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ABSTRACT When magnetic microelectromechanical systems (MEMS) devices utilize thin- or thick-film
permanent magnets, the uniform magnetization of these magnets, owing to their flat-shape, generate a
strong antimagnetic field and weak surface magnetic flux density. This study proposes a laser-assisted
micro multi-pole magnetization method that reduces the antimagnetic field and generates a high surface
magnetic flux density. The proposed method involves locally reducing the coercivity through laser-assisted
heating and an external reverse magnetic field to selectively reverse the magnetization in heated areas,
thereby generating fine and different magnetic patterns on permanent magnets. This study experimentally
investigates the relationship between the magnetic properties of twelve NdFeB magnet samples (residual
flux density (B;):1.20-1.39 T and intrinsic coercivity (Hcj):955-2388 kA/m) magnetized using the proposed
method and the resulting surface magnetic flux densities. Here, the magnetization ratio is introduced as the
ratio of the measured to the analyzed surface magnetic flux density. The experimental results reveal that the
magnetization ratio increases with an increase in Hej. The highest achieved surface magnetic flux density
was 391 mTp-p with a B; of 1.3 T and H; of 2388 kA/m. The magnetization ratio was 78.5%. Hence,
a higher H¢j suppressed the demagnetization. The magnetization ratio peaks around B, =1.29 T. A higher
B, promotes magnetization reversal, thereby making demagnetization easier. To increase the magnetization
ratio and surface magnetic flux density, a permanent magnet with the highest possible H¢; and optimal B,
for the magnetization state must be selected. This study has great potential for the development of magnetic
MEMS devices.

INDEX TERMS Magnetic MEMS, micro magnetization, multi-pole magnetization, laser-assisted heating,
NdFeB magnet.

I. INTRODUCTION

With the recent development of the Internet of Things (IoT),
there has been active research and development (R&D)
to realize sensors, actuators, and energy harvesters using
magnetic MEMS devices [1], [2], [3], [4], [5], [6]. Magnetic
MEMS devices utilize the interaction between permanent
magnets and coils, permanent magnets, or electromagnets
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and the magnetic core [7]. Unlike electrostatic and piezo-
electric MEMS devices, a battery can drive magnetic MEMS
devices at low voltages without a booster circuit. Different
magnetic MEMS devices with permanent magnets several
to several hundred micrometers in thickness and less than
10 mm in length [8], [9], [10], [11], [12], [13], [14], [15],
[16] have been proposed.

Magnetic MEMS devices use thin-plate magnets machined
from sintered NdFeB magnets, thin-film magnets deposited
using sputtering, or thick-film magnets deposited using
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FIGURE 1. Effects of self-demagnetization field to surface magnetic flux
density.

pulsed laser deposition. However, a large self-demagnetizing
field is generated in the center when a flat-shaped permanent
magnet is magnetized in one thickness direction, as shown
in Fig. 1(a). The magnetic flux generated from the center of
the magnet was small. Magnetic forces cannot be efficiently
generated based on the volume of the permanent magnet
[17]. To generate a large magnetic flux from the surface of
a permanent magnet, the thickness and width of the magnet
part forming one pole must be equal. In the case of flat-shaped
magnets, slitting to form segments or alternating multi-pole
magnetization with a pitch equivalent to their thickness has
been proposed.

In previous research, dicing [8], ion milling [9], and wet
etching [10] were used to process slits in thin-plate or thick-
film magnets such that the width of one pole was almost equal
to its thickness. Bonded magnets [11], [12] were used to form
the stripe-shaped magnets. Furthermore, segmented magnets
are fabricated by electrolytic plating [13], electroless co-
deposition [14], and atomic layer deposition [15], as shown
in Fig. 1(b).

Alternating multi-pole magnetization without slits in a
magnet to effectively generate magnetic flux from one plate
or film magnet is also being researched, as shown in Fig. 1(c).
One micro alternating multi-pole magnetization method uses
pulse current through microcoils [16], [18]. This method
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applies a large pulse current of 3-5 kA to the microcoil
to generate a magnetic flux density of a few Teslas for
magnetization. To magnetize a small width, it is essential to
miniaturize the microcoil, although supplying a large current
to the microcoil causes it to burn out owing to Joule heat.
Consequently, miniaturization has its limits.

There has also been research on the micromagnetization
of thin-film magnets using a large-diameter pulsed laser
and metal mask [19]. The magnets, wherein the laser beam
penetrates the mask, are collectively heated, and an external
magnetic field magnetizes the area with reduced coercivity
using heat. However, micromagnetization is not easy when
magnetizing magnets with a thickness of several hundred
micrometers. The external magnetic field also magnetizes the
area wherein a laser beam is not irradiated owing to the heat
conduction from the laser-heated area.

In this study, we proposed laser-assisted heating [20] to
realize the micro multi-pole magnetization of thin-plates and
thick-film magnets. In this magnetization method, a laser
locally heats the surface of a magnetized magnet in one
direction to reduce the coercivity, and an external magnetic
field reverses the magnetization direction.

We used slit processing to solve the heat conduction
problem that occurs during the micromagnetization of a
magnet several hundred micrometers thick. We have achieved
alternating stripe patterns with an aspect ratio of 1 [21]
and checkerboard-shaped alternating magnetization with an
aspect ratio of 0.5 [22] on wire EDM-machined sintered
NdFeB magnets with a thickness of 0.5 mm. These magnets
had a slit width of 0.15 mm fabricated by dicing.

However, slit processing complicates the magnetization
process and possibly breaks the magnets. Hence, we propose
a double-sided laser-assisted micro multi-pole magnetization
method without slit processing. Here, a short heating time
is required to suppress the heat conduction to the adjacent
magnetic poles in the without-slit method. Nevertheless, the
deeper parts of the magnet cannot be sufficiently heated by
short laser heating. The coercivity cannot be lowered enough
to cause magnetization reversal. Laser heating on both sides
of the magnet for a short time prevents heat conduction to the
adjacent magnetic poles, thereby achieving sufficient heating
in the deeper parts. By using this method, we achieved the
alternating magnetization of 80 poles on a ring magnet with
an outer diameter, inner diameter, and thickness of 9.6, 7, and
0.3 mm, respectively, thereby resulting in a maximum surface
magnetic flux density of 470 mT [23].

Accordingly, laser-assisted micro multi-pole magnetiza-
tion can more efficiently generate surface magnetic flux
density than segmented magnets. Furthermore, different
micromagnetic patterns can be formed for sub-mm-thick
magnets by eliminating the slit process.

In this magnetization method, the laser power, scan-
ning path, speed, and spot diameter were experimentally
investigated to increase the surface magnetic flux density.
However, the measured values were only 75% of the designed
values. The designed surface magnetic flux density was
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not achieved because irreversible demagnetization occurred
in the unheated areas, wherein the magnetization reversal
was not intended, as explained in more details later. The
magnetization results of laser-assisted heating are related to
the magnetic properties of permanent magnets, but only the
influence of the intrinsic coercivity has been clarified [24].

In this research, we aim to develop a laser-assisted
heating micro multi-pole magnetization method particularly
for magnetic MEMS devices. Further, the study aims to
present the relationship between the intrinsic coercivity,
residual flux density, and magnetization of the permanent
magnets.

From the introduction, Section II elaborates on the
laser-assisted micro multi-pole magnetization principle and
examines the influence of the magnetic properties and
magnetization conditions. Section III describes the experi-
mental methods, conditions, and sample magnets. Section IV
discusses the influence of the magnetic properties on
laser-assisted fine multi-pole magnetization based on the
magnetization results. Section V gives a conclusion of the
study.

Il. LASER-ASSISTED HEATING MICRO MULTI-POLE
MAGNETIZATION METHOD

A. MAGNETIZATION PRINCIPLES AND PHENOMENA

Fig. 2 shows the principle of the laser-assisted heating multi-
pole magnetization method. First, (a) the magnet is magne-
tized in one direction by applying a pulsed current to the coil.
(b) An external magnetic field is applied to the magnet in
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the direction opposite to its magnetization. (c) The coercivity
is lowered only in the heated area by locally heating the
magnet surface using laser scanning. During this process,
magnetization reversal along the direction of the external
magnetic field occurs in the heated area. Additionally, the
flux leakage from the adjacent poles flows in a direction
that promotes magnetization reversal in the heated area. (d)
Natural cooling then recovers coercivity, and magnetization
reversal finishes. Different micro- and magnetic patterns can
be formed by repeating these processes.

The external magnetic field must be sufficiently large
relative to the coercivity of the magnet sample, which
decreases owing to laser heating, to reverse the magnetization
in this method. Furthermore, as shown in Fig. 3, two other
unintended phenomena occur in adjacent magnetic poles
simultaneously: 1) irreversible demagnetization owing to
the uniform external magnetic field used for magnetization
reversal, and 2) thermal demagnetization owing to the
thermal conduction. For this reason, magnetization reversal
in the heated area and demagnetization owing to the heat
and demagnetization field in the unheated area must be
considered. The next section discusses the relationship
between the magnetization phenomena in the heated and
unheated areas and the residual flux density B;, intrinsic
coercivity Hej, and temperature of the permanent magnet.

B. INFLUENCE OF MAGNETIZATION CONDITIONS

Fig. 4(a) shows the relationship between the heating temper-
ature T, coercivity H, of the magnet, and external magnetic
field Hgx( used for magnetization reversal. Here, H. decreases
as T increases and becomes zero above the Curie temperature
Tc. The magnetization reversal begins when Hc is lower than
Hgx:. As Hgy; increased, the magnetization reversal starting
temperature Trey decreased (Treyi — Trev2)-

Fig. 4(b) shows the relationship between the temperature
Try and residual flux density By of the heated area.
The solid line shows the By, wherein demagnetization
progresses as Try increases. The magnetization reverses
beyond Ty, and By gradually increases, thus reaching
saturation at Tgy. When Try exceeds Tgemag, irreversible
thermal demagnetization begins. Finally, the heated area
demagnetizes at Tgegau, and By becomes zero. As the
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FIGURE 4. Relationship between residual flux density in each region, external magnetic field, heating conditions, and permanent magnet properties,
(a) relationship between the heating temperature, coercivity, and external magnetic field, (b) relationship between the temperature and residual flux

density of the heated area, (c) relationship between the heating temperature and residual flux d
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flux density with the temperature for magnet materials with a high Br and Hj, and (e) Variation of the residual flux density with the temperature for a

high By and ch.

external magnetic field increases, as represented by the dotted
line, Ty at which magnetic saturation occurs decreases,
although Tgemag increases.

Fig. 4(c) shows the relationship between the heating
temperature Tyyg and residual flux density Byg of the
unheated area. Tyy increases owing to the heat conduction
from the heated area. B,yg,as represented by the solid line,
decreases owing to the irreversible demagnetization starting
at Tgemag. Finally, the unheated area demagnetizes at Tgegau
or above, and B,y becomes zero. The dotted line shows that
Tdemag and Tyegan decreased as the external magnetic field
increased.

C. INFLUENCE OF MAGNETIC PROPERTIES

The dashed and single-pointed lines in Fig. 4(d) show the
variation in By iy with the temperature for magnet materials
with high a B, and Hgj, respectively. For a similar Hcj, the
higher the B,, the lower the H, Tiey, and Tgy because more
flux leakage from adjacent magnetic poles is given to the
heated area. B,y p increases when magnetic saturation occurs,

VOLUME 11, 2023

thus resulting in a decrease in Tgemag. A higher He; also has
a higher Trey, Tsat, and Tdemag-

The dashed and single-pointed lines in Fig. 4(e) show the
variation in B;ug with the temperature for high B, and Hg;,
respectively. When B, was high, Tgemag and Tgegay decreased.
As Hgj increased, Tdemag and Tgegau increased.

As described earlier, the enhancement of the magnetization
reversal in the heated area requires a higher external magnetic
field, heating temperature, and B;. However, suppressing the
irreversible demagnetization in the unheated area requires a
lower external magnetic field, lower heating temperature, and
higher Hj. Based on this basic principle, a survey is carried
out for magnet materials suitable for laser-assisted heating
micro multi-pole magnetization.

Ill. EXPERIMENTAL METHODS

A. EXPERIMENTAL SETUP AND PROCESS

The magnet samples were unidirectionally magnetized using
a pulse magnetizer (CM-2510-30S, Denshi Magneto Kogyo).
Laser scanning was performed on the magnet samples using
a laser marking device (YVOy laser, wavelength 532 nm
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MD-S9910, Keyence). The experimental environment was
at 22°C of room temperature in the atmosphere. For each
magnet sample, the magnetization conditions that maximize
the surface magnetic flux density are determined by changing
the laser scanning speed and external magnetic field strength,
as presented in Table 1. The magnet samples were multi-pole
magnetized under the surveyed conditions, and the surface
magnetic flux density was measured.

TABLE 1. Magnetization conditions.

Repetition Spot  Scan  Laser Scan External
Laser f X . mag.
req. dia. pitch  power  speed
type field
[kHz] [mm] [mm] [W] [mm/s] [T]
YVO, 130 - 03—
532mm 0 01 06 6 9 0.7

Fig. 5 shows the surface magnetic flux density measure-
ment system. The magnetic flux density above 100 pm of the
magnet surface was measured by tracing the magnet using
a Hall element (Asahi Kasei Electronics, HG-0711) with a
50 pm square magnet-sensitive area at the tip of the probe.
For each magnet sample, the measured surface magnetic flux
density ratio to the simulated one, that is, the magnetization
ratio, was evaluated.

/isensor o
/i center lE
Hall element /"/ —

Magnet \ !
sample -

FIGURE 5. Surface magnetic flux density measurement system.

B. MAGNET SAMPLES

Twelve types of NdFeB magnet samples with different
magnetic properties were used. Table 2 presents the (BH)pax,
residual flux density By, intrinsic coercivity Hej, and
heat-resistance temperature of the samples. There is no
international standard for the heat resistance temperature.
Hence [25], the temperature at which the irreversible thermal
demagnetization begins in a magnet sample with a specific
shape defined by a company and released as catalog data
is used. Magnet samples were machined by wire EDM to
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TABLE 2. Magnetic properties of NdFeB magnet samples.

(BH)umax Residua] Intrips?c Working
Test sample flux density  coercivity temp.
[kJ/m?] B, [T] H, (kA/m)] [°c]
T ci
No. 1 279 1.20 955 90
No. 2 318 1.28 955 85
No. 3 358 1.35 955 85
No. 4 279 1.20 1353 130
No. 5 318 1.28 1353 120
No. 6 382 1.39 1353 120
No. 7 279 1.20 1592 160
No. 8 318 1.28 1592 150
No. 9 358 1.35 1592 150
No. 10 358 1.33 2000 180
No. 11 302 1.24 2388 200
No. 12 334 1.30 2388 200

5 x 5xt0.3 mm from a sintered bulk NdFeB magnet with
each magnetic property.

C. SEARCH FOR MAGNETIZATION CONDITIONS THAT
GENERATE MAXIMUM SURFACE MAGNETIC FLUX DENSITY
Under the magnetization conditions presented in Table 1,
the laser scanning speed and magnitude of the external
magnetic field that maximize the surface magnetic flux
density are determined for each magnet sample. The magnet
surface is divided to increase the efficiency of the search
for magnetization conditions. The target magnetization
width and sample size determine the number of divisions.
In addition, to minimize the influence of edge effects, each
region should have an area that can magnetize about seven
poles. As shown in Fig. 6, the magnet surface was divided
into eight regions. The laser scanning speed was varied in
each region, and seven poles were alternately magnetized
with a magnetization width of 0.3 mm. Although there may
be an optimal sequence of laser irradiation depending on the
magnetization pattern and magnet shape, in this experiment,
we irradiated the magnets in order, starting from the left end
of the magnet. In Fig. 6, the first column on the left side of
regions (1), (3), (5), and (7) is heated in a straight line at
different speeds. After the magnet has cooled completely, the
next column to the right, located 0.6 mm away, is heated. The
spacing between the fourth and fifth irradiation lines across
the even-numbered region from the odd-numbered region
is 1.2 mm. This process was repeated until four lines were
irradiated in each region.

An external magnetic field was generated in the direction
of the thickness of each magnet sample, as shown in Fig. 7.
The magnitude of the external magnetic field was changed
by combining several sintered NdFeB magnets (magnet base
material: N35, MagFine Corp.). Three types of magnets or
magnet arrays with different magnet dimensions, numbers,
and arrangements are prepared to generate external magnetic
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fields of 0.3, 0.5, and 0.7T. Table 3 summarizes the magnet
dimensions for external magnetic fields of 0.3 and 0.5 T.

5 mm 0.6mm 1.2 mm
Laser path
(1 | @ 1)| M’ﬂ
g (3) (4) ..‘y..;..‘y....\.‘;..'..;.%
o (5) (6) Scan sequer\mce
EN pole
HS pole

Magnetization pattern

FIGURE 6. Magnet surface regions and laser scanning sequence for
magnetization condition search.

=
LI
Magnet sample
*
I
N

L

Magnetized direction

03-05T

07T

FIGURE 7. External magnetic field application method.

TABLE 3. Dimensions of magnets used for applying external magnetic
field.

External mag. field LengthL ~ Width W Hight H
(1] o]y mm)
0.3 30 30 10
0.5 20 20 20

The surface magnetic flux density on the centerline of each
magnet region that has been multi-pole magnetized under
different magnetization conditions was measured. Fig. 8
shows the measured surface magnetic flux density in the
region of No. 5 magnetized at a laser scanning speed of
150-160 mm/s with an external magnetic field of 0.3 T.
Two surface magnetic flux density distribution regions can
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FIGURE 8. Example of measurement results of surface magnetic flux
density distribution with the magnetization condition (No. 5, 150-160
mm/s, and 0.3 T).

be measured on a single line. The laser scanning speed and
external magnetic field that maximizes the surface magnetic
flux density p-p values of a single pole pair with small edge
effects near the center of each region with small edge effects
in the range of 0.9 to 1.5 mm and 3.5 to 4.1 mm, respectively,
are determined.
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FIGURE 9. Surface magnetic flux density for each magnetization
condition for No. 5.

For example, Fig. 9 shows the relationship between the
laser scanning speed and p-p and offset values of the
surface magnetic flux density of the No. 5 sample when
different external magnetic fields are applied. The closer the
offset is to zero, the more ideal alternating magnetization is
achieved. The zero offsets reveal that positive and negative
magnetizations are achieved equally. The maximum peak-
to-peak value of the surface magnetic flux density of No.
5 occurs when the laser scanning speed and external magnetic
field are 160 mm/s and 0.3 T, respectively, and while the offset
approaches zero.
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D. EVALUATION OF INFLUENCE OF MAGNETIC
PROPERTIES

As shown in Fig. 10, a new magnet sample is alternately
magnetized in stripes with a width of 0.3 mm and 16 poles
under the determined conditions to evaluate the influence of
the magnetic properties on magnetization. The laser scanning
sequence started sequentially from the left side of the magnet.
This is because in the magnetization condition search as
shown in Fig. 8, nonuniform alternating magnetization is
formed on the entire magnet sample owing to the different
scanning speeds in each region and area that is wider
than the magnetization width in the center of the magnet
sample.

5mm 0.6 mm
> Laser path
w | o LLLLLET
el L@ @ | v¥yvyvyved
T P (:). (C) ..... .9 Scan sequence
0.3 mm
(7) (8)
i
Measurement |ine .............................. >

EN pole

HS pole Magnetization pattern

FIGURE 10. Alternating magnetization using the searched magnetization
conditions.

The influence of magnetic properties is evaluated using
the magnetization ratio MagR defined in Equation (1) as
the average measured p-p surface magnetic flux density
Bygeas p—p of the eight poles with small edge effects in the
range of 1.5 to 3.5 mm to the simulated one Bgjy p—p,
as shown in Fig. 11.

BMeas p—PD

MagR =
Bsinp —p

x 100 (1

4.8

n‘m;mm(= 0.3 x16)

BN pole
M s pole

FIGURE 11. Simulation model to obtain the design value of the surface
magnetic flux density.

In the three-dimensional magnetic field analysis (Ansys
Electronics Desktop 2021 R1, ANSYS Inc.), the catalog
values of the magnetic properties of each magnet were used.
Fig. 12 compares the simulated and measured magnetic flux
density distribution of No. 5 sample.
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FIGURE 12. Surface magnetic flux density distribution with alternating
magnetization (No.5, 140 mm/s, 0.3 T).

TABLE 4. Magnetization conditions that generate maximum surface

magnetic flux density experimentally searched for each magnet.
Magnet type Scan speed [mm/s]  Ext. mag. Field [mm]
No. 1 170 0.3
No.2 180 0.3
No. 3 190 0.3
No. 4 180 0.3
No. 5 140 0.3
No. 6 200 0.3
No. 7 180 0.3
No. 8 160 0.3
No.9 180 0.3
No. 10 200 0.5
No. 11 160 0.5
No. 12 200 0.5

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. RELATIONSHIP BETWEEN MAGNETIC PROPERTIES
AND SURFACE MAGNETIC FLUX DENSITY

The magnetization conditions under which the maximum
surface magnetic flux density p-p values were obtained
for each magnetic sample are summarized in Table 4.
Fig. 13 shows the relationship between B;, H¢j, and the
surface magnetic flux density p-p values after magnetization.
Fig. 13(a) shows that the surface magnetic flux density
increased as H; increased, although the slope of the increase
decreased after 1500 kA/m. The highest Hj sample generates
the highest surface magnetic flux density p-p of 391 mT.

In Fig. 13(b), the surface magnetic flux density peaks
around B; of 1.29 T for a group of magnet samples with
similar H¢j. Excluding samples with an H¢j of 2000 kA/m
or higher, the changes become smaller as H; increases. The
surface magnetic flux density distribution of No. 12, which
had the highest H¢j and surface magnetic flux density p-p,
is shown in Fig. 14.

B. RELATIONSHIP BETWEEN MAGNETIC PROPERTIES
AND MAGNETIZATION RATIO

Fig. 15 shows the relationship between B;, Hj, and the
magnetization ratio. Fig. 15(a) shows that the magnetization

VOLUME 11, 2023
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FIGURE 13. Relationship between each magnetic property and the
surface magnetic flux density: (a) Relationship between the intrinsic
coercivity and surface magnetic flux density and (b) relationship between
residual flux density and surface magnetic flux density.
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FIGURE 14. Magnetization results for No. 12 with the highest surface
magnetic flux density.

ratio increased when Hgj increased. The slope becomes
smaller when Hj exceeds 1592 kA/m, and the magnetization
ratio of the samples with 1.2 and 1.35-1.39 T changes
by only 2%.
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FIGURE 15. Relationship between each magnetic property and the
magnetization ratio: (a) Relationship between intrinsic coercivity and

magnetization ratio, and (b) relationship between residual flux density
and magnetization ratio.

The No. 12 sample has the highest magnetization ratio
of 78.5%. In Fig. 15 (b), the magnetization ratio peaks
between 1.25-1.3 T. The difference in the magnetization
ratio decreased as H; increased for samples with an H; of
1592 kA/m or lower.

C. DISCUSSION

This section discusses the causes of the increase in the surface
flux density and magnetization ratio with a higher H¢j and
peaks around a particular B;. As described in Chapter 2,
the laser-assisted micro multi-pole magnetization method
causes magnetization reversal, thermal demagnetization, and
demagnetization owing to the external and leakage fields. The
two demagnetization phenomena are described below.

Fig. 16 shows the changes in the knick and operating
points owing to heating or an external magnetic field. The
thermal demagnetization and demagnetization owing to the
demagnetization field are related to the magnetic flux density
of the knick point By, which is a bending point on the
demagnetization curve, and the magnetic flux density of the
operating point B,, which is the intersection of the permeance
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line and demagnetization curve mainly determined by the
magnet shape in this study.

From Fig. 16, By increases as the heating temperature
increased. When By exceeds B,,, demagnetization occurs, and
the difference represents the magnitude of the demagnetiza-
tion. Here, B, decreases when an external magnetic field is
applied, and demagnetization occurs when By, is less than By,
as in thermal demagnetization. Furthermore, magnetization
reversal occurs instead of demagnetization when a sufficient
external magnetic field is applied.

@ Knick point B 4
O Operating point
© Operating point g\
moved by H &
4
p Q
: ! / |
&
HExt I
s
/ .......................... _.Bk
............................ -.B
o
H = Magnetization [~
Demagnetization agnetizatio

reversal

FIGURE 16. Variation in the knick and operating points when the heating
temperature is varied and an external magnetic field is applied on the
demagnetization curve.

The relationship between the knick points and magnetic
properties is shown in Fig. 17. Fig. 17(a) shows the demag-
netization curves for the different values of H;. The blue and
red lines represent the J-H and B-H curves, respectively. The
solid and dashed lines represent the difference in Hcj, with
the dashed line representing a larger H¢j. When H;j is small,
a knick point appears at the heating temperature T;, and
demagnetization occurs at T,. However, when H; was high,
the knick point began to appear at T», and demagnetization
did not occur until the temperature was higher. Fig. 17(b)
shows the demagnetization curves for different B;. The solid
and dashed lines denote the difference in B,, with B; being
larger in the dashed line. When B; is small, demagnetization
occurs at Tp. However, when B, is high, demagnetization
occurs at Ty, and a larger demagnetization occurs at T».
Hence, the irreversible demagnetization increases as the
heating temperature increases, the applied reverse magnetic
field is strengthened, or B; increases. However, it can be
suppressed if H; is high.

This is the reason for the increased surface magnetic flux
density and magnetization ratio with a higher Hj. Here,
thermal demagnetization occurs in the heated and unheated
areas owing to the temperature rise by thermal conduction,
although it is suppressed when H;j is high. Furthermore,
in the unheated area, irreversible demagnetization occurs as
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FIGURE 17. Variation of knick points on demagnetization curves with
different magnetic properties. (a) Different intrinsic coercivities H;
(b) Different residual magnetic flux densities B;.

the external magnetic field applied for magnetization reversal
becomes a demagnetization field. However, it is suppressed
in the exact mechanism of the thermal demagnetization when
H.; is high. Hence, the surface magnetic flux density after
magnetization and magnetization ratio increases when Hg; is
high.

The following explains why the surface magnetic flux
density and magnetization ratio peak at approximately 1.29 T
for a group of magnet samples with a similar H¢;. When B,
is small, the flux leakage from the adjacent unheated area
in the heated area becomes small. Consequently, sufficient
magnetization reversal does not occur in the heated area.
Additionally, when B, is large, magnetization reversal occurs
in the heated area. However, because the knick point
appears at low temperatures, this results in strong thermal
demagnetization of the entire magnet and that owing to
the external magnetic field in the unheated area. The peak
appears at a specific B; for each group of magnetic materials
with different H;. The difference in the magnetization results
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with similar H¢; became smaller as H; increased, except for
materials with an H¢j of 2000 kA/m or higher because the B,
was not aligned with those of the other groups of samples.
This is because the two demagnetizations of the magnet are
suppressed as Hj increases.

These discussions show that to obtain a high surface
magnetic flux density and magnetization ratio in laser-
assisted magnetization, a magnetic material with a high H,;
and B; must be selected. Further, B, must not only be high,
but the knick and operating point from the magnetization
shape must also be considered to minimize irreversible
demagnetization.

V. CONCLUSION

This study investigated the effects of the residual flux density
B; and intrinsic coercivity H¢j of the NdFeB magnets on
the surface flux density and magnetization ratio after micro-
multipole magnetization using laser-assisted heating. Twelve
NdFeB magnet samples were used in the experiments. The
magnet sample with By of 1.29 T and H¢j of 2388 kA/m
had the highest surface magnetic flux density of 391 mT
and magnetization ratio of 78.5%. The surface magnetic
flux density and magnetization ratio increased when Hg;
increased.

A higher intrinsic coercivity effectively mitigates two
types of demagnetization: thermal demagnetization of the
magnet and demagnetization resulting from an external
magnetic field that results in a demagnetization field in
the unheated area. Furthermore, for a group of magnet
samples with a similar Hcj, the surface magnetic flux
density and magnetization ratio were highest when Br was
approximately 1.29 T. This is because the flux leakage
generated from the unheated area is applied to the heated area,
wherein magnetization reversal occurs, and is enhanced as
B, increases. Conversely, as B, decreases, the magnetization
reversal is insufficient. However, increasing B, excessively
results in a higher magnetization ratio to the two types of
demagnetization owing to a lower knick point appearing
temperature. Hence, to obtain a high surface magnetic flux
density and magnetization ratio, it is necessary to select a
magnet material with an He;j as high as possible and with a
suitable B; based on the magnetization pattern that defines
the knick point to reduce irreversible demagnetization.

We will collect data on magnetization reversal and
demagnetizations by heating and cooling the magnet while
applying a magnetic field. Based on these data, we will
construct a mathematical model in the future. To further
improve the surface magnetic flux density and magnetization
ratio, the magnetic field in the heated area is made stronger,
and that in the unheated area is made weaker. As a result,
magnetization reversal in the heated area is promoted, and
demagnetization in the unheated area is suppressed.
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