given below.

It is well known from the Eqn (5.1), the FORC distribution (p) becomes non-
zero when the magnetization reversal involves irreversible switching. Whereas, for re-
versible magnetic switching, there will be no change in the magnetization value M (H,, H;)
while going from one reversal point to another considering reversible magnetization
switching leads to zero FORC distribution. Thus, the magnetization will solely depend
on the applied field H}, making the FORC distribution zero. By using these FORCs,
here we are able to examine the nucleation and the annihilation of the vortex magneti-

zation, where there is a reversible and irreversible switching along the field direction.
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Figure 5.8: Magnetic hysteresis loops of CoFe nanodot arrays for the thickness of 20
nm when the field applied parallel to the film. Red dots indicate the major M (H') loops
and the blue continuous line indicates the minor loops for FORC analysis with the field
interval (H,) of 10 Oe.

Figure 5.8 show the experimentally obtained first order reversal curve for 20 nm
thick CogoFe,y nanodots where the major hysteresis loop delineates the outer boundary
for the FORC curve. In this analysis, precise control over the nucleation field and
the annihilation field of the vortex magnetization state can be observed. FORCs and
the corresponding distributions are shown in Fig. 5.9. The vortex nucleation and the
annihilation fields can be identied by the color variation in the FORCs in Fig.5.9(a),
color coding represents red for vortex nucleation at where the p is positive, and the
blue for p= 0 (i.e., for reversible magnetization) and violet is for -ve p, which is for
the annihilation fields in these nanodot arrays. Whereas, Fig. 5.9(b) is the contour
plots of FORC distribution with (H,, H}), and Fig. 5.9(c) representing the same with
coordinates of (H., H,), and Fig. 5.9(d) show the 3D plots of the corresponding FORC
distributions. In contour plot of Fig. 5.9(b), two main features were observed, i.e., 1) a
central peak and ii) the negative-positive region near the bottom left-hand corner of the
FORC diagram.The central peak is due to the switching of the magnetization, where
the pinched neck is started in M(H) in Fig. 5.5(b) i.e., the nucleation field H,. For
mathematical point of view, this positive peak is associated with the increase in (g—%]
with decreasing H,. Whereas in terms of H, and H., it showing the non-interacting

behavior of the CoggFe o nanodot arrays where H, = 0 Oe and H, ~ 20 nm. This is
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expected as for vortex magnetic states, the interaction between the neighboring dots
may be negligible. The origin of the negative region is related to sections of the FORCs
where H;, < 0 (Newell et al. 2005). The occurrence of the negative-positive pairing is a
result of the decrease and increase of the reversal field susceptibility as the domain state
responds differently with the applied field. This is the onset of the vortex annihilation
as the nanodot approaches negative saturation. Until the point -200 Oe, the FORC
distribution shows the presence of the irreversible magnetization. If one considers that
the nanodot has reached its negative saturation then the irreversible switching will be
over and the FORC distribution will be zero and nearly overlap the region H, > -20
Oe. Since the application of the reversal, the field is constrained by the experimental
limitation and the features of the sample. We could only concentrate these FORCs from
+200 Oe to -200 Oe with H, of 10 Oe from H of 2000 Oe and step of 10 Oe.
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Figure 5.9: Families of FORC distributions: a) minor loops, b) FORCs with coordinates
(H,; Hyp), c) FORCs with coordinates (H,; H,), and d) the 3-D representation of FORC
distribution curve.

5.4 SmCo; NANODOT ARRAYS

Hexagonal arrays of circular dots with a diameter of 80 nm and a lattice periodicity of
110 nm were patterned by sputtering technique using lift-off process. In this process,the
attached alumina membrane was used as an evaporation mask, hence Cr(4 nm)/[Sm(3.2

A)/ICo(6 A)]s was sputter coated by the lamination process on Si substrates with 5x35
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mm? area at 600 °C. This higher substrate temperature helps to relieve the strain in-

duced by lattice mismatch and to improve the adhesion properties of SmCos films. The

continuous film was also prepared on the same substrate.
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Figure 5.10: Surface morphology of UTAM and SmCo; nanodot array using FESEM
(a-b) and AFM (c-d) measurements. a) UTAM, b) SmCo; nanodot array, ¢) 1.3 pmx1.3
pm scan of AFM topographic images for smCoj dots, d) magnified 3D view of (c), e)
3D-FFT image of (b), and f) EDS spectrum of SmCos nanodot array.

5.4.1 Surface Morphology

SEM micrographs of an array of nanopores (UTAM; top view) and of SmCos nanodots
array with diameter of 80 nm and periodicity of 110 nm are shown in figures 5.10(a)
and (b), respectively. An atomic force image together with its 3-D view was also shown
in figures 5.10(c) and (d). The samples were viewed after removal of the UTAM to re-
veal the hexagonally ordered disc array of the dots i.e., the circular pattern indicates the
hexagonal symmetry which is shown in figure 5.10(c). In order to view this hexagonal
symmetry, 2D-FFT analysis was also made on the same dot images. The good agree-
ment was observed by the six distinct peaks of 3D view of 2D FFT analysis, shown in
figure 5.10(e). The neighboring ring patterns with highly ordered distinct peaks indi-

cate a long range higher order hexagonal symmetry. Moreover, the dot particles were
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Table 5.2: Magnetic parameters of SmCoj dots and film structure.

In-plane Out- of plane
Sample H, | H. [M,/M, | H, | H. | M;/M,
name kOe kOe

Nanodot array | 7.0 | 3.0 | 0.90 | 11.0| 1.20 | 0.40
Thin film 50(26| 095 |[13.0|1.05| 0.10

identified and are resulted by the EDS spectra as shown in figure 5.10(f).

5.4.2 Magnetic properties of SmCo nanoDot arrays

5.4.2.1 Vibrating sample magnetometery

Figure 5.11 show the M(H) data of SmCos nanodot array with a film thickness of
20 nm. Here the easy axis of magnetization lies within the film plane as reported ear-
lier (Lopez et al. 2006). The out-of-plane loop is characteristics of a hard axis. In
addition to this, the in-plane easy axis hysteresis loop of the dot array is sheared due
to magnetostatic interactions between the dots while compared to the hysteresis loop
of its film with the same thickness. VSM data on a range of SmCos dot samples gives
a value of M, of 0.2x 1072 emu/cm?®, 50% of the film, due to the deposition through
the membrane and its value of porosity. The magnetization loop has a larger satura-
tion field and a smaller remanent magnetization in dot-array than the continuous film.
The larger H, can be observed due to the smaller separation (i.e., inter-pore distance
I,,) in the dot array and its finite size in the sample plane (Ouchi et al. 2010). Conse-
quently, the magneto-static interaction among the dot arrays is influencing to nucleate
the dot-array just before the nucleation field of the continuous film (i.e., shearing of
M(H) loops in dot arrays). Differences between the dot-array and the continuous film
are tabulated in table 5.1. Moreover, the effective anisotropy was also observed less in
the dot samples, which is attributed by the higher M, /M, given by the formed vortex
(pinched neck) magnetization in the dot arrays while the external field applied perpen-
dicular to the film. This pinched neck near zero magnetization can be confirmed when
the value is less than 1 (i.e., 0.8) by taking the ratio of Wy,—o/Ws—0.51., where Wy,
Wir—o.sn, are the widths of the hysteresis loop at zero magnetization, and half the sat-
uration magnetization, respectively. Importantly, the saturation magnetization of the
dot arrays were smaller than the film along the perpendicular directions which shows
that the film with smaller thickness has not shown the super-para magnetic in nature.
Therefore, this can lead into the small change in the effective magnetic anisotropy. It

is well known that the domain size of the magnetic states is dependent on the thickness
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and the anisotropic energy. From these observed change in magnetic anisotropy might

reflect on their magnetic domains observed by MFM analysis.
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Figure 5.11: M (H ) loops of SmCoj; nanodot arrays and thin film structures with thick-
ness of 20 nm when field is applied along the film and perpendicular to the film direc-
tion.

5.4.2.2 Magnetic force microscopy

Scanning probe microscopy images are shown in Figure 5.12. Interestingly, the particles
are nearly equal in size while comparing these dot array (Fig. 5.12a) and film (Fig.
5.12g; ~ 70 nm) which may result in the small variation in H. (i.e., coercivity directly
depend on the particle size). These size of the particles was also identified by the color
contrast of edge boundary in the phase image shown in Fig. 5.12(b,h). However, the
missing higher order hexagonal symmetry in the film exhibits larger magnetic stray
field on the surface and it can be seen by the larger magnetic domains in Figure 5.12(1).
Controversy to this, the dot arrays are shown uniform magnetic state within the size (i.e.,
localized magnetization state). The edge effects are clearly visible as a light contrast in
the dot samples.

In this process, we expect to have a smaller change in magnetic properties for mate-
rials with larger in-plan magnetic anisotropy (Martin et al. 2003) than the soft magnetic
material (Fe). There are reports with the pinched neck (i.e., Vortex magnetic state) in
the in-plane direction with size-tunable property (Chang-Peng et al. 2006). However,
these large in-plane anisotropic materials lead to having an unexpected vortex state in
the perpendicular direction and it may be controlled by the size and the separation be-
tween the dot arrays. We also have performed dot arrays with a smaller size by varying

the pore widening time which results in the non-uniform size of the dot arrays.
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Figure 5.12: Topography (a,d,g), Phase (b,e,h) and MFM (c,f,i) images of SmCos nan-
odot array (a-f) and thin film (g-i). The scanning area of the sample is ~ 1.1 umx1.1
pm (a-c) and (g-i). Here, (d-f) is the magnified view of (a-c) (i.e., for the area of 350
nmx 350 nm).
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5.5 Summary

Highly ordered pore arrangement of UTAM were successfully fabricated by using
two different types of acidic electrolyte bath with thicknesses < 100 nm, via two-

step anodization processes.

Magnetic nanodot arrays of CoggFe;o, and SmCos; were fabricated over a large

area using UTAM as an evaporation mask on Si substrate.

The magnetization reversal via vortex state was observed for CogoFeqy with a

thickness of 20 nm film with dot diameter of 80 nm.

Hard magnetic SmCo; nanodot arrays with 20 nm thickness show the reduction
in the strong in-plane anisotropy in the dot arrays than the film, due to the contri-
bution of the magnetic vortex formation in the perpendicular field direction. The
average magnetic domain sizes were as same as the individual dot size, whereas
complicated domains were observed in the film. Therefore, the magnetic do-
mains in dots were identically significant for the presence of a single domain
magnetic states, however, in the case of film, the formed maze-like domains rep-

resent multi-domains structure.
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MICROMAGNETIC MODELING OF MAGNETIZATION REVER-

SAL IN MAGNETIC CO NANOWIRES

Micromagnetic simulation provides complimentary information to the experimental re-
sults about the magnetic reversal process of Co nanowires including different crystalline
structures (i.e., for different E,,,), such as hcp (002), hep (100) and fee (111) phases,
along with the shape and the static phenomenon. In this case, hexagonal arrays (i.e.,
single wire positioned at the middle is surrounded by six nanowires hexagonally) of
nanowires are considered to involve the magnetic interactions between the neighboring
wires and also within the wire through the magnetostatic field (stray field) in a an ar-
ray of seven or 7x9 number of wires. The effect of both changes in aspect ratio and
the crystalline phases are considered for the resultant reversal mechanism and for the
effective magnetic anisotropy crossover, as discussed in Chapter 4. In case of former
one, the bi-layer crystalline phases of hcp (002) and hcp (100) structures are discussed
with their reversal modes, and then, later one is discussed with fcc crystalline phase. Fi-
nally, the interpretation of magnetostatic interaction in nanowire arrays of Co hcp (002)
phase is demonstrated as a function of the wire diameter and the interwire separation
between the nanowires. However, this interpretation is meaningful by considering the

term porosity (P) of the AAO membrane or the wire density within a unit area.

6.1 MICROMAGNETISM

In order to understand the magnetic behavior of nanowire array, the reversal magne-
tization processes have been studied theoretically by both micromagnetic calculations
and analytical modeling (Garcia et al. 1999, Han et al. 2003, Vazquez et al. 2004,
Escrig et al. 2007, Landeros et al. 2007, Lavin et al. 2009, Han et al. 2009, Bing et
al. 2010, Vivas et al. 2011, Pirota et al. 2011, Vivas et al. 2012, Vivas et al. 2012,
Vivas et al. 2013). In these studies, emphasis was given on the effect of shape, aspect
ratio, crystalline phases etc. However, most of earlier studies upon reversal processes in
1D systems were based on analytical formulae given in Ref. Vivas et al. (2012), which
is considered by the angular dependence of magnetic anisotropy. This process has two

major drawbacks, (i) it can be applied to a uniaxial system with non-interacting media,
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and (ii) it does not include the effect of crystallographic structure on magnetic proper-
ties. Therefore, in this study, we have used micromagnetic simulation to understand the
reversal mechanism in a 1D system with different crystallographic structures as well as

for complex bi-layer structure.

The micromagnetic simulator is a computer based program which carry out mi-
cromagnetic simulations. This provides great freedom in the choice of experimental
conditions and material parameters, such as object geometry, initial magnetization, the
time evolution of the external magnetic field, anisotropy, demagnetization factors, and
the exchange interaction. There are several commercial and free software packages
available for micromagnetic modeling and simulations, such as OOMMEF, Magpar and
LLG.

The OOMMEF is a freeware for micromagnetic simulation tool, perform based on
the finite difference lattice discretization of space and fast Fourier transform (FFT).
This firmware is user-friendly and allows the top level scripts to modify or replace.
The main developers are Mike Donahue and Don Porter, who made this tool as a free
and user-friendly on a wide range of platforms. The aim of this tool is to develop a
portable, extensible public domain micromagnetic program and associated tools in the
Information Technology Laboratory (ITL) at the National Institute of Standards and
Technology (NIST).

Moreover, it is also mentioned that the uncertainty in the material parameters, the
inaccurate experimental geometries, and the lack of material inhomogeneities, may lead
to limit the micromagnetic simulation do not reproduce the experimental curve quanti-
tatively or reproduce the actual domain structure exactly (Engel-Herbert et al. 2006).
However, the simulated results are focused on the experimentally observed M ( H ) loops
in a qualitative way. Therefore, the simulated loop behavior may lead to understand the
hysteresis effects by visualization of the magnetization reversal process in arrays of Co

nanowires, as discussed in this Chapter.

6.2 BACKGROUND THEORY:

Micromagnetic simulation is developed to describe the macroscopic properties of a fer-
romagnetic material by simulating the best approximation of the fundamental atomic
behavior of the material, by the continuum theory of magnetic moments. This contin-
uum approximation allows the calculation of magnetization structures and magnetiza-
tion reversal assuming the magnetization (M) to be a continuous function of position

(r). In the classical approach, the spin is replaced by classical vector field which initially
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allows the determination of magnetostatic fields within the system. Whereas, the quan-
tum mechanical exchange interaction (short range) is limited by the length scale of the
continuous material, i.e., A, = \/ZQA /oM. 82), where A and M, are exchange stiffness
and saturation magnetization determined by the material property. However, the equi-
librium magnetization configuration in the classical micromagnetics is performed by the
energy minimization as a function of continuum magnetization M specified by Brown’s
equations (Brown et al. 1978), including anisotropy, exchange, self-magnetostatic (de-
magnetization) and applied field (Zeeman) terms. The detailed magnetic behavior of
the given material depends on the balance between these energy terms. Whereas, in mi-
cromagnetic simulation, the real nanostructure is decomposed with regular 3D square
meshes with each mesh containing 3D magnetization spin vector located at the center
of the cell. Then, the reversal magnetization states are predicted by applying the pos-
sible dynamic approach; i.e., the magnetization distribution (3D spin relaxation) in the

system was then evaluated by integrating the Landau-Lifshitz-Gilbert (LLG) equation:

dd—lz/[:—fnyHeff— XZ X (M x Heyy), (6.2.1)
where,
M is the magnetization of each 3D mesh,
H.y; is the effective field of the mesh,
¥ is the gyromagnetic ratio,
« is the damping coefficient.
The effective field is defined as:
H. ;= iagﬁ“l . (6.2.2)

The average magnetic energy density, E,,.; is the addition of the four different
magnetic energy contributions as follows:
(i) the magnetostatic energy, F,,, arises due the interaction of the magnetization M
with the demagnetising field, H;, which is proportional to induced M and is defined as
(Sellarajan et al. 2013):
E, = —puHy - M/2, (6.2.3)

(i1) the magnetocrystalline anisotropy energy, F,,,, arises due to the magneto-crystalline

anisotropy of the system and can be written as:
E., = K1sin*1, (6.2.4)

where 1) is the angle between the easy axis and the magnetization M, and K is the

anisotropy constant,
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(i11) the exchange energy, E.,, originates from the misalignment of a spin with
respect to the neighbouring spin and can be written as:
3

Ee =AY (AM;)*/(M,)?, (6.2.5)

=1

and (iv) the Zeeman energy in presence of the external field H, is defined as:

E.=-M-H (6.2.6)

It is to be mentioned that in case of NW arrays, Eqn.(6.2.3) for £, gets modified
as E,, = —po(Hy + Hgy).M/2, where Hy, is the dipolar interaction field arising due to
interaction between neighboring NWs.

Therefore, F,,,; can be expressed as,

Etotal = Eex + Edemag + Ema + EZeeman' (627)

here, the minimization of the ferromagnetic exchange energy aligns the magnetic
moments parallel to each other, whereas the minimization of the magnetostatic energy
favors the existence of magnetic domains. The magnetocrystalline anisotropy energy
describes the interaction of the magnetization with the crystal lattice, which orients the
magnetization preferably along certain crystallographic directions. The minimization of
the Zeeman energy of the magnetization in an external field rotates the magnetization

parallel to the applied field.

In this study, we have performed the micromagnetic simulation using the 3D-OOMMF
package (Donahue et al. 2012, Ren et al. 2011) with external field applied in both par-
allel and perpendicular to the NW axis (Sanchez-Barriga et al. 2009, Vivas et al. 2012).
M (H) loops were simulated for applying the external field from +1.5 T to -1.5 T, where
the field was reduced with the intervals of 200 steps. While carrying the micromagnetic
simulation for an array of seven nanowires or 7x9 no. of wires, each nanowire is
segmented with a smaller cubic unit cell with edge the dimension of ~ 3 nm. The mag-
netization vector (M) of a unit cell was defined by three components, m,,, m,, and m,
along the x, y and z axes respectively, whereas z axis lies along the nanowire axis and
in the cartesian coordinate system, the angular distribution of each component can be

written as:
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Xe = cos” ' (my /| M]), (6.2.8)
Xy = cos™ ' (my/|M]), (6.2.9)
X= = cos™ ' (m/|M]), (6.2.10)

where Y is the angle between M and the corresponding axis (x or y or z), |M| =

\/mfc + mi +m?2 and M = m,2 + m,y + m.Zz, where Z, §, and 2 are the unit normal
vectors along z, y, and z axis, respectively. Therefore, in this work, evaluation of the
reversal mechanism based on the extracted magnetic components in a system of seven
nanowire array were evidently shown by respective angular distribution term, x; (here,
1 represents x, y and 2). It is to be noted that the center of the bottom of the nanowire

was assignedas x =y = z = 0.

6.3 MAGNETO-CRYSTALLINE ANISOTROPY

The physical origin of the magneto-crystalline anisotropy energy is the interaction of
the mean exchange field and the orbital angular momenta of the atoms in the lattice.
This interaction is referred to as spin-orbit coupling, i.e., the electron spin is coupled
to the electronic orbital and influenced by the local environment. This deals with the
arrangement of atoms in crystalline materials, which energetically prefer certain orien-
tations for easy magnetization. Therefore, the magneto-crystalline anisotropy is closely
related to structure and symmetry of the material. For a material with the single easy
axis perpendicular to the hard axes (hcp Co) the energy associated with the magnetic

anisotropy can be written as:

Eon = Ko + Kisiny) + Kysin*i, (6.3.1)

where K, K, and K, are anisotropy constants and ¢ is the angle between the

magnetization direction and the c-axis.

For cubic material with three easy axes, the anisotropy energy is often expressed as:

E., = Ko+ Ki(a5a3 + 503 + aza3) + Kyadazas + ..., (6.3.2)

where «; = cost); and ¢); are the angles between the magnetization and the easy axes.
In this Eqns., K is independent of magnetization direction and if Ky < K; then both
Ky and K5 can be ignored. Therefore, K in J/m? is only used, and then if K; > 0,

then the anisotropy axis is an easy axis; if K; < 0 then the axis is a hard axis.
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Table 6.1: Geometry dimension and the magnetic parameters of Co nanowires for hcp

and fcc structure.
Crystalline M, A K,  diameter

phase (T) (@J/m) J/m®  (nm)
hep 1.76 1.3e ' 4.5¢° 70
Co

fec 1.76 13e ' 6.7¢* 45
Co

6.3.1 Effect of crystalline phases in Co Nanowires

Numerous reports were available for the understanding of shape anisotropy in micro-
magnetic simulation of Co nanowire arrays. Whereas, in this study, the magnetocrys-
talline anisotropy energies of hcp and fcc Co phases were investigated to interpret our
basic understanding towards the magnetic reversal mechanism for our experimental ob-
servations, as a size effect. In this regards, nanowires of single, hexagonal and 7x9
number of nanowires were considered to simulate the data to generate the results. In
addition to this, we also knew that the competition between the magnetocrystalline
anisotropy and demagnetization energy cannot be neglected when the magnetocrys-
talline anisotropy energy is comparable to the shape anisotropy energy (for hcp phase);
while magnetocrystalline anisotropy energy is less than 10% of shape anisotropy energy
(fcc phase), this competition can be neglected in micromagnetics simulation.

The dimension of wire geometry is considered from table 4.1 and the corresponding
crystalline structures of bulk Co are given in table 6.1 as A (the exchange constant), M
(the saturation magnetization), and K'; (magneto-crystalline anisotropy constant of Co).
In this work, the simulation is performed on a hexagonally ordered array of maximum
72 (8 x9 matrices) NWs based on the computational facilities currently available. Here,
in the simulation, the radius, r, was taken as 35 nm. In the case of hexagonally ordered

array structure, the centers of NW axes were kept at a separation, S=105 nm.

6.3.2 Magnetic domain structure of hcp Co (002) phase

At the remanent state, the equilibrium state in the nanowire with this structure is found
to be a single domain state with the magnetization direction parallel to the easy axis
(i.e., along z-axis) Fig. 6.1 for L=200 nm. In this case, ©» = 0 leads in vanishing the
anisotropy energy. Further, due to the parallel spin configuration, the exchange energy

also becomes negligible. Hence, the most important energy contribution for the single
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Figure 6.1: NW cylindrical shell at remanent state for L=200nm with hcp (002) struc-
ture showing the magnetic spins parallel to NW axis indicating a single domain mag-
netic state.

domain state comes from magnetostatic energy due to the existence of the demagnetiz-
ing field, H;, which depends on the net magnetic moment M. The estimated value for
200 nm single nanowire is E,,= NygM?/2 = 1.44x10° Jm~3 with the demagnetization
factor, Ny=0.15.

In a hexagonal array structure, along with demagnetizing field, H;, the nanowire ex-
periences a net nonzero field, produced from the superimposition of the field of neigh-
boring nanowires, termed as, dipole interaction field, /4, which depends on both length
and separation among the nanowires. The presence of this dipole field enhances the
magnetostatic energy in the array structure. For example, in the case of a hexagonal
array structure of seven nanowires, F,, was found to be 2.3x10° Jm~3, which is al-
most enhanced by 67% in comparison to the single nanowire structure. Therefore, with
reversing the field direction, interaction among nanowires causes several Barkhausen
jumps (see Fig. 6.2) due to coherent rotation of individual nanowire which initiate at
different switching fields. This can be understood from the simulations by changing the
number of NWs in an array. The simulated M(H) data for a single NW are perfectly
rectangular (see Fig. 6.2). As the number increases to seven NWs in a hexagon array,
the magnetic reversal happens in steps suggesting individual NW reverses coherently at
different external fields, H ; which can be defined as (Escrig et al. 2008),

H! = H? — Hpy (6.3.3)

where H? is the coercive field of an isolated NW. Here, ¢ stands for the number of
NWs in an array. The sign of H,,; can be negative or positive, however, its magnitude

depends on the location and separation with respect to the neighboring NWs and their
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Figure 6.2: shows shearing of M (H) curve with increase in number, i, of NWs in the
array structure when the magnetic field is applied along the wire axis.

magnetization directions. For an example, H;,,; is maximum when all the NWs in an
array have their magnetization directions parallel to each other (i.e., M=M,). Reversing
an NW at a field much lower than H followed by Eqn. (6.4.1) effectively reduces
H;,;, which is nothing but the step width between successive Barkhausen jumps. With
further increase in the number of NWs in the array structure, the M(H) behavior ends
with a sheared behavior (see Fig. 6.2 for 8x9 NW array) due to an increase in the
number of Barkhausen jumps. This figure also indicates that /1. was found to decrease
by 50% with an increase in the number of NWs from single NW to an array of 8x9
NWs, especially at magnetic field applied along the wire axis. To further reduce the
discrepancy in . between the measured and simulated values, the following factors
need to be considered: (i) number of NWs (i.e., 10® for an area of 5x5 mm? as in real
case) in an array, (ii) presence of defects and texture within an NW, and (iii) physical

shape variations among the NWs.

6.3.2.1 Angular variation of 7.,

Figure 6.3 presents the variation of H,.(6) calculated using the analytical formula (Eqn.
1.2.6) along with experimental values. For a comparison, the values of H,.(6) obtained
from the micromagnetic simulations for single NW as well as seven NWs in a hexagon
array are also shown. It is clear from the figure that the shape of the curves for single
NW obtained from the analytical formula and by Micromagnetic simulation is matching
well. However, substantial changes in H,.(0) were observed for seven NWs. From these
observations, we conclude that in hcp (002) structure, the reversal mechanism occurs

only by coherent rotation of the magnetic moment vectors, not by transverse mode
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Figure 6.3: Comparison of H. vs 6 curves in case of NW with =200 nm calculated
using Eqn. (1.2.6), and by micromagnetic simulation for single NW and seven NWs in
a hexagonal array.

as reported earlier. It is to be mentioned here that in the case of hcp (002) structure,
micromagnetic simulation for single NW results into a constant /{. value irrespective

of the NW length and the reversal process indicated coherent rotation.

6.3.3 Magnetic domain structure of hcp Co (100) phase

The remanent magnetic state of a nanowire with hcp (100) structure was characterized
by two vortex states with opposite chiralities separated by domain wall. In this state,

the magnetization can be expressed as (Li et al. 2008):

M = Yn(Mscosxiz + Mgsiny;¢ (6.3.4)

where is the angle between M and nanowire axis or of the i*" element and it is
to be mentioned that the angle x; changes from 0° to 90° as one moves from center
to the edges, however, along it remains constant. Therefore, a solid nanowire can be
defined as a parallel cylindrical shell with constant M. To be a more clear picture, the
magnetic state of the vortex was determined by the angular distribution of M along the
radial direction with respect to the NW axis, i.e., , at the remanence state for different
z values (see figure. 6.4(b)). As shown in this figure (inset of Fig. 6.4(b)), for z
=100 and 400, x changes from 90° to 0° along the radial direction as one approaches
towards the center. This implies that along the direction for a constant (r,¢),y remains
unchanged. Therefore, as stated above, a solid NW with hcp (100) structure can be
defined as parallel cylindrical shells with constant M (see Fig. 6.4(a)), however at the
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Figure 6.4: (a) NW cylindrical shell of L=500 nm with hcp (100) structure at remanent
state showing two vortices (clockwise and anti-clockwise) separated by a domain. (b) x
vs r around the middle of the NW with no vortex state at =250 nm. (c) x vs r showing
the decrease in vorticity with increasing the applied field H.

middle, the cylinder is twisted to form a domain.

As shown in Fig. 6.4(b), the domain also can be characterized by a vortex state
(Egn. 6.3.4) for which the center of the vortex is shifted towards the edge (-ve r direc-
tion) with clockwise rotation as approaches L/2 and vanishes completely exactly at z
= L/2 = 250 nm. Further increasing z, vortex starts appearing on the other side (+ve r
direction) with anti- clockwise rotation and then moved towards the center. For further
understanding the reversal mechanism, the radial distribution of y with increasing the
field from O (remanence state) to the saturation field is shown in Fig. 6.4(c). Here the
field was applied along the direction. From this figure is clear that the intensity of vor-
ticity (i.e. the angular distribution of M) is high at the remanence state and it decreases
with the increasing field, and vanishes at the saturation field. Theoretical simulation
results for the vortex structure can be correlated with experimentally observed vortex
state by using scanning electron microscopy with polarization analysis (SEMPA) in a
nanodisk (Chung et al. 2010). Therefore, we can conclude that in pure hcp (100) struc-
ture, the reversal mechanism occurs via a process with reducing the vorticity along with
the domain wall motion which creates at two ends and annihilate at the center of the
NW.

6.4 COMPARISON WITH EXPERIMENTAL RESULTS
6.4.1 Mixed state with both hep (002) and hep (100)

Considering the above-simulated observations for hcp (100) and (002) structures and

to correlate with both structural and magnetization data, three different structures were
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Figure 6.5: shows the simulated M(H) curves as a function of L with average diameter of
70 nm and 20 nm spacing with field applied in longitudinal direction. Inset: simulated
values of H. and M, /M, as a function of L.

defined in three regions. For the nanowires, with L<300 nm (region I), the structure is
considered to be hcp (002) with the crystallographic c-axis in the longitudinal direction.
In region II, with 300 nm<L <500 nm, the texture is defined as hcp (002) up to initial
300 nm and a mixture of hcp (002) and (100) with an equal percentage for the remained
nanowire length. While simulating the region III (L>500 nm), hcp (100) texture is
assigned for the length above 500 nm along with the same texture as given for region
IL.

The simulated M(H) curves for the structures corresponding to three different re-
gions are given in Fig. 6.5. It is to be mentioned that the structure considered here as
hexagonally ordered array of seven nanowires. The inset of Fig. 6.5 gives the simulated
values of H. and M, /M, as a function of L. In region I, both simulated values of H,
and M, /M, show independent of the nanowire length as observed experimentally. This
strongly supports our structural observations of hcp(002) growth at the bottom of the
nanowire. However, the observed large discrepancy in /. values in between simulated
(H.=3.1 kOe) and experimental (~1.6 kOe) results may be due to the presence of the
defects and additional dipolar interaction field due to a large number of wires (10® nos.

for an area of 5x5 mm?) in the arrays.

Moreover, the magnetization distribution (M) of z-component for the three seg-
mented NW of length 1000 nm is shown in Fig. 6.6(a) at H=0 (remanent). In this

figure, the distribution is shown only for an outer cylindrical shell for better clarity,
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Figure 6.6: (a) NW cylindrical shell of L=1000 nm with hcp (002) and (100) structures
at remanent state. (b) The variation in y with r, showing coherent structure (y=0°) at
lower z values (z <400 nm) and the appearance of vortex for z >400 nm. (c) Variation
in x with z indicating interaction region among two magnetic states along NW axis.

though the actual simulations are carried out on a solid cylinder. Three planar sections
with M, component for three different z-values are shown in the same figure. From
these views, we can infer that NW of length 1000 nm with three segments has follow-
ing magnetic moment distributions; (i) lower segment of length 300 nm with hcp (002)
structure shows that moment vectors are aligned parallel to each other and to the z-axis,
i.e., NW axis and it known as a coherent state, (ii) middle segment of length 200 nm
with equal percentage of hcp (002) and (100) structures shows a gradual change from
coherent to vortex state and (ii1) upper segment of length 500 nm with hep (100) struc-
ture shows a dominant magnetic vortex state. Figure 6.6(b) presents y along the radial
direction for different z-values. This figure clearly indicates that whole length of NW
can be divided into two segments with respect to the magnetic state. First, a lower seg-
ments of length 400 nm dominated by the coherent state. Then, with further increasing
the 2 value vortex starts appearing and the intensity of the vorticity increases with in-
creasing the length and reaches to 90% of its maximum value at a length of 600 nm (see
Fig. 6.6(c)). These results imply that a mixed state with equal percentage of hcp (100)
and hcp (002) structures can be represented by gradual crossover from a coherent state
to a vortex state. Interestingly, in the upper segment of this bilayer structure no domain

was formed as observed in the case of single hcp (100) structure (Fig. 6.4(a)).
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Figure 6.7: Simulated M(H) curves for different # values: (a) L=200 nm (with hcp (002)
only), (b) L=400nm (with 300nm of hcp (002) and 100 nm mix state of hcp (002) and
hep (100)), and (c) L=1000 nm (with 300nm of hcp (002), 200 nm mix state of hcp
(002) and hcp (100) and remaining 500nm of hcp (100)). (d) simulated H,. vs 6 for
different NW lengths.

Figures 6.7(a)-(c) present the simulated M(H) curves for three different wire lengths,
200, 400, and 1000 nm, respectively, with hexagonal ordered an array of seven NWs.
M(H) curves presented here are simulated with varying 6 between 0° to 90° with respect
to the NW axis. Similar to the experimental results (see Figs. 4.4(a)-(c)), M(H) curves
show a systematic decrease in the hysteresis loops with increasing 6. The variation of
H. as a function of # for three different wire lengths is shown in Fig. 6.7(d). It is
interesting to see that the behaviors of H. for L=200 and 400 nm are similar to those
of experimental ones (see Fig. 4.4(d)). However, the coercivity values extracted from
the simulated curves are almost two times larger in comparison to the experimental
values. This may be due to the possibility of the no. of wires, texture defects and the
physical shape variation in the system as discussed earlier. Moreover, for L=1000 nm,

the coercivity values are very close to the experimental one.

6.4.1.1 Energy density contributions

Itis equally important to see the change of different energy density contributions defined
by Eqns. (6.2.3-6.2.6) with texture orientations. Figure 6.8 presents comparative bar
diagram with different energy contributions at remanent state for NWs having lengths

L=200, 400, and 1000 nm. Since at the remanent state H=0, F,. becomes zero. Now,

103



Chapter 6

250
— .

g 2.0t
5 i
S 15
)

= .

& 1.0t

[<P)

S .
= 0.5t

200 nm 400 nm 1000 nm

Figure 6.8: Different energy contributions in three cases of L=200, 400, and 1000 nm
at remanent state.

for NW with only hcp (002) structure, spins are aligned parallel to each other (see Fig.
6.1) (i.e., coherent state) with x=0, both E,, and E., become negligible. However, the
magnetostatic energy, £,, ~ 2.45x10° J/m3, was found to contribute dominantly. This
dominance of FE,, gives better squareness ()M, /M =1) with highest H. as can be seen
in Fig. 6.7. In the case of L=400 nm, as explained earlier, the structure represents 100
nm mix region on the top of 300 nm hcp (002). This provides 15% volume contribution
of hep (100) structure in the whole 400 nm length. But interestingly, it decreases F,,
by almost 50% to 1.3x10° J/m? as spins in mix region start curling, losing the perfect
coherent structure. This can be seen as F,, starts appearing (~ 9.9x10% J/m?) along
with E,, (~ 0.7x10° J/m?). It is to be mentioned here that, though the curling of spins
started, the magnetization reversal is still dominated by coherent rotation as M, /M
~ 1 with reduction of H. by a factor of 1.5. For NWs, with L=1000 nm, hcp (100)
dominates the structure. This gives highest E,, (~ 1.3x10° J/m?) among all three
cases studied here as the hcp (100) structure has an easy axis of magnetocrystalline
anisotropy perpendicular to wire axis giving x=90°. A single vortex appears in 1000

nm, as explained earlier, which enhances E,, to its maximum value (~ 0.43x 10° J/m?).

6.4.2 Magnetic domain structure of fcc Co (111) phase

The diameter, D, was taken as 45 nm and the separation between the nanorod was kept
at S~66 nm. We have considered the parameters of bulk Co, namely, the exchange
constant, A = 1.3 x 107! J/m , the saturation magnetization, M, = 1.76 T, and the

magneto-crystalline anisotropy constant, K = 2.7 x 10° J/m? for Co fcc-phase (Vivas
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Figure 6.9: M(H) loops obtained from the micro-magnetic simulation with field applied
parallel and perpendicular to the rod axis for variable nanorod lengths (L); a) L=25 nm,
b) L=40 nm, ¢) L=60 nm, d) L=100 nm, ¢) L=200 nm.

et al. 2011, Jamet et al. 2000). Figure 6.9 presents the simulated M(H) loops for
different values of L in the range between 25 to 200 nm. In this figure, the simulated
M(H) loops for field applied parallel and perpendicular directions to the nanorod axis
are shown. Similar to the experimental results (see Figs. 4.7(a)-(c)), M(H) curves show
a systematic modification of easy axis from in-plane(perpendicular to nanorod axis) to
out-of-plane magnetization while increasing the length of the rod. The extracted H
values from these simulated curves are plotted in Fig. 4.8(b). It is interesting to see
that, the simulated curve for [; matches quite well with the experimental one and the
critical crossover length, L., was estimated to be around 77 nm. This value is very close
to the experimental one. The origin of this good agreement between the theory and
the experimental results is due to the critical nature of magnetization reversal process
which is explained below. The angular distribution of M vector is used to explain the
,and H-

. directions, respectively.

magnetic reversal process of nanorods in both H, L
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6.4.2.1 External magnetic field applied perpendicular to nanorod
axis

For L = 25 nm, the simulated M(H) loop shows a sharp transition at a nucleation field,
H,, = -1200 Oe due to the coherent transition of magnetic spin vectors (Fig 6.9(a)).
This 1s expected as for a circular disc with L/D < 1, the shape anisotropy dominates
in-plane easy axis and causes the coherent spin reversal at this switching field. How-
ever, with increasing the nanorod length to L = 40 nm, the nucleation field was shifted
towards less negative value and occurred at H,, = -900 Oe (Fig. 6.9(b)). Unlike L =25
nm, this transition in M(H) loops was found to be due to the creation of a vortex state
within nanorods in the xy-plane and with further increasing the applied field towards
the negative saturation field value, Hy, a process of vortex annihilation was depicted by
a long tail in this M(H) loop. Figure 6 (a) shows a 3D view of z-component magnetic
distributions (outer shell) within a nanorod at a field of -900 Oe, presenting the vortex
configuration in the xy-plane. For further clarity, a 2D view of spin distribution on the
xz-plane with y = 0 is shown in the inset of the figure. This figure clearly indicates that
the vortex having a center core whose m, component lying along the negative z axis.
Fig 6.10(b) shows the angular distribution, (), of M vector extracted for different z
values from a nanorod. This predicts that the vortex intensity is uniform irrespective of
the z values and the switching of vortex core in negative z direction, i.e.,x.(r) = 180°
at 7 = 0 occurs at the nucleation field itself. The origin of such vortex formation for L =

40 nm is due to both the shape and magnetocrystalline anisotropies in the system.

For L > D, the simulated M(H) loops showed a sharp transition at /{,, follow by a
reversible region with M} = 0. While analyzing these M(H) behaviors with an increase
in rod length, the following observations are made: (i) the value of ,, shifted towards
higher +ve field values, (ii) the width of the reversible region (AH) increases, and
(iii) the percentage of drop in M at H, decreases. These observations made with an
increase in rod length were found to be due to the change in spin configuration within a

nanorod/nanorod array as discussed below.

For L = 60 nm, the vortex nucleation within nanorod array initiates at 700 Oe and
results in sharp fall in magnetization value by 80 %. Then, M follows a reversible
behavior and maintains a linear relationship with the decreasing field till H = -700
Oe. With further decreasing in the field, the deviation from the linearity indicates the
beginning of vortex annihilation process. In the reversible region, it was observed that
the hexagonal symmetry of the nanorods and the magneto-static interaction among them
make to initiate the vortex chiralities within a nanorod either in zy, yz or xz planes,

keeping equal percentage of contribution in m, as a function field H. Figure 6.10(c)
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Figure 6.10: shows 3D view of z-component magnetic distribution a for nanorods with
L;a)40 nm at H = H,, ¢) 60 nm at H = H,, and e) 100 nm at H = 0 Oe, respec-
tively. The outer shell of the cylindrical rod is shown here for better clarity. The arrows
schematically indicate the magnetization direction and the colors indicate the longitu-
dinal magnetization, M,. The external field applied here was perpendicular to the rod
axis. Inset (i) shows the 2D zz-plane at y=0, for solid cylinder of the same rod. Inset
of Fig. 6(e)(ii) presents 2D view in xy plane at 2=48 nm to represent the C-state. The
variation of y; vs r along the length of the rod in the xz plane at y= 0 was shown in
(b) and (d) for corresponding Figs. (a) and (c), respectively (Here ¢ represents y and z).
Fig. 6(f) shows the angular variation of M vector at x= -9 and 9 nm, which is shown by
the dotted line in inset (ii).
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shows 3D view of z-component magnetic distributions (outer shell) within a nanorod at
a field of 700 Oe, presenting the vortex configuration in the xz-plane. Two-dimensional
representation of the M vector in xz-plane at y= 0, shown in the inset of fig 6.10(c)
further confirms the presence of vortex structure with the core along the y direction.
The values of x, and x. extracted from this plane from different z-values are shown
in Fig 6.10 (d). At z =30 nm, i.e., at the middle of the nanorod, y,(r) represents the
vortex structure with angular variation from 0 to 90 °, whereas the change of . () from
0 to 180 ? confirms the vortex chiralities around a y axis.

For L = 100 nm, with L >> D, the shape anisotropy dominates and causes to align
the magnetic spins along the z axis. This results in a shift of H,, towards higher +ve
value to 2510 Oe. At this field, the nucleation initiates with two different spin configu-
rations among the nanorods: (i) inhomogeneous twisting of magnetic spin distributions
(M) around the rod axis, as shown in Fig. 6.10(e) for H = 0, and (ii) initiation of spin
flipping along the z-axis in the zy-plane located at the center of the nanorod (not shown
here). In the case of former one, the spin distribution is in ”C” state within the xy plane
for z = 48 nm(see inset (i) in Fig. 6.10(e), whereas along the rod axis, they are confined
in ”’S” state (i.e., in the zz-plane, see inset (i1) of Fig. 6.10(e)) as reported previously
(Scholz et al. 2003). Fig. 6.10(f) presents the variation x,(r) extracted from the inset
(i) of Fig. 6.10(e) for two different x values to further quantify the ”C” state. For x =
-9 nm, x,(r) shows a variation in angle from 75 to 15° along the radial direction con-
firming the rotation of M vector within the zy-plane. Whereas for x = 9 nm, a constant
xy(r) =90° indicates M vector along z-axis, which moves towards the edge during the
annihilation processes. In the case of later one, with decreasing field, the progress of
spin flipping moves towards both top and bottom ends in antiparallel configuration with
its nearest neighbor and form a flux closure pattern at the end.

Further increase in L to 200 nm, the formation of vortex structure is fully disap-
peared. Rather, the reversal process initiates with spin flipping along the z-axis in the
xy-plane located at the center of the nanorod as observed in some of the nanorods with
100 nm in length. It is to be mentioned that the spin-flipping always occurs simultane-
ously with its neighboring rod in the antiparallel configuration. In the reversible region,
the linearity of M(H) loop was nothing but due to the rate of change of spin flipping
towards z-axis with decreasing the field value.

While comparing the experimentally observed M(H) behaviors with the simulated
curves for nanorod lengths of 25 and 40 nm, we concluded that for L < D, in-plane easy
axes are confined within a plane, however, as L approaches D, the simulated results
predict that the magnetization reversal processes are dominated by the creation and

annihilation of vortex structure in the nano-rod. It is to be noted that the signature of
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vortex propagation in experimentally measured M(H) loops is not very clear, however
low saturation field, large M-/M,, and comparatively the sharp transition indicates the
average effect in the magnetization measurements from the nanorod array. In case of
nanorod arrays with L > D, we have not observed any signature of reversal behavior in
experimentally measured curves. However, the decrease in M:*/M, with an increase in

rod length, shows a qualitative agreement with the simulated behavior.

6.4.2.2 External magnetic field applied parallel to nanorod axis

For field parallel to the rod axis, the simulated M(H) loops for nanorod length varying
from 25 to 200 nm are shown in Fig. 6.9(blue square). With L < D, i.e., for the nanorods
with lengths of 25 and 40 nm, initiation of vortex formation with respect to the z-axis
occurs at nucleation fields, H,,, of 2250 and 1990 Oe, respectively, followed by a sharp
drop in magnetization values by 70 %. At this nucleation field, the remaining 30 % of
net m, contribution comes from the angular distribution of M vector along the radial
direction, i.e., for constant z-value. The spin distribution along the outer shell of a
nanorod at H = 2000 Oe is shown in Fig. 6.11(a). As shown in the inset of Fig. 6.11(b),
for z = 12, 21 and 30 nm, yx.(r) changes from 90° to 0° along the radial direction
as one approaches towards the center. This implies that along the z direction for a
constant (z,y) co-ordinate, y, remains unchanged. Therefore, a solid nanorod with fcc
(111) structure can be defined as parallel cylindrical shells with constant M as reported
for a case of hcp (100) (Sellarajan et al. 2013, Kulkarni et al. 2013). With further
decreasing in the field, M vs H shows a linear relationship. This can be correlated with
the change in the rate of change of angular distribution of M vector, i.e., Ox,/d(r) along
the radial direction. When the field increases in reverse direction, the M vector initiates
its rotation towards negative z-direction from the edges (see Fig. 6.11(b)), whereas the
core size reduces in diameter (shadow region) with reduction in +ve m, contribution.
At H = H,, the coercive field, with an equal contribution of negative m, from the larger
outer shell and +ve m, from the shrinkage core makes the net m, to zero value. When
the external field becomes strong enough, the vortex annihilation starts and the reversal
process completes with the annihilation of the vortex from all nanorods giving M =
-M.

For L > D the simulated M(H) shows several Barkhausen jumps in the M(H) loops,
as shown in Fig. 6.9(c)-(e). For L = 60 nm, the reversal process occurs with two differ-
ent spin configurations: (i) formation of a single vortex within a nanorod as mentioned
above for L =40 nm, and (ii) two vortices with opposite chiralities (clockwise and anti-

clockwise) separated by a domain at the center of the nanorod, as shown in Fig. 6.11(c).
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Figure 6.11: shows 3D view of z-component magnetic distribution as a function of
nanorod length, a) for L=40 nm at H = H,, c) 60 nm at H = 0 Oe, and e) 100 nm at
H = 0 Oe, respectively. The outer shell is only shown for better clarity of the image.
The arrows schematically indicate the magnetization direction and the colors indicate
the longitudinal magnetization, M. Inset (i) shows the 2D zz-plane at y=0, for a solid
cylinder of the same rod. Dotted marked lines guided to eye for identifying the vortex
core or the domain in the zz-plane. The external field applied here was parallel to the
rod axis. The variation of y; vs r along the length of the rod in the zz plane with y= 0
(Here ¢ represents y and z). (b) shows the values of y;, which were extracted for L = 40
nm at different field values and the inset shows the same for different z values at H =
H,,. (d) shows the value of y; for different z values at fields of H < H. = 0 Oe (left),
and H > H,.=-1200 Oe,(right).
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The reversal process for the former case is discussed above and the contribution in net
m, follows the similar procedure. In later case, for a set field, the intensity of vortices
(i.e. the angular distribution of M vector) decreases as it moves from top or bottom
ends towards the center (~ 30 nm) and it diminishes at both sides of the domain wall
having +ve m, components as shown by variation of x, along the radial direction for
different z values. However, with decreasing field till H = H,. (see Fig. 6.11(d), left), the
propagation of the vortex towards the center from both ends leads to reduce the width
of the domain to minimum value along the z-direction. For H > H,, the core spin flips
to negative z-direction and the annihilation process starts in the whole nanorod through
single vortex transition (Fig. 6.11(d), (right)).

For L > 100 nm, the reversal process begins at H,, = 700 Oe for L of 100 nm and -500
Oe for 200 nm, respectively. It forms two vortices at both the ends of the nanorod with
a single domain state at the middle, as described above. It is to be noted that the size of
this single domain state was increased to ~ 50 nm of the nanorod length, at H = 0, as
depicted in Fig. 6.11(e) for L = 100 nm. This indicates the rod length determines the
size of the domain, which arises from the increase in magneto-static interaction with
respect to L, as described in our previous report (Sellarajan et al. 2013). Therefore,
increase in net M, was observed as a function of L when the field is applied parallel to
the nanorod axis, as shown in Fig. 6.9(d) and (e). However, for L = 100 nm, the spins of
a nanorod in a hexagon seven nanorod array was flipped towards negative z axes near
H=H..

For the field applied in parallel to nanorod axis, simulated M(H) curves indicate an in-
crease in MTH/MS as a function of rod length. This matches quite well with the values
extracted from the experimentally measured M (H) curves. In overall, with consider-
ation of the shape of a nanorod, magnetostatic interaction among nanorods and mag-
netocrystalline anisotropies, the magnetization reversal process in Co nanorod arrays
with fcc(111) structure were found to dominated by vortex structure and results in a
crossover of the easy axis from in-plane to the out-of-plane direction in this system
with a critical length of 77 nm. To reduce the discrepancy in the observed behavior of
the M(H) loops, one needs to consider the following factors: (i) increase in the number
of nanorods (i.e., 10® for an area of 5x5 mm? as in real case) in an array while carrying
the simulation, (ii) presence of imperfection within nanorods, especially for the shorter

nanorods, and (ii1) physical shape variations among the nanorods.
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6.5 SIZE DEPENDENT STUDY ON MAGNETOSTATIC INTERACTION IN
hep (002) PHASE

From the experimental point of view, it should be remembered that Co nanowire ar-
rays with hep (002) crystalline structure were tailored by the synthesis process (i.e, pH
(~6.7) of the electrolyte and deposition time). The quantification of the experimen-
tal result begins with the construction of the wire geometry (diameter, and inter-wire
spacings) by using 3D OOMMEF for seven hexagon array within the normalized area of
0.96 x 0.78 wm?. In this case, two different 7, values were used and then each I, values
were identically modified with the use of two different wire diameters, as same as the
experimental data (see Fig. 4.9 as discussed in section 4.5). It was shown by the earlier
results that the magnetic properties of Co nanowires were sensitive with their crystalline
phase, diameter, length. Therefore, in this case, the Co nanowire arrays were preferred
to vary only with the inter-wire spacings by keeping these parameters constant, i.e., it
has been achieved by tuning the pore diameters of porous AAO membrane with two
different inter-pore distances as mentioned earlier in Chapter 4. During this investiga-
tion, the wire diameter was importantly controlled within the variation of two different
I,, values; among this one of diameter in this two different /,, value has ~ same diam-
eter (i.e., D, of 50 nm in /, of 66 nm and 105 nm, respectively). Importantly, for this
case, the length (< 300 nm) of the nanowire has been controlled by the uniform depo-
sition time that leads to exhibit the same demagnetization factor, i.e., the shape effect
corresponds to (D/L)? see Eqn 4.3.2, and the corresponding Fig. 4.12 in Chapter 4.
In principle, the above fabricated Co nanowires have been demonstrated for the varia-
tion of M(H) loops which is significant with the magneto-static interaction between the

nanowires arises from the neighboring wires.

3D-OOMMF package was used to perform the micromagnetic simulations for a 2D
an array of nanowires. Here, nanowires with variable diameters (D,=20-45, and 50-80
nm), and the inter-wire spacings (/,=65 and 110 nm) were developed as same as the
experimental results, shown in Fig. 4.10. For Co hcp (002) phase, the parameters were
considered as: A = 1.3 x 10~ J/m (the exchange constant), M = 1.76 T (the saturation
magnetization), and K = 4.5 x 10° J/m? (the magneto-crystalline anisotropy constant)
(Vivas et al. 2011). The direction of the easy axis in the hcp phase was considered to
be parallel to the nanowire axis, 1.e., hcp Co (002) phase. Here, the change in the mag-
netic properties of wires, i.e., the influence of the magnetostatic interaction between
the arrays could be easily identified by the M(H) loops when the field is applied paral-
lel to the wire axis. Whereas, simulated results show the high anisotropic nature with

zero remanent when the field is applied perpendicular to the wire axis for hcp Co (002)
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Figure 6.12: Simulated M(H) loops for nanowires ordered in hexagonal array of seven
nanowires with different diameters (D, = 25 (65 nm), 45 (65 nm), and 50 nm (110 nm)),
when the field is applied parallel to wire axis.

phase, i.e., it shows the hard magnetic axis. In addition to this, the negotiation of dipolar
interaction was also reported for well-separated nanowires when the distance is larger
than twice of its diameter. Therefore, we propose here to compare the static interaction
between the wires with more or less dense of wires in 2D array by choosing two differ-
ent [, with the same diameter and a different diameter within the same I, value. The
system of variation with two different ,, in the same diameter has not been reported
earlier for the magnetic behavior of magnetic Co nanowire arrays in both experimental
or simulated, whereas, there were reports for different diameters within the 7, value. In
this case, the magnetic properties of Co hcp (002) phase was investigated as a function
of both diameter and inter-wire spacings in a 2D array of hexagonally ordered dense
wires.

For an array of nanowires, the simulated results were mostly considered by the or-
dered arrangement of the hexagonal array of seven nanowires. Therefore, in this case,
the magnetic properties of Co nanowires for different diameters and inter-wire spacings
were simulated initially for an ordered array of hexagonally arranged seven nanowires.
The simulated M(H) loops were shown in Fig. 6.12 for nanowires of seven hexagon
array with different diameters (D), = 25 (65 nm), 45 (65 nm), and 50 nm (110 nm)),
when the external field is applied parallel to the wire axis. The remanent state derived
from this figure shows an alignment of the corresponding magnetic moments is oriented
along a z axis. However, the switching field or the nucleation field is varied with respect

to wire diameter. This indicates that irrespective of the I,,, the value of H, is increased
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while decreasing the diameter of the wire in the array. It is a well know fact that the
coercive force will be enhanced for a smaller size than the larger particle size due to the
coherent nature of the magnetic domain characteristics as a nanosize effect. Whereas,
the interaction between the nanowire arrays should lead to influence the magnetization
reversal processes, which are not identified in the current situation. Due to unveil the
effect of inter-wire separation in the dipole-dipole interaction of magnetostatic inter-
actions in arrays of nanowires, we had modified the structure of the array geometry
to limit within the normalized area of 0.9 x 0.8um?. Therefore, the arrangement of
ordering within the area was approximately 7x9 no. of nanowires for 7, of 110 nm,
which is equivalent to 15x13 no. of nanowires in [, of 65 nm spacings. In fact, this
suggests considering for less and more dense of nanowires within the same area (i.e.,
0.96 x 0.78:m?), as suggested by the mean field theory with the inclusion of P in Eqns.
1.2.1 and 1.2.2, where P is the filling factor. Therefore, It is also expected that the in-
crease in P, either by enlarge the diameter within the cell size or by decreasing the cell
size for the same pore diameter of the alumina membrane, will decrease the M,. /M, in
arrays of nanowires.

The expected observations are made in other reports which available for Fe, Ni,
and even for Co nanowire arrays with polycrystalline nature (Cheng-Zhang et al. 1990,
Martin et al. 2003, Vazquez et al. 2004, Kartopu et al. 2008, Sanchez-Barriga et
al. 2009). Moreover, the theoretical simulations have also been demonstrated by us-
ing the mean field theory using Monte-Carlo simulations for Ni nanowires (Vazquez et
al 2004) and for Co nanowires without considering the magnetocrystalline anisotropy,
term using Nmag micromagnetic modeling package (Zighem et al. 2011). Therefore,
the important of this study is crucial to point out that here, we demonstrate the mag-
netostatic interaction between the nanowire arrays of hcp Co (002) crystalline phase as
influenced by the filling factor (P) using 3D OOMMEF package.

6.5.1 Effect of inter-wire spacing

For large (small) inter-wire separation, the magnetic properties of the above mentioned
geometries are easily analyzed as one can neglect (interrogate) the dipole-dipole cou-
pling between the nanowires. Figure 6.13 show the M(H) loops of the four different
geometry with two different 7, values, i.e., the variable diameters are a) 25 (65) nm, b)
45 (65) nm, ¢) 50 (110) nm and d) 80 (110) nm, respectively. It is clear that the observed
hysteresis curve has no change in the behavior for seven hexagons or for large dense
wires (15x13 for Fig. 6.13(a) and 7x9 in Fig. 6.13 (c)), as indicates the large separa-
tion between the nanowires due to the smaller diameter in the particular cell structure

of the alumina membrane leads to having less impact on the dipole interaction between
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Figure 6.13: Simulated M(H) loops of Co nanowires for four different geometry with
two different 7, values, i.e., the variable diameters are: a) 25 (65) nm, b) 45 (65) nm, ¢)
50 (110) nm, and d) 80 (110) nm, when the field is applied parallel to wire axis. The
NWs are ordered in hexagonal array of normalized area (0.96 x 0.78 um?) that results
two different wire densities in a array, i.e., 15x13 for /,, of 65 nm and 7x9 for 105 nm,
respectively.

them. Whereas, for the case of larger diameter which intern reduce the inter-wire sepa-
ration, which leads to showing different switching field in the array of nanowires with
the large dense array in Fig. 6.13 (b and d). The switching field distribution in the
array of the nanowires can be explained by using the Eqn. 6.3.3, as explained for hcp
(002) structure. This reduction in the switching field distribution leads to reduce the
M,/ Mj in the dense wires with less separation, as observed in our experimental results
(see Fig. 4.12), as indicated with an arrow mark in Fig. 6.13 (b and d). However, the
value of H. is observed to be no change in the seven and dense arrays, which indicates
that the value of /. depends on the diameter of the nanowire and independent to the
inter-wire separation and filling factor. The extracted magnetic parameters are tabulated

and compared with our experimental data, in table 6.2.

6.5.2 Effect of filling factor in array of nanowires

While comparing the extracted magnetic parameters, if one can assume the D), of 45 and

50 nm are approximately equal in geometry except the filling factor (i.e., two different
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Table 6.2: Magnetic parameters of Co nanorods with hcp (002) phase.

Interwire Experimental Simulated Remarks
separation | Diameter | H H: Mim, | H | M, dipole
(nm) (nm) (Oe) | (Oe) (Oe) interaction
25 2500 | 600 0.9 | 7500 1 X
65
45 2240 | 300 0.68 | 3400 | 0.96 v
50 2110 | 400 0.86 | 3600 1 X
110
80 1500 | 250 0.41 | 1700 | 0.85 v

density of the nanowires due to the variation in the inter-wire spacings). Then, this will

lead to observe the magnetostatic interaction between the less and denser of the hcp Co

(002) nanowires of the same diameter. As shown in Fig. 6.13 (b and c), the value of

H. is approximately equal in both the case, whereas, the squareness ratio (M, /M) is

gradually decreasing with increase in density of the nanowires in the array. For example,
the array of 20x 16 no. of wires show a further reduction in the M, /M, in Fig. 6.13 (b)

(see arrow indication).

6.6 SUMMARY

e These simulations allow us to define magnetic states at different length segments

of a nanowire having different crystallographic structures. Our results show that
the dipolar interaction among the shorter nanowires with hcp (002) phase en-
hances the magnetostatic energy in the system. This magnetostatic energy re-
duces substantially for longer ones with the presence of hcp(100) phase as the
anisotropy energy dominates in this segment. Therefore, the key to control both
the shape of M (H) curve and coercivity of the nanowires is to control the crys-

tallographic orientation of easy axis together with the length segment ratio.

We have investigated the evolution of magnetic properties of Co NWs associ-
ated with the formation of different phases along the NW axis at different length
scales. In shorter wire length with hcp (002) structure, the reversal occurs via co-
herent process; whereas in longer one consisting of both hcp (002) and hep (100)
structure, a gradual crossover from a coherent state at lower segment to vortex
state at upper segment was observed. It was also shown that in an array with
hcp (002) structure, the dipole interactions among them effectively reduce the
coercivity in the system by 50%. Moreover, with the addition of small percent-

age (15%) of hep (100) structure at the top of the NW, the magnetostatic energy
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arising due to dipolar interaction decreases dramatically, which in turn reduces
H. by 50%, keeping squareness ratio almost one. This might be due to initiation
of the vortex state at one end of the NW. With further the addition of hcp (100)
structure, the anisotropy field (k) was found to decrease, indicating a decrease
in the uniaxial anisotropy in the system. Thus, by controlling the formation of
different phases of hcp (002) and (100) along the Co NW length, it is possible
to control the magnetic properties, such as H,., squareness ratio, and magnetic
anisotropy. Therefore, this study is very important to understand the physics of
magnetic states towards the memory applications where the magnetic array with
higher effective longitudinal anisotropy, lower H., and reduced interaction are

required.

e For small diameter with fcc Co (111) phase, we have investigated the magnetic
properties of Co nanorod array keeping the aspect ratio just below and above the
unity. In this case, the experimental observation on the crossover of their easy axis
of magnetization in Co nanorod arrays at a critical length, L., was well explained
while considering the shape, magnetocrystalline anisotropies and magnetostatic
interaction among nanorods. The origin of the discrepancy in L. between analyt-
ical and simulated data was found to be due to the complicated nature of reversal

magnetization processes as the rod length grow.

e The effect of magnetostatic interaction was also investigated in Co nanowire ar-
rays with hcp (002) phase. During the investigation, the D, of nanowire arrays
were kept constant ~ 50 nm with two different density of the nanowires (i.e., due
to the variation in the inter-wire spacings). Therefore, uniform mean field theory
was an aid to provide the static influence within the normalized area for less and
denser of nanowires with the same diameter. Magnetization loop indicates that no
variation in the value of H,., whereas, the squareness ratio (M, /M) is gradually
decreasing with increase in density of the nanowires in the arrays due to the static

interaction.
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CONCLUSIONS

From the present study, it can be concluded that:

e The crystallographic structure of electrodeposited Co NW is highly dependent on
the NW diameter, length, and the pH of the solution at a particular temperature.

e The electrodeposited Co NWs found to be phase sensitive to the diameter (D),
such as textured growth of fcc Co (111) phase was observed for D = 45 nm,
and hcp Co (002) phase for D = 70 nm, in pulse dc mode. However, above
the critical length the transition of hcp (100) phase was observed to modify the
longitudinal magnetic anisotropy in Co NW arrays. In addition to this, Co NWs
at 70 nm diameter are found to be independent with pH of the electrolyte in pulse
deposition process, i.e., the crystalline phase of Co are not influenced by the
electrolyte pH. Whereas, the resultant change in the crystalline phases from hcp
(100) to hep (002) was observed for increasing the electrolyte pH (i.e., from 2 to

6.7) in continuous dc deposition.

e In hcp Co (002) phase, the highly uniaxial magnetic anisotropy was obtained
with coherent magnetization reversal process in NW arrays, independent to NW
length. Whereas the presence of hcp (100) structure in longer NWs shows a
gradual crossover from a coherent state at lower segment to vortex state at upper
segment, which in turn reduces H,. and squareness ratio. Therefore, controlling
the bilayer lengths of hcp (002) and (100) in Co NWs found to decrease the

anisotropy field (H}), indicating a decrease in uniaxial anisotropy in the system.

e For fcc Co nanorods, keeping the aspect ratio just below and above the unity
shows the crossover in their easy magnetization axis at a critical length, L., which
is almost two times higher than its diameter. This is unexpected as the analytical
formula derived based on the shape anisotropy and the magneto-static interaction
among the nanorods yields L. value of the order of its diameter. With consid-
eration of shape, magnetocrystalline anisotropies and magnetostatic interaction
among nanorods, micromagnetic simulation explained this crossover. The ori-
gin of this large L. was found to be due to the complicated nature of reversal

magnetization processes as the rod length grows.
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e The influence of magnetostatic interaction in hcp Co (002) phase describe the im-
portance of the filling factor of the NWs in the arrays, which results in a reduction

in the squareness ratio.

e Surface patterning of Co nanodot arrays indicate in-plane magnetization with vor-

tex formation.

7.1 FUTURE DIRECTIONS

Till now, our effort is to study the physics behind the remagnetization mechanism of
magnetic Co nanostructures, which is prepared via electrodeposition or sputtering tech-
niques through the pores of the mild-anodized AAO membrane. In this series, we have
studied the importance of magnetocrystalline anisotropy and the magnetostatic interac-
tions between the neighboring nanowires along with the shape anisotropy in arrays of
Co NSs. The complexity of the remagnetization mechanism could be minimized while
considering the same crystalline orientation or the removal of the magnetostatic inter-
action by keeping the NSs far away in nanoarrays. In view of this, recent anodization of
Al is focused on the emerging area of hard-anodization (HA) processes. This process
leads to varying the inter-pore distances of the neighboring pores in a wider range from
nm to pm intervals as a function of the applied potentials. While, introduction of HA-
AAO membrane may help to effectively reduce the magnetostatic interaction in arrays
of magnetic NS, which will allow to investigate the domain wall propagation of single
NS through magnetic switching or current induced switching of NS for their potential
applications in various sensors and spintronic. The unique feature of the spin-polarized
current induced domain-wall switching is called spin torque effect for the development
of ultra-high-density magnetic memory device with low power consumption. Further-
more, the series of this work may include understanding the magnetic transport mech-
anism of multilayered nanowire arrays in the potential use of current perpendicular to
plane-Giant Magnetoresistance (CPP-GMR) for high-density magnetic recording me-
dia or reading head applications. In addition to this, the spin transfer torque can switch
the direction of magnetization in multilayer pillars, in which, it is possible to push the
domain wall (boundary of two different magnetic domains with different magnetiza-
tion directions) along the length of the nanowire. These observations may provide the
basic understanding of the new type of domain wall based data storage device called

racetrack memory device for ultra high-density magnetic media.
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