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Abstract: Magnetic encoders are composed of a magnetic sensor, a hard magnetic recording medium
and a signal processing circuit. Electrodeposited micro-magnet arrays produced by micro-fabrication
are promising recording media for enhancing encoder performance. However, two major engineering
issues have yet to be resolved. One issue is an unknown relationship between the feature sizes of
micro-magnet arrays and their stray field shapes, and another issue is the formation of micro-cracks
due to the built-up residual stresses of thick films. In this study, we investigated the effect of feature
sizes on the emanating stray field shape at various observation heights. Feature sizes include two
height (i.e., film thickness) values of 78 µm and 176 µm, and both width and spacing with three
values of 360 µm, 520 µm and 680 µm. Ultrasound-assisted agitation was adopted for investigating
the effects of electrodepositing current densities on the film crystalline microstructures and magnetic
properties. Narrowing the width of micro-magnets helps the stray field to become a sinusoidal profile.
Thinner film, i.e., thickness 78 µm in this study, supports the stray field taking on a sinusoidal profile.
Moreover, the spacing between the micro-magnets plays a key factor in determining the shape of
the stray field. Under 37 kHz/156 W ultrasound agitation, the optimal hard magnetic properties of
electrodeposited CoMnP films are residual magnetization 2329 G and coercivity 968 Oe by a current
density of 10.0 mA/cm2. Ultrasound-assisted electrodeposition, along with duly designed feature
size, facilitates the micro-magnet arrays having a sinusoidal stray field shape using high quality films.
Furthermore, for the first time, a systematic understanding of feature-size-dependent stray field
evolution and improved polarities quality has been realized for the recording media of sinusoidal
magnetic encoders.

Keywords: magnetic encoders; hard magnetic films; electrodeposition; ultrasound-assisted agitation;
micro-fabrication; magnetization; micro-magnet arrays; feature sizes; magnetic stray field

1. Introduction

Magnetic encoders traditionally rely on hard magnetic ferrites for their recording
media [1–4]. Rare-earth hard magnets such as SmCo by gas flow sputtering have also been
considered [5]. However, these materials encounter limitations in achieving high storage
densities, fine magnetic pole pitches and desired stray field waveforms, hindering the
development of magnetic encoders with higher performance. Moreover, the fabrication
methods of these materials involve sintering, bonding and vacuum-related processes,
which require intricate designs for fabricating recording media on targeted workpieces.

Recording media adopted in the hard disks industry have demonstrated emerging
potentials for realizing high-performance magnetic encoders [6–11]. Among them, elec-
trodeposited Co-rich films offer numerous advantages, including high deposition rate,
cost-effectiveness and tunable mechanical and magnetic properties [9–13]. Electrodeposited
Co-rich films are crystalline, having a hexagonal close-packed (HCP) microstructure with
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an easy magnetization in the c-axis direction. Electrodeposition of the CoMnP alloy has a
strong propensity for perpendicular anisotropy of Co-HCP (002) texture formation [14–17].
In addition, the electrodeposited Co-rich films can be deposited on various substrates such
as aluminum alloys, steels and silicon wafers, making them suitable for integration into
different encoder designs.

To enhance the resolution of magnetic encoders, Xu et al. illustrated the combination
of micro-fabrication and CoNiP electrodeposition for producing micro-magnet arrays with
periodical magnetic stray fields [10]. The micro-magnet arrays can be fully magnetized
with a single pulse in a solenoid coil, resulting in sinusoidal and symmetrical stray field
profile. Theis et al. further demonstrated an encoder accuracy of about ±1 µm over a length
of 2.5 cm using the recording media of electrodeposited CoP micro-magnet arrays [11]. The
technique of fabricating micro-magnet arrays has been well-developed [18–24]. However,
there is limited research showing the effect of feature sizes such as width, height and
spacing of micro-magnet arrays on the resultant stray field shapes.

Furthermore, Ref. [11] indicates the challenge with electrodeposited Co-rich micro-
magnets, which is reducing the inherent residual stress for thick film deposition so that
micro-magnets with crack-free morphology and decent adhesion can be produced. Grapes
et al. pointed out that electrolyte agitation is a key factor in reducing residual stress and pre-
serving the hard magnetic properties of electrodeposited Co-rich thick (>10 µm) films [25].
On the other hand, inevitable hydrogen evolution due to cathodic reaction can lead to crater-
like micro-pits when improper electrolyte agitation is conducted. Defective morphologies
are adverse for the formation of periodically sinusoidal magnetic stray fields. Comparing
with traditional mechanical agitation methods such as vibrating, rotating, paddling and
stirring [26–28], conventional air-bubbling and ultrasound-assisted agitation methods are
competent to debubble hydrogen during electrodepositing micro-magnets into photoresist
(PR) arrays [28,29]. Based on the aforementioned points, this study aims to address the
unclear relationship between feature sizes and stray field profiles, while improving the
deposited film quality through ultrasound-assisted agitation of the electrolyte bath.

This work is divided into four main parts based on the research directions and exper-
imental processes. The first part outlines the technology of magnetic encoders and their
requirements of sinusoidal magnetic stray fields for improved performance. The second
part investigates the influence of micro-magnet feature sizes on the shape and strength
of stray fields. The micro-magnets were realized through combining micro-fabricated
photoresist (PR) grating arrays and electrodepositing CoMnP hard magnetic alloy using air
bubbling agitation, followed by a single-step (i.e., one-time) magnetization, as shown in
Figure 1a. The third part focuses on reducing surface micro-cracks of CoMnP films through
ultrasound-assisted electrodeposition, facilitating the investigation of electrodepositing
current density effects on the quality of the CoMnP hard magnetic films, as depicted in
Figure 1b. Note that current density dominates the depositing rate of an electrodeposition
system according to Faraday’s Law of electrolysis, and hence the present study adopts con-
stant ultrasonic frequency and power values for investigating the effect of current densities.
Finally, the fourth part integrates and optimizes the aforementioned two techniques. A
two-step electrodepositing processes of air bubbling agitation and ultrasonic agitation to
minimize surface micro-cracks on the fine pole pitch CoMnP micro-magnet arrays, which
present a sinusoidal stray field profile, has been successfully realized (Figure 1c). This study
majorly explores the effect of feature sizes of micro-magnet arrays and the current density
of ultrasound-assisted electrodeposition on magnetic stray field shape and film quality for
advancing novel recording media of magnetic encoders.
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Figure 1. Schematic diagrams of three main parts of the present work: (a) The experimental process
for the studies of micro-magnet feature sizes by micro-fabrication and electrodepositing processes
using a low-carbon steel substrate with a thickness of 4.0 mm. (b) Studies of electrodepositing current
density under ultrasound-assisted electrodeposition using a copper substrate with a thickness of
0.5 mm for investigating film quality and materials properties. (c) Integration and optimization of
the techniques from (a,b) using a low-carbon steel substrate to realize fine pole pitch micro-magnet
arrays with mitigated surface micro-cracks having a sinusoidal stray field.

2. Magnetic Encoders and Sinusoidal Stray Field

Magnetic encoders are key positioning systems in precision engineering for manufac-
ture, automotive, aerospace and robotics. Considering sinusoidal encoders and comparing
with optical encoders, magnetic encoders possess many advantages, including greater
resistance to rugged environments such as dust, oil and splashing liquids [30]. The major
components of a sinusoidal magnetic encoder are magneto-resistance (MR) sensors, hard
magnetic recording media and signal processing circuitry. The performance of magnetic
encoders is closely tied to the quality and characteristics of their recording media.

Through magnetization process, the recording medium forms periodically alternating
north and south polarities, producing raw input signals as the MR sensor passes over the
recording medium. The resolution and positioning accuracy of a magnetic encoder are
determined by the quality of the magnetic stray field produced by the magnetic recording
medium [31]. An ideal magnetic stray field is in the shape of a sinusoidal waveform [32–34].
The finer the pole pitch of the alternating north and south polarities is, the higher the
resolution of the magnetic encoder. Therefore, fabricating hard magnetic recording media
with fine pitch sinusoidal stray fields is crucial for high-performance magnetic encoders.

3. Materials and Methods
3.1. Micro-Fabrication and Electrodeposition of CoMnP Micro-Magnet Arrays and Films
3.1.1. Photolithography Process

The photolithography process was performed on SS41 low-carbon steel substrates
with an effective area of 1.0 cm × 1.0 cm. The process consisted of five main steps: spin
coating, soft baking, UV exposure, post-exposure baking (PEB) and development. The
feature sizes involved in the mask design investigated two aspects in terms of varying
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width (W) and spacing (D) with two micro-magnet heights (H) of 78 µm and 176 µm
(Table 1). Another mask design of W = 200 µm and D = 360 µm was used for the study of
fine pole pitch micro-magnet arrays, i.e., the process shown in Figure 1c. All the masks
were made of thin stainless-steel sheets through electrical discharge machining (EDM) with
an error of ±5 µm.

Table 1. List and symbols of the feature sizes that are designed and studied in this work.

Micro-Magnet Height
(Symbol)

Fixed Width (Varying
Spacing) †

Fixed Spacing (Varying
Width) †

176 µm (T)
W360-D360 W360-D360
W360-D520 W520-D360
W360-D680 W680-D360

78 µm (F)
W360-D360 W360-D360
W360-D520 W520-D360
W360-D680 W680-D360

† The numbers following W and D denote the width and spacing dimensions in micrometer, respectively.

In the photolithography process, a negative-type thick PR (NR26-25000P, Futurrex,
Inc., Franklin, TN, USA) was applied using a two-step spin coating process. In the first
step, the substrate was spinning at 700 rpm for 40 s to evenly distribute the PR. In the
second step, the substrate was spinning at 1300 rpm for 12 s to remove excess PR and
determine the PR thickness. A soft bake process of heating the sample at 150 ◦C for 450 s
was then conducted.

Next, the thick PR on the samples was exposed in a UV exposure unit (KVB-30DQ,
KINSTEN, Taipei City, Taiwan) with 2300 mJ/cm2. After exposure, the sample was baked at
90 ◦C for 300 s to cure and enhance the stability of the PR. Finally, the sample was immersed
in a developer solution (RD6, Futurrex, Inc., USA) for 720 s, with gentle agitation to remove
the unexposed PR, leaving the PR pattern of grating micro-arrays. The uncovered substrate
areas were then ready for the subsequent electrodeposition process.

3.1.2. Electrodeposition Process

Electrodeposition was performed in a 110 mL electrolyte bath (with formulation and
parameters shown in Table 2) to obtain two different heights, 78 µm and 176 µm, of the
micro-magnets. The current density was set to 5 mA/cm2. For the study of feature size
effect, an air pump was used for electrolyte agitation to ensure uniform distribution of the
chemical species and removal of hydrogen bobbles.

Table 2. The electrolyte bath composition and depositing parameters for the electrodeposition of the
CoMnP alloy.

Stoichiometry of Magnetic Alloy Bath Composition Concentration (Mole/L)

CoMnP

CoCl2·6H2O 0.42
CoSO4·7H2O 0.053
MnCl2·4H2O 0.4

NaH2PO2·H2O 0.2
NH4Cl 1.8

Electrodeposition Method Deposition Parameter Setting

Galvanic deposition

Bath volume 110 mL
pH value 3.7

Current density (CD) 5 mA/cm2

Temperature 25 ◦C

For the ultrasound-related study, electrodeposition was performed using copper sub-
strates with a depositing area of 1.0 cm × 1.0 cm. The electrolyte solution was agitated
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using an ultrasonic machine (Elma-P30H, Elma Schmidbauer GmbH, Singen, Germany)
and water bath with fixed ultrasonic conditions of 37 kHz/156 W. Four different current
densities of 5.0 mA/cm2, 7.5 mA/cm2, 10.0 mA/cm2 and 12.5 mA/cm2 were studied, with
a constant electrodeposition time of 1 h. To prevent temperature increases caused by ultra-
sonic vibrations, which could affect the electrodeposition results, two external circulation
pumps were used to circulate and cool the water bath, maintaining the electrolyte solution
at a constant temperature of 26 ◦C.

3.1.3. Magnetization

The samples were magnetized using an oil-based capacitive discharge pulse magne-
tizer (MD-2002-O-2, NEY HWU ELECTRICAL Co., Ltd., Taipei City, Taiwan) along with a
C-shaped magnetizing head made of low-carbon steel (Figure 2a). The cross-sectional area
of the magnetizing head is 1.1 cm × 1.1 cm. The head was wound with 64 turns of copper
wire to form a solenoid. The top surfaces of CoMnP micro-magnets of the sample were
tightly pressed to the upper yoke of the magnetizing head during magnetization. Applied
field (Happ) in the OP direction of samples was generated by a voltage of 800 V set and
produced in the magnetizer.
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Figure 2. Setups for magnetization and magnetic field measurement: (a) Capacitive discharge pulse 

magnetizer connecting with a C-shaped magnetizing head for magnetization. The scheme on the 
Figure 2. Setups for magnetization and magnetic field measurement: (a) Capacitive discharge pulse
magnetizer connecting with a C-shaped magnetizing head for magnetization. The scheme on the
right indicates the applied magnetic field (Happ) generated from the two yokes, pointing to the OP
direction of the sample. Direction of Happ is represented by the green arrows. (b) A photograph
showing the setup for measuring magnetic flux density as a function of spatial distribution using a
Hall sensor. (c) A schematic illustration of the magnetic field profile measurement: the magnetic field
strength in both the OP and IP directions is measured at 20 µm intervals, in a stepwise manner.
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3.2. Measurement of Magnetic Stray Field Profiles

The samples of micro-magnet arrays were placed on a manual stage, allowing fine
adjustments along the y- and z-axes and θ rotation. A Hall sensor probe (SENIS F3A,
Senis AG, Baar, Switzerland) was mounted on a moving stage controlled by a servo-driven
stepper motor (08PTM-50M, Unice E-O Services Inc., Taoyuan City, Taiwan), which offers
a minimum step size of 2.5 µm and repeatability of 5 µm. The Hall sensor has spatial
resolution values of 10 µm and 30 µm in the in-plane (IP) and out-of-plane (OP) directions,
respectively, and can sense in IP and OP directions simultaneously (Figure 2b,c).

During the measurement process, the sample’s orientation was first adjusted to align
with the primary direction of the Hall probe’s sensing axes. The sample position was then
adjusted in the z-axis direction to measure the stray field profile at a desired observation
height (10 µm, 50 µm and 100 µm) using the method as shown in [10]. Subsequently, the
motorized linear stage was programmed to move the Hall probe in increments of 20 µm per
step (Figure 2c). With the measured data of stray field strength at each step, the magnetic
stray field profile of the patterned CoMnP micro-magnets at a specific observation height
can thereby be obtained.

3.3. Materials Characterization

The fabricated samples were inspected using an optical microscope (OM), the Edge
3.0 AM73915MZT model from Dino-Lite, based in New Taipei City, Taiwan. To further
analyze the surface morphology of the CoMnP micro-arrays and films, a scanning electron
microscope (SEM) was employed. The SEM used was the HITACHI S-4800 model (Hitachi,
Tokyo, Japan), equipped with an energy-dispersive spectrometer (EDS) for compositional
analysis. To prevent charge accumulation caused by high-energy electrons on the CoMnP
surface, a platinum nano-layer was applied via evaporation prior to observation. The SEM
operated at a working voltage range of 4 to 10 kV.

A superconducting quantum interference device (SQUID) magnetometer, model
MPMS-3 from Quantum Design of the United States, was used to assess the magnetic
properties of the CoMnP films by acquiring the hysteresis curves for the ultrasound-
assisted electrodeposited samples at room temperature. Both the OP and the IP directions
of the CoMnP films were characterized. The measured samples used CoMnP films rather
than micro-magnets. The magnetic properties in the OP and IP directions are discussed
with the demagnetization factor not being corrected in the present study.

4. Results and Discussion
4.1. Effect of Feature Sizes on the Stray Field Profiles of Micro-Magnet Arrays

Top view inspection results for micro-magnet arrays by SEM can be seen in Figure 3.
The light gray stripes are the CoMnP micro-magnets. The periodic grating structures of
CoMnP micro-magnets are clear, and the dimensions of width and spacing are almost
consistent with the feature sizes designed in Table 1. Figure 3f illustrates an example of
direct observation of stray field through placing a magnetic field viewing card on a CoMnP
micro-array sample. Periodically alternating polarities are clearly presented.

The Hall probe measurement results of stray field profiles for the CoMnP micro-magnet
arrays with a height of 176 µm after magnetization are shown in Figure 4. There are roughly
three categories of stray field profiles: triangle wave, sine wave and rectangular wave.
When the spacing of micro-magnets is small (i.e., T-W360-D360 and T-W520-D360 samples
in Figures 4a and 4d, respectively), the adjacent magnetic polarities interact strongly.
Hence, the magnetic stray field lines are mutually squeezing, generating a triangle-shaped
stray field profile. Increasing spacing (i.e., T-W360-D520 and T-W360-D680 samples in
Figures 4b and 4c, respectively) results in magnetic field shapes evolving towards sine
waves along with increasing amplitudes.

In contrast, the OP stray field shape of T-W680-D360 (Figure 4d) is a rectangular wave
at the N pole (positive value) and a sinusoidal wave at the S pole (negative value), which is
an asymmetrical waveform. This is due to the broadening of the micro-magnets’ width,
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which concentrates the magnetic flux in the CoMnP portion [20]. Note that the IP magnetic
stray field presents a saw-tooth-like waveform in Figure 4d. Increasing the observation
height makes the OP stray field profile approach sine-wave-like behavior, while the IP stray
field profile remains saw-tooth-like.
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Figure 3. Top view SEM images of the micro-magnet arrays in the format of gratings with different
micro-magnet width (W) and spacing (D): (a) W360-D360; (b) W360-D520; (c) W360-D680; (d) W520-
D360; (e) W680-D360. (f) Optical image showing a magnetic field viewing card placed on a W680-D360
sample after magnetization. On the bottom of the image a portion of the sample appeared.
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Figure 4. Measurement results of the stray field profiles of (a) W360-D360; (b) W360-D520; (c) W360-
D680; (d) W520-D360; (e) W680-D360 samples with 176 µm height (T-series) micro-magnets. The
insets show the enlarged portions of the measurement results.

In addition, the peak-to-peak intensities of the OP and IP stray fields are nearly the
same when the observation height is the same. The two directions of magnetic fields
have an orthogonal relationship. This indicates that the measurement results are in good
agreement with the spatial tensor behavior of distributed magnetic fields for magnetized
magnets [35].

Note that the sinusoidal, triangle and rectangular waveforms can be analyzed and
quantified through ψ-square tests and/or the fast Fourier transform (FFT) method. A more
in-depth study through quantitative analysis for the resultant waveforms of defective stray
field profiles is in progress in our research group and will be published in the near future.

For the magnetized CoMnP micro-magnet arrays with a height of 78 µm, the evolution
behavior of stray field shape is different (Figure 5). The film-shaped anisotropic effect of
the 78 µm height micro-magnets is more significant than the micro-magnet arrays with
a height of 176 µm. Thinner micro-magnets are prone to produce sinusoidal stray field
waveforms (Figure 5a–c), while on the other side causing a significant reduction in peak-
to-peak intensities. This is because the magnetic field intensity is low and the interaction
between two adjacent micro-magnets is relatively weakened, so that the magnetic field
lines are not significantly interfered with when the spacing is ≥360 µm with a fixed micro-
magnet width. However, broadening the width of micro-magnets for F-series abruptly
changes the stray field shape to a rectangular waveform (Figure 5d,e). The IP and OP
waveform behaviors are similar to the micro-magnets with a height of 176 µm, showing
asymmetric polarities and an orthogonal relationship. It is clear that thinning the films of
CoMnP alloy for micro-magnets encounters a trade-off between an unfavorable amplitude
(i.e., peak-to-peak intensities) and a sine waveform of stray fields. Table 3 summarizes the
findings of the magnetic field shape evolution as a function of changing feature sizes for
micro-magnet arrays with 78 µm and 176 µm heights.
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Table 3. Summary of the magnetic field shape evolution as a function of changing feature sizes for
different height of micro-magnet arrays.

Micro-Magnet Height
(Series Symbol) Feature Size Feature Size

Propensity Field Shape Height: Width
(H/W Ratio)

Height: Spacing
(H/D Ratio)

176 µm (T)

W360-D680 Increasing D Sine 0.49 0.26
W360-D520
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4.2. Effect of Ultrasound Agitation on the Film Quality and Properties

The film thicknesses obtained at different current densities of 5.0 mA/cm2, 7.5 mA/cm2,
10.0 mA/cm2 and 12.5 mA/cm2 by ultrasound-assisted electrodeposition for 1 h are 3.3 µm,
7.8 µm, 10.6 µm and 14.7 µm, respectively. The film thicknesses obtained at different current
densities of 5.0 mA/cm2, 7.5 mA/cm2, 10.0 mA/cm2 and 12.5 mA/cm2 by air-bubbling
electrodeposition for 1 h are 4.1 µm, 5.8 µm, 7.9 µm and 11.7 µm, respectively. At low
current density (i.e., 5.0 mA/cm2), the erosion effect of ultrasound cavitation prevails.
Increasing current density leads to an activation effect for reduction reactions and promotes
mass transportation for electrolyte species [29]. Therefore, an enhanced deposit rate can
be obtained. On the other hand, the co-deposition of CoMnP ternary alloy relies on the
reduction potentials of the reactant, chelating and intermediate species in the electrolyte
bath. The EDS composition analysis results of the CoMnP hard magnetic films deposited
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by the two agitation methods indicate that the compositions of the resultant films are nearly
identical. The Co, Mn and P contents of the films are 94.0 wt.%, 0.6 wt.% and 5.3 wt.%,
respectively. The CoMnP composition is not affected by adopting the two methods of
ultrasound-assisted and air-bubbling agitation.

The SEM micrographs of the surface morphologies of the resultant films are shown
in Figure 6. There are many micro-cracks and nodules on the surface of the air-bubbling
samples, while there are almost no micro-cracks on the surface of the ultrasound-assistance-
deposited samples, although the morphologies are slightly rough at high current densities.
The reasons for surface micro-cracks are multiple and complex in electrodeposited hard
magnetic films. Ultrasound-assisted electrodeposition reduces the formation of micro-
cracks through the cavitation effect of ultrasonic waves in the electrolyte solution. The
cavitation effect affects the nucleation and growth mechanisms of crystallization for miti-
gating residual stress and prevents hydrogen atoms from accumulating on the surface for
inhibiting hydrogen embrittlement [36–38].
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Figure 6. SEM images showing the morphologies of CoMnP hard magnetic films by ultrasound-
assisted electrodeposition (denoted as U) at various depositing current density: (a) 5.0 mA/cm2;
(b) 7.5 mA/cm2; (c) 10.0 mA/cm2; (d) 12.5 mA/cm2; and by conventional electrodeposition
(denoted as P) at various depositing current density: (e) 5.0 mA/cm2; (f) 7.5 mA/cm2;
(g) 10.0 mA/cm2; (h) 12.5 mA/cm2.

Figure 7 presents the XRD patterns of the CoMnP hard magnetic films produced by
ultrasound-assisted electrodeposition at different current densities. The diffraction peak
is very intense with a very low signal-to-noise ratio, which means that the CoMnP hard
magnetic films are highly crystalline. In addition, each sample has only one diffraction
peak, which indicates that the crystallization of the CoMnP hard magnetic films is textured.
Raising current density results in a change in crystalline direction from Co-HCP(110)/Co-
FCC(220) texture to Co-HCP(002) texture. The Co-HCP(002) texture can be readily obtained
by air-bubbling agitation, and there is no current density dependence behavior. When cur-
rent density is low, the ultrasonic waves dominate the nucleation and growth mechanisms,
because the cavitation effect affects the surface activity of the cathode, altering the kinetic
mechanism of ad-atoms motion during depositing [27].
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Figure 7. (a) X-ray diffraction patterns of CoMnP hard magnetic films by ultrasound-assisted
electrodeposition (denoted as U) at various depositing current densities and by conventional elec-
trodeposition (denoted as P) at 5.0 mA/cm2 current density; (b) JCPDS (Joint Committee on Powder
Diffraction Standards) card information of crystalline cobalt.

According to the hysteresis curves shown in Figure 8, there is a current density
dependence behavior of widening the OP loops when increasing the current density. The
results of XRD patterns in Figure 7 explain the measured hysteresis curves of the CoMnP
hard magnetic films electrodeposited at different current densities. The CoMnP films with
better hard magnetic properties in the IP direction are produced by current densities of
5.0 mA/cm2 and 7.5 mA/cm2, which have Co-HCP(110)/Co-FCC(220) diffraction peaks.
The CoMnP films with better hard magnetic properties in the OP direction are produced
by current densities of 10.0 mA/cm2 and 12.5 mA/cm2, which present Co-HCP(002)
diffraction peaks [39]. This proves that magneto-crystalline anisotropy due to the c-axis
easy magnetization direction of HCP Co crystallite dominates the hard magnetic properties
of the deposited CoMnP films.
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Figure 8. Hysteresis curves (normalized) measured in the OP and IP directions for CoMnP hard
magnetic films by ultrasound-assisted electrodeposition under different electrodepositing current
density: (a) 5.0 mA/cm2; (b) 7.5 mA/cm2; (c) 10.0 mA/cm2; (d) 12.5 mA/cm2.

Figure 9 is the second quadrant of the B-H curves measured by SQUID in the IP and
OP directions. In the OP direction, the CoMnP film electrodeposited with a current density
of 10.0 mA/cm2 has the best hard magnetic properties, with a remanence of 2329 G and
a coercivity of 968 Oe. The film deposited with 12.5 mA/cm2 has a remanence of 2203 G
and a coercivity of 882 Oe. In the IP direction, the CoMnP film electrodeposited with a
current density of 5.0 mA/cm2 has the best hard magnetic properties, with a remanence of
8390 G and a coercivity of 952 Oe. The film deposited with 7.5 mA/cm2 has a remanence
of 5176 G and a coercivity of 907 Oe. In the following study for high quality and fine pole
pitch micro-magnet arrays using ultrasonic-assisted electrodeposition, a current density of
10.0 mA/cm2 will be adopted.
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Figure 9. Magnetic measurement results of the second quadrant B-H loops acquired in the (a) IP
direction; and (b) OP direction for samples by ultrasound-assisted electrodeposition (denoted as
U) at various depositing current density and by conventional electrodeposition (denoted as P) at
5.0 mA/cm2 current density.

4.3. High Quality and Fine Pole Pitch Micro-Magnet Arrays

A fine pole pitch M200-D360 mask was adopted for a sequential two-step electrode-
position process of conventional air-bubbling agitation and ultrasound-assisted agitation.
The base layer was deposited by conventional air-bubbling agitation with a current density
of 5.0 mA/cm2 for 9 h, and the capping layer was electrodeposited for 1 h with a current
density of 10.0 mA/cm2 by ultrasound-assisted agitation. The height of the resultant
W200-D360 micro-magnets is 66 µm.

SEM micrographs of four different magnifications (20×, 100×, 800×, 1500×) were
obtained as presented in Figure 10. The feature size is quite consistent with the designed
and manufactured mask. At higher magnification, micro-cracks and blisters on the surface
of the CoMnP alloy can be observed. However, the areal density of micro-cracks is reduced
compared to Figure 6e–h. Several marks and traces of de-bubbling troughs on the surface
were found (100× and 800×), which could be caused due to the difficulty of controlling the
surface cleanliness and the process continuity during the electrodeposition of laminating.
In addition, since the first step of base layer electrodeposition inevitably produces high
residual stress, the surface cracking of resultant CoMnP micro-magnets is expected, but the
areal density and crack-opening are significantly diminished.
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Figure 10. Top view SEM images of the micro-magnet arrays by the combined air-bubbling and
ultrasound-assisted agitation electrodeposition, in different magnification: (a) 20×; (b) 100×; (c) 800×;
(d) 1500×. The zoomed-in areas are denoted by white blocks.

The measured stray field profile of the W200-D360 after magnetization is shown in
Figure 11a. The shape of magnetic stray field is sinusoidal, and the orthogonal relationship
holds with the IP and OP directions of magnetic fields. However, the overall contour
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of the field shape is not smooth, indicating that scaling-down the pole pitch encounters
more influence of surface micro-defects on the sinusoidal waveform of stray fields. With
a reduced volume (i.e., width) of CoMnP alloy, fluctuating magnetization due to surface
micro-defects causes the sudden jumps, jagging and discontinuity of the field contour.
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Figure 11. (a) Measurement results of the stray field profiles of W200-D360 sample. The inset
shows an enlarged portion of the measurement results; (b) Amplitude of OP fields as a function of
observation height for different feature sizes of micro-magnet arrays.

On the other side, comparison of OP field amplitude with the micro-magnets of F-
series is shown in Figure 11a. Although the height of the W200-D360 micro-magnets is
slightly smaller (66 µm), the OP field amplitude is comparable to the micro-magnets of F-
W520-D360 and F-W680-D3603 when observation height is 10 µm. However, in comparison
with F-W360-D360, the OP field amplitude of W200-D360 micro-magnets is significantly
weaker at the 10 µm observation height. Moreover, as the observation height increases to
100 µm, the amplitude decrease of the W200-D360 is much greater than that of other micro-
magnets with coarser pole pitch. It is clear to see the impact of sacrificing micro-magnet
volume for obtaining a finer magnetic pole pitch.

5. Conclusions

This study has developed a recording medium of electrodeposited CoMnP micro-
magnets to advance high performance magnetic encoders. Such a novel recording medium
of electrodeposited CoMnP micro-magnets can be realized simply through one-time mag-
netization to form sinusoidal waveforms of magnetic stray fields. There is a relative
dimensional relationship among the width, spacing and height of the micro-magnet arrays
in order to obtain a perfect sine wave for the stray field. Overly squeezing and heavily
interfering of magnetic stray field lines emanated between nearby polarities can result in
distorted waveforms. On the other hand, an insufficient height-to-width ratio leads to
prevailed film-shaped anisotropy. At the same time, the amplitude of the sinusoidal stray
field has to be considered when designing the feature sizes of micro-magnets.

Air-bubbling and ultrasound-assisted agitation methods are effective and efficient
for integrating electrodeposition into micro-fabrication processes. In a 37 kHz and 156 W
ultrasonic system of CoMnP alloy electrodeposition, the optimal OP hard magnetic proper-
ties due to magneto-crystalline anisotropy of Co-HCP(002) texture can be obtained with a
current density of 10.0 mA/cm2. The cavitation effect of ultrasonic waves readily modified
the depositing mechanisms, accounting for the current density dependence behavior of the
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CoMnP coating texture evolution. The ultrasound-assisted agitation facilitates improved
surface quality with reduced microcracks for the electrodeposition of CoMnP alloy. The
high-quality hard magnetic films by ultrasound-assisted electrodeposition can be applied in
broadened applications such as micro-electromechanical systems (MEMS). Further research
work on the reliability and durability of the proposed materials has been preliminarily
conducted in our research group for future applications.
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