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Abstract—Magnetic and electrical properties of nickel (Ni) thin
films produced by the electrodeposition technique under a range
of growth times (30, 40, and 60 s) are investigated thoroughly
using Magneto-Optical Kerr Effect (MOKE) magnetometry and
Magneto-Resistance setup, respectively. To deeply understand
these properties, the elemental composition, surface morphology,
and bulk crystalline structure are analyzed using energy dispersive
X-ray spectroscopy (EDS) with high-resolution scanning electron
microscopy (HRSEM), grazing incidence X-ray reflectivity
(GIXR), and X-ray diffraction measurements, respectively. EDS
analysis confirms that these samples are free from impurities and
contamination. An increase in coercive fields (~67 Oe) with wide
distribution (58—85 Oe) across the film area and a slight variation
in the shape of the loops are noticed by decreasing the film growth
time (30 s). This is attributed to the deviations in the film surface
morphology (defects), as confirmed by HRSEM and GIXR
measurements. The angular dependence of the coercivity is nearly
constant for each sample and most angles, indicating the similarity
in the reversal behavior in such films. The sample resistance is found
to be ~20.3 Q and ~2.8 Q for films with growth times of 40 s and 60 s,
respectively. The coercivity of the AMR profiles and MOKE loops is
consistent with each other, indicating that the magnetization at the
surface performs similarly to that of their bulks. This article gives
an indication that Ni films produced by this technique under such
conditions are soft at longer deposition times and largely isotropic,
which is more preferable in some magnetic applications.

Index Terms—Ferromagnetic Nickel films,
Electrodeposition, Elemental composition, Magnetic and
Electrical properties.

I. INTRODUCTION

Ferromagnetic thin films and nanostructures of cobalt, nickel
(Ni), iron, and their alloys have been the topic of increasing
interest for the past 40 years. This is due to their importance
in scientific research and their significant demand in many

industrial applications, such as giant magneto resistance
(Elhoussine, et al., 2005; Karahan, Bakkalo and Bedir, 2007,
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Thompson, 2008), magneto optical devices (Lee, et al., 2007;
Sun, et al., 2005), and ultra-high density magnetic storage
media in hard disk drives (Kunz, et al., 2010), as well as
magnetic sensors (MS) (Kunz, et al., 2010; Sun, et al.,
2005), and volatile magneto resistive random access memory
(VMR-RAM) (Allwood, et al., 2005; Atkinson, Eastwood
and Bogart, 2008; Kunz, et al., 2010; Lodder, 2004).

A variety of fabrication systems have been extensively
used to produce these magnetic structures. These techniques
include sputtering (Donald, 2003; Murakami and Birukawa,
2008; Uehara and Ikeda, 2003), thermal evaporation
(Allwood, et al., 2005; Atkinson, Eastwood and Bogart,
2008; Donald, 2003), laser ablation (Donald, 2003),
molecular beam epitaxy (Donald, 2003), electroless plating
(Nazila and Georges, 2007), and electrodeposition (Peter,
2008; Possin, 1970; Sultan, 2013). Each method, however,
has its own benefits and drawbacks. Among these systems,
electrodeposition has been proven to be a simple, fast, and
low-cost method. It also has benefits regarding reduced
limitations on the shape and dimensions of the samples (Sun,
et al., 2005).

The crystalline structure of such films has been extensively
considered during the past few decades using different
analytical techniques, which include transmission electron
microscopy with selected area electron diffraction, and X-ray
diffraction (XRD) analysis. These studies were carried out
by changing the conditions or parameters under which they
were produced. For instance, pH (Daimon and Kitakami,
1993; Fert and Piraux, 1999; Kafil, Fernando and Saibal,
2009; Lihu, et al.,, 2009; Nasirpouri, 2007; Possin, 1970;
Rahman, et al., 2004; Ren, et al., 2009), temperature (Kafil,
Fernando and Saibal, 2009; Nasirpouri, 2007), concentration
of the electrolyte solution, growth voltage (Lihu, et al.,
2009), deposition voltage mode (alternating current [AC] or
direct current), annealing the samples at high temperatures
(Guo, et al., 2003; Koohbor, et al., 2012; Qin, et al., 2002),
and using a permanent magnet during the deposition process
(Aravamudhan, et al., 2009; Coey and Hinds, 2001; Das,
et al., 2008; Jin, et al., 2003; Sun and Chen, 2009; Tian, et al.,
2005; 2008) are thoroughly discussed.

The magnetic properties of such ferromagnetic thin films
were also investigated using a range of characterization
systems, which include superconducting  quantum
interference device, vibrating sample magnetometry, torque
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magnetometry, and alternating gradient magnetometry, as
well as magnetic force microscopy. On the other hand, the
Magneto-Optical Kerr Effect (MOKE) setup has also been
used to demonstrate the magnetization behavior of a range
of magnetic thin films (Azzawi, et al., 2016; Ganguly, et al.,
2015; Michelini, et al., 2002), nanodots (Heyderman, et al.,
2004), nanowires (Allwood, et al., 2003; Bryan, Atkinson
and Allwood, 2006; Maruyama, et al., 1997), and more
complex geometric shapes of nanostructures (Chen, et al.,
2010; Das, et al., 2016; Eider, et al., 2016; Ester, et al., 2015;
Lupu, Lostun and Chiriac, 2010; Philip, et al., 2016; Sharma,
et al., 2009; Sultan, et al., 2012; Sultan, 2017a, 2017b; 2018;
Vega, et al., 2012). However, in this setup, the reflected
light is proportional to the amount of magnetization within
the surface of the film, which depends on the polarization
rotation of a polarized laser light following its reflection from
a ferromagnetic sample to the skin depth (Allwood, et al.,
2003). This is due to the absorption of the laser light in the
medium, which is called the optical skin depth (Allwood,
et al., 2003; Lupu, Lostun and Chiriac, 2010).
Magneto-Resistance (MR) setup is a powerful system
adopted by many investigators to gain insight into the
magnetic and electrical transport properties of ferromagnetic
thin films (Alcer and Atkinson, 2017; Tokag, et al., 2015),
individual rectangular nanowires (Fernandez-Pacheco, et al.,
2008; Oliveira, et al., 2010; Oliveira, Rezende, and Azevedo,
2008 Tokag, et al., 2015), rod nanowires embedded in their
membranes (Fert and Piraux, 1999; Ferr¢, et al., 1997; Pignard,
et al.,, 2000), and isolated rod wires (Rheem, 2007a; 2007b;
2007¢; 2007d; Sultan, 2017) using the Anisotropic Magneto
Resistance (AMR) effect. This is due to the sensitivity of AMR
to the relative direction of the magnetic spins within the bulk
of such materials with respect to the applied electrical current.
Where the electrical resistance is at its highest value when the
magnetic spins are parallel to the applied electrical current and
at its lowest value when they are orthogonal to each other.
This behavior is related to the anisotropic property of the
electrons in the spin-orbit coupling, as investigated in further
detail elsewhere (Cullity and Graham, 2009; Jiles, 1998).
Nevertheless, an understanding of the magnetic
and electrical transport properties of electrodeposited
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ferromagnetic thin films and nanostructures using surface and
bulk characterization techniques such as MOKE and MR setup
is crucial from a scientific and technological point of view.
Therefore, in this article, ferromagnetic Ni thin films were
prepared under different growth times using electrodeposition
technique, and then their magneto- and electrotransport
behavior was analyzed at room temperature using longitudinal
MOKE magnetometry and MR setup, respectively. To deeply
understand these properties, the chemical composition,
surface structural variations (defects or imperfections), and
bulk crystalline structure of such Ni films were thoroughly
analyzed across the whole sample area.

II. EXPERIMENTAL DETAILS

Ferromagnetic Ni thin films with three different
thicknesses were deposited onto Au/Cr/SiO,/Si chips using
the electrodeposition technique. The substrates (Si/SiO,)
were first thoroughly cleaned using acetone and isopropanol
alcohol (IPA) and then dried with argon gas. The area of
these substrates was approximately 2.4 x 22 mm?. A gold
(Au) film of 99.99% purity was placed onto these substrates
with a thickness of ~10 nm on the SiO, side using thermal
evaporation technique. To increase the adhesion of the gold
film to the substrate, chromium (Cr) was deposited before
the gold deposition of a thickness of ~3 nm. A schematic
diagram of the gold-coated substrate (Auw/Cr/SiO,/Si) is
shown in Fig. la.

These substrates were then used as cathodes (working
electrodes) in the electrochemical cell, which is shown
schematically in Fig. 1b with the gold-coated side facing
toward the platinum counter electrode (anode) and
electrically connected to the external circuit by a copper wire
using silver paste. The reference electrode had a standard
voltage of around 0.23 V and it was Ag/AgCl in saturated
KCl solution.

To create Ni films, the chemical solution was ~0.57
M of NiSO,, ~0.32 M of H,BO,, and the hydrogen ion
concentration in the electrolyte solution was fixed at about
3.5-4. The voltage applied between the reference and counter
electrodes was around —0.84 V. This voltage was selected
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Fig. 1. (a) Gold-coated substrate (Au/Cr/SiO,/Si) and (b) electrochemical cell with the gold-coated side (working electrode) facing toward the platinum

counter electrode and electrically connected to the external circuit by a copper wire using silver paste.
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according to a linear sweep voltammetry result. To prepare
different thicknesses of Ni film, various deposition times
of 30 s, 40 s, and 60 s were utilized. These growth times
were chosen arbitrarily because most magnetic devices use
ultra-thin ferromagnetic films. Once the electrodeposition
was finished, the chips were washed thoroughly in distilled
water, followed by IPA, and blown with argon gas. Further,
information on the deposition procedure using this technique
can be found in (Das, et al.,, 2008; Possin, 1970; Sultan,
et al., 2012; Sultan, 2017a; 2017b; 2018).

Now, to analyze the eclemental composition of these
samples, energy-dispersive X-ray spectroscopy (EDS)
analysis on the Hitachi-SU 70 was used. Whereas, to study
the film roughness (surface morphology) and film thickness,
high-resolution scanning electron microscopy (HRSEM) and
grazing incidence X-ray reflectivity (GIXR) measurements
were established, respectively. Finally, to measure the bulk
crystalline structure of such thin films, the XRD system
equipped in the Jordan Valley Bede diffractometer D1 was
utilized. For more theoretical (Bowen and Tanner, 2006;
Brundle, Evans and Wilson, 1992; Cullity and Stock, 2001;
Cullity and Graham, 2009) and experimental (Bede REFS,
2007; Bowen and Mendis, 2012; Jordan Valley, 2007;
2008; Parratt, 1954; Wormington, et al., 1999) details on
these analytical investigative techniques, please refer to the
references (Bede REFS, 2007, Bowen and Tanner, 2006;
2012; Brundle, Evans and Wilson, 1992; Cullity and Stock,
2001; Cullity and Graham, 2009; Jordan Valley, 2007; 2008;
Parratt, 1954; Wormington, et al., 1999).

The magnetic analyses were performed at room
temperature using a highly sensitive longitudinal MOKE
setup. In this technique, the laser light was focused onto the
chip with a spot radius of around 2.5-3 um. The change in
the angle of reflected light (Kerr signal) is proportional to the
longitudinal component of the magnetic state within the film
surface plane.

All the chips were placed on a movable stage holder, which
was located between the two poles of an AC electromagnet
coil with a magnetic strength of 450 Oe, at an angle of
~45° with respect to the optical axis. To distinguish the real
measurements from the background noise, all the MOKE
measurements were done for repeated loops averaged over
3.5 min to satisfactorily reduce the noise and increase the
reflected Kerr signal. The obtained hysteresis loops were the
reflected Kerr light against the externally applied magnetic
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field. More theoretical (Brundle, Evans and Wilson, 1992;
Cullity and Graham, 2009; Jiles, 1998) and experimental
(Eastwood, 2009; Lupu, Lostun and Chiriac, 2010; Sultan,
et al,, 2012; Sultan, 2017a; 2017b; 2018) details on the
MOKE setup and its measurements can be found elsewhere.

The electrical and magnetic transport behavior of such
films was also investigated using a room-temperature
Magneto-Resistance setup, which is schematically shown
in Fig. 2. This system was controlled by a digital computer
using the LabVIEW program. The chips were placed on a
rotation step between the pole pieces of an electromagnet
with a maximum magnetic field of around +1 kOe and
covered with an electrically and thermally shielded cover.

Fig. 3 shows a schematic diagram and a photograph of the
sample holder of the four-point probe used in this research. It
consisted of four equally spaced pieces of phosphor bronze
plates (plated with gold) with a finite diameter. These tips
were supported by springs on the other end to reduce film
damage during the measurements. Further, details on the MR
setup and its measurements can be found in (Armstrong,
2010; Brundle, Evans and Wilson, 1992; Cullity and Graham,
2009; Jiles, 1998; Sultan, 2017).

To perform the electrical measurements, the current was
applied to the outer probes using a high-impedance current
supply, whereas a voltmeter was connected to measure the
voltage across the inner probes. The inner probe spacing
was ~0.7 cm, whereas the outer probe spacing was ~1.2 cm,
as schematically shown in Fig. 3. These measurements
were performed using an electrical direct current of around
1 mA at room temperature. However, using higher electrical
currents might increase the joule heating and destroy the
sample.

The applied magnetic field was scanned between +1 kOe
and —1 kOe. The chip carrier could be rotated at an angle
between 0° and 90° with respect to the external magnetic field,
allowing the investigations to be carried out at different angles.
Once the current was applied to the sample, 50 measurements
would be made and averaged to determine the electrical
resistance. For each chip, the measurements were repeated four
times to gain insight into the signal and noise background.

III. RESULTS AND DISCUSSION

The following subsections investigate the magneto- and
electro-transport properties of electrodeposited Ni films
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Fig. 2. A block diagram of the magneto resistance setup used in this article to discuss the electro- and magneto-transport properties of electrodeposited
Ni thin films. Modified from (Armstrong, 2010).
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Fig. 3. A schematic diagram of the plane view of contacts for a four-point
probe and a photograph of its sample holder. It consists of four equally
gold-plated tips with a finite diameter.

prepared under different growth times using MOKE and
MR setups, respectively, which are the main purpose of this
study (Kacel, et al., 2018; Parlaka, et al., 2015; Rizwan,
et al., 2021). To precisely analyze these properties, the
chemical composition, surface morphology, thickness, and
bulk crystalline structure of such thin films were firstly
investigated using EDS with HRSEM, GIXR, and XRD
measurements, respectively.

A. Elemental Composition, Surface, and Bulk Structure
Analyses

To ascertain the elemental composition of such Ni films,
all the samples were measured at different arbitrary locations
(A, B, C, D, and E shown in Fig. 1a) using EDS analysis.
These analyses were performed with support from (Bowen
and Mendis, 2012). An example of the EDS measurement
of Ni film prepared under a 40 s deposition time is shown
in Fig. 4. The identification of the peaks is related to Ni,
Au, O, and Si. The Au and Si contents reflect the elemental
composition of the substrate.

A small amount of oxygen was noticed in most of the
samples and might have been formed by oxidation during or
after the electrodeposition. Significantly, these analyses confirm
that these samples are free from impurities and contamination,
which has been observed elsewhere (Das, et al., 2008).

Now, to investigate the surface morphology of such Ni
samples, detailed of HRSEM imaging was undertaken.
Micrographs example at three different locations on the
surface of Ni film that was produced under 40 s deposition
time is shown in Fig. 5. These measurements demonstrated
that there were defects or imperfections of different sizes
distributed randomly on these specimens. These defects were
found to be more remarkable at lower film growth times. This
is because decreasing the film growth time will decrease the
film thickness which in turn increases the defects and non-
uniformity. These imperfections are more likely to occur as a
result of gas bubbles occurring during the electrodeposition
process or might be due to the inhomogeneous density of
the electrolyte solution throughout the electrochemical cell
during the fabrication process. Thus, the Ni films prepared
by this technique under such conditions are more likely to
be non-uniform and have an irregular surface morphology.
This result will be discussed in more detail in other research
using other compositions of ferromagnetic thin films.
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Fig. 4. An example of energy-dispersive X-ray spectroscopy
measurement of nickel film prepared under a 60 s deposition time
(Bowen and Mendis, 2012).

Fig. 5. Examples of high-resolution scanning electron microscopy

micrographs showing the surface of nickel film prepared under 40 s
deposition time at (a-c) three different locations.

In spite of the surface non-uniformity of these films, which
was beyond the limit of the GIXR technique, the structural
surface variations were confirmed, as demonstrated in
Fig. 6, which shows the true specular and simulated scans of
electrodeposited Ni films with deposition times of (a) 40 s and
(b) 60 s. The true specular scan was fitted using Bede REFS
simulations program (Bede REFS, 2007) which is based on
the Parratt recursive formulism (Cullity and Stock, 2001).
Using this simulation package, the thickness was found to
be ~22, ~31, and ~228 nm for Ni films produced at 30 s,
40 s, and 60 s, respectively. The details of this simulation
package and GIXR system can be found elsewhere (Bowen
and Tanner, 2006; Bowen and Mendis, 2012; Brundle, Evans
and Wilson, 1992; Cullity and Stock, 2001; Jordan Valley,
2007; 2008; Parratt, 1954; Wormington, et al., 1999).

Fig. 7 shows an example of XRD pattern of Ni film
fabricated under a 60 s deposition time. As expected (Jin,
et al., 2003; Rheem, et al., 2007), the crystalline structure of
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Fig. 6. True specular and simulated scans of electrodeposited nickel films with deposition times of (a) 40 s and (b) 60 s.
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Fig. 7. Example of an X-ray diffraction pattern of the nickel film prepared
at 60 s deposition time.

such films is FCC structure, where the peaks correspond to
the FCC phase of Ni and the FCC of the Au-coated substrate,
as compared with the standard reference patterns (Inorganic
Crystal Structure Data base [ICSD]) (Mark, 2023).

From Fig. 7, it is also clear that there are no peaks related
to the Si, SiO,, and Cr elements due to the dominance of
the amorphous SiO, layer on the behavior, which is in full
agreement with the literature (Jian, et al., 2005). Furthermore,
the peaks are quite sharp, indicating that the crystallites within
such films are relatively large (Bowen and Tanner, 2006;
Brundle, Evans and Wilson, 1992; Cullity and Stock, 2001). The
intensity of the peaks is related to the presence of a preferred
crystallite orientation or the sample thickness. The calculated
intensity ratio of the Ni peaks shows that these samples have
no preferred orientation in any direction. This result means that
there is no effect of crystallites on the magnetization behavior,
as will be seen in the following discussion.

B. Moke Measurements — Magnetic Properties

To discuss the distribution of magnetization across the
whole sample area and to deeply understand the angular
dependence of the magnetic state of such films, MOKE
measurements were carried out at different arbitrary places
(A, B, C, D, and E shown in Fig. 1a) on these films when
the magnetic field was applied at two orthogonal angles with
respect to the chip long axis (defined in Fig. 1a).

In general, square hysteresis loops were obtained from
most of these studies, with very small local variations.
Typical examples of MOKE loops obtained from such
measurements are shown in Fig. 8. The similarity in the
hysteresis shape among the majority of cases indicated an
isotropic magnetic nature in the surface plane of such films.
The reversal behavior was sharper for samples with higher
growth times and more rounded for samples with lower
deposition times.

To understand in more detail the magnetic state in these
films, distribution histograms of the coercive field were
obtained by repeating the measurements at many different
positions on these films, as shown in Fig. 9a. The average
coercivity as a function of film growth time is also shown
in Fig. 9b. A reduction in coercivity was observed with
increased growth time. As an example, the coercivity peaked
around ~67 Oe, ~65 Oe, and ~35 Oe for samples with
growth times of 30 s, 40 s, and 60 s, respectively. It has also
been noticed from Fig. 9 that there is a broad distribution
of coercivity throughout the film area of the same sample,
which decreases considerably for samples with longer growth
times. As an example, the distribution of coercivity was
found to range between approximately 24-35 Oe and 58-85
Oe for the samples with the longest (60 s) and shortest (30 s)
deposition times, respectively.

The coercivity distributions obtained here may reasonably
be attributed to the changes in the film surface morphology
discussed earlier in the previous section by HRSEM and
GIXR measurements. This result is in full agreement with
the result reported in the literature (Oliveira, Rezende,
and Azevedo, 2008), which showed that the presence of
surface structural variations (defects or imperfections) can
act as pinning centers during the reversal, distort the spin
configuration structure, and give different values of coercive
field (Oliveira, Rezende, and Azevedo, 2008).

Hence, the surface structural variations in the samples
under investigation may contribute to the change observed
in the coercive field and the shape of the MOKE hysteresis
loops. Fig. 9b clearly shows that decreasing the growth
time decreases the film thickness, which, in turn, increases
the film surface structure variations and non-uniformity and
ultimately increases the pinning sites and coercive fields.

To understand the magnetic reversal in such ferromagnetic
thin films, the average coercivity as a function of sample
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Fig. 8. Normalized Magneto-Optical Kerr Effect hysteresis loops of electrodeposited nickel films prepared under (a) 30 s and (b) 60 s growth times and
measured along two perpendicular in-plane axes.
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Fig. 9. (a) Distribution histogram of the coercive field acquired from repeating Magneto-Optical Kerr Effect examinations on the electrodeposited nickel

films at different arbitrary positions; and (b) average coercive field as a function of deposition time.

long axis angles with respect to the externally applied
magnetic field is plotted in Fig. 10. Clearly, for each chip,
the coercive field was nearly constant (dash line) for most
angles discussed here, indicating the similarity in the
magnetization reversal in these samples. The similarity in
the reversal behavior, however, might be due to the lack
of preferred orientation of the crystallites within such Ni
thin films, as confirmed by the XRD measurements stated
previously. However, the data for the shortest deposition
time (30 s) demonstrate an increase in coercive field with a
broader distribution of different angles. This may also reflect
the differences in surface morphology discussed -earlier.
Nonetheless, the results acquired here give an indication that
these films are soft at longer growth times and are generally
isotropic.

Now, to gain a fuller understanding of the magnetic
properties of such films, the coercivity acquired here was
compared with other results reported in the literature
discussing isolated Ni and NiFe nanowires prepared
under the same conditions and measured also by MOKE
magnetometry (Sultan, et al., 2012; Sultan, 2017a; 2017b;
2018), a large difference was noticed. This large difference
is quite acceptable since the crystallites within such
ferromagnetic thin films have no preferred orientations and
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Fig. 10. Derived coercivity from the loops obtained from
Magneto-Optical Kerr Effect measurements at various positions on the
electrodeposited Ni films (with different deposition times as indicated

in the figure title) as a function of the sample long axis angle with
respect to the applied magnetic field. The dashed lines provide a guide
for the eye.

have no shape anisotropy dominating the behavior as in the
nanowires.
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C. MR Measurements — Electrical and Magnetic Properties

The electro- and magneto-transport measurements of
these films were implemented by applying an external
magnetic field in two orthogonal directions with respect to
the current flow (sample long axis) using a four-point probe
arrangement (Fig. 3) after connecting these samples to the
external electrical circuit. The measured electrical resistance,
R, (overall sample resistance) at zero field for these films
with deposition times of 40 s and 60s, was ~26.4 Q and
~3.4 Q, respectively, and the behavior was ohmic. The
electrical resistance of such films is expected to be relatively
lower than that of individual nanowires (see, for example,
References [Cullity and Graham, 2009; Rheem, et al., 2007]).
This is due to the large sizes of the samples investigated here
with respect to their counterpart’s ferromagnetic nanowires
and the increased volume-to-surface ratio. This resistance,
however, is due to the sample bulk resistance, R, connected
wire resistance, R , and contact resistance, R .

The value of the sample resistance, R, depends on
various parameters, such as the dimension of the chip, the
scattering rates of the electrons with phonons, defects, and
grain boundaries within the films (Rheem, et al., 2007). On
the other hand, the connection wire resistance, R , appears
as a result of the electrical connection of these films with
the external electrical circuitry. This electrical resistance is
extremely small and can be neglected. Finally, the contact
resistance, R, arises from the connections of the four probes
with the samples. This resistance, however, arises as a result
of the presence of hydroxide or oxide layers or any other
residual impurities on these chips, as discussed elsewhere.
Thus, the overall electrical resistance, R, in such films can
be written as:

R =R +R +R, )

The sample resistance, R, was estimated approximately
depending on the film size and their bulk resistivity
(p = ~6.99 x 10® Q.cm at room temperature) using the
following relation (Cullity and Graham, 2009; Helmenstine,
2020; Jiles, 1998; Sultan, 2017):

R = pL/4 2)

where, L and A are the length and cross-sectional area of
the Ni film, respectively. Accordingly, the calculated sample
resistance was found to be ~20.3 Q and ~2.8 Q for films
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with growth times of 40 s and 60 s, respectively. Comparing
this theoretical result with the experimental result discussed
earlier from MR measurements, an agreement is clearly
seen, which is quite reasonable since the rest of the electrical
resistances belonged to the contact resistance, R, and wire
resistance, R .

Fig. 11 shows typical results obtained from these MR
measurements of Ni films with deposition times of (a)
40 s and (b) 60 s by applying the external magnetic field in
longitudinal (parallel) and transverse (normal) orientations
to the sample long axis. These experiments were performed
4 times by sweeping the external magnetic field in both
directions, as shown in Fig. 11. From these MR measurements,
it is interesting to note the excellent quality of the signal-
to-noise ratio. For both samples and both longitudinal and
transverse profiles, two regions were recognized (Fig. 11).
At high magnetic field strengths >+150 Oe, the resistance
shows saturation, indicating that the spins within these films
are directed normal (with minimum electrical resistance) and
parallel (with maximum electrical resistance) to the applied
external magnetic field. At magnetic fields <150 Oe, the
resistance falls rapidly, followed by positive jumps in the
parallel directions, and jumps up, followed by a drop in the
orthogonal directions. The variations in electrical resistance
are symmetric about the zero magnetic fields when changing
the magnetic field direction.

Comparing the electrical resistance of longitudinal and
transverse measurements with each other at maximum field
strengths (saturation), a reduction in the saturated resistance
was seen as the implementation changed from parallel to
perpendicular directions. This can be understood in terms
of the magnetic spin orientations within these films. When
the spins lie parallel (normal) to the film’s long axis, the
magnetization will be collinear (orthogonal) to the current
flow, giving maximum (minimum) electrical resistance. This
is the maximum and minimum electrical resistance relative to
the current and magnetic moments in the AMR effect (Cullity
and Graham, 2009; Armstrong, 2010; Jian, et al., 2005).

The difference in resistance, JR, is defined as the changes
between the resistance when the external applied magnetic
field is longitudinal, RI, and transverse, R,, to the current
flow (demonstrated in Fig. 11b), and it is given by (Brundle,
Evans and Wilson, 1992; Sultan, 2013):
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Fig. 11. Magneto-resistance profiles obtained from electrodeposited nickel samples with (a) 40 s and (b) 60 s deposition times by applying the external

magnetic field either longitudinally (parallel) or transversely (perpendicular) to the current flow.
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R =R R, 3)

The difference in resistance, R, for the sample with a 40 s
deposition time was found to be 0.06 Q, which is larger than
the difference in resistance (0.02 Q) of the films with a 60 s
deposition time.

Since the electrical resistance in the absence of the external
magnetic field depends on the structure of the domain, which
depends on the magnetic history of the sample, it is more
suitable to use the following equation to show the average
electrical resistance (Armstrong, 2010):

Rave = %(Rﬂ + ZRL) (4)

The OR of a ferromagnetic sample on applying an external
magnetic field is usually expressed as dR/R  , and is known
as the AMR ratio, which is given by combining equations 3
and 4 (Yoo, et al., 2006):

OR &‘_RJ_
Rave %(RH+2RL)

®)

Thus, the AMR ratio was calculated here using equation 5,
and it was found to be ~0.7 and ~1.8 for samples with 40 s
and 60 s growth times, respectively. The difference between
these values can be attributed to the difference in film
thickness. Comparing the AMR ratio obtained here with the
AMR ratio reported in the literature for individual nanowires
with the same composition and prepared under similar
conditions, an agreement was noticed (Yoo, et al., 2006).

As discussed earlier, the average coercive field acquired
from MOKE hysteresis loops of Ni films of 40 s and
60 s deposition times (Fig. 9) was ~67 Oe and ~35 Oe,
respectively. Comparing these findings with the coercivities
extracted from the magnetic fields at which the peaks
(troughs) happened in the MR profiles (Fig. 11), an excellent
agreement was found, indicating that the magnetic state at
the surface of such films behaves similarly to that of their
bulks. This result is quite reasonable since the thickness of
these films is extremely thin. Finally, studying the saturation
magnetization and annealing the samples under different
temperatures (Kamrul and Johurul, 2015) are very important
and needs further research.

IV. CONCLUSIONS

To sum up, the magnetic and electrical properties of
electrodeposited Ni thin films prepared at different growth
times were studied in detail. The chemical composition of these
films was analyzed using EDS measurements, which confirm
that these films are free from impurities and contamination.
HRSEM measurements indicated the existence of defects or
imperfections distributed randomly on these samples. These
imperfections were attributed to the inhomogeneous density
of the electrolyte solution throughout the electrochemical cell
or to the occurrence of gas bubbles during the fabrication
process. Thus, the Ni films prepared using this technique under
such conditions is more likely to be non-uniform and have
an irregular surface morphology. XRD analysis showed that
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the crystalline structure of such films is FCC with quite large
crystallites of no preferred orientation in any direction.

MOKE measurements were executed at many arbitrary
locations on these films by applying the magnetic field
at different angles with respect to the sample’s long axis.
Square loops were noticed with a high squareness ratio. The
similarity in the hysteresis shape between the two orthogonal
in-plane axes in most measurements indicates an isotropic
magnetic nature in such films. This result was attributed to
the lack of preferred orientation of the crystallites within such
samples, as confirmed by XRD measurements. The coercivity
falls by increasing the film growth time (~67 Oe to ~35 Oe
for samples with growth times of 30-60 s, respectively).
This was attributed to a reduction in surface non-uniformity
on increasing the film thickness, which, in turn, minimizes
the pinning sites and coercive fields. The experimental and
theoretical resistances were in agreement with each other and
were found to be around 20.3 Q and 2.8 Q for films with
growth times of 40 s and 60 s, respectively. The difference
in resistance, SR, for the sample with a 40 s deposition time
was found to be ~0.06 €2, which is larger than the difference
in resistance ~0.02 € of the films with a 60 s deposition time.
This result was in full agreement with the literature. The
coercivities acquired from MR measurements were consistent
with the coercivities obtained from MOKE measurements,
indicating that the magnetization at the surface of such films
behaves similarly to that of their bulks.
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