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Magnetoresistance in bilayers of heavy metal and non-collinear antiferromagnet

K. Oda, T. Moriyamaa), and T. Ono
Institute for Chemical Research, Kyoto University, Uji, Kyoto, 611-0011, Japan

We report on magnetoresistance measurements in a heavy metal/ Mnslr multilayers. After a post

annealing process, we observed the magnetoresistance associated with the ordered crystalline structure of the Mnslr.

The resistance change as a function of the strength as well as the direction of the applied field suggests that the

magnetoresistance is partially related to a modification of the Néel order by the magnetic field. Our further detailed

investigation revealed that there is an additional component of the resistance change, perhaps due to the non-collinear

magnetic structure associated with the ZLlz-ordered Mnslr, which cannot be accounted for by any conventional

magnetoresistance effects.

a) mtaka@scl.kyoto-u.ac.jp

Key words: antiferromagnetic spintronics, anisotropic magnetoresistance, spin Hall magnetoresistance, Mnslr, chiral

magnetic structure

1. Introduction

Antiferromagnetic  spintronics is  an
emerging field which utilizes antiferromagnets (AFMs)
as active components in spintronic applications -2,
Compared to ferromagnets (FMs), AFMs have several
appealing properties, e. g., zero stray field, robustness
against magnetic field perturbations, and ultrafast
dynamics, leading to an ultrahigh density memory and
ultrafast information processing. However, in other
words, the insensitivity to an external magnetic field
makes electrical manipulation and detection of the Néel
order in AFMs quite challenging. Especially, the
difficulty of the electrical detection obstructs
experimental advances of antiferromagnetic spintronics
as opposed to the ferromagnetic spintronics.

Nevertheless, recent studies have
demonstrated the electrical detection of the Néel order
in some of the antiferromagnetic materials by the same
principle having been used for ferromagnetic materials:
i.e. anisotropic magnetoresistance (AMR) 3 and the spin
Hall magnetoresistance (SMR) 4%, AMR and SMR
depend on the square of the spontaneous magnetization,
these magnetoresistances in principle appear not only in
FMs but also in the AFMs ©. These magnetoresistances
have been reported in some of the particular collinear
AFMs, such as FeRh 7%, NiO 912, CuMnAs ¥, and
MneAu 14716 etc. in which the Néel order control is
evidently possible.

More intriguing magnetoresistive effect in
AFMs is the giant anomalous Hall effect (AHE) not due
to the magnetic moments themselves but due to the
chiral magnetic structure !?. Chen et al theoretically
predicted that such an AHE can be observed in Ll2
ordered Mnslr in which the magnetic moments make a

triangle lattice. Later, the giant anomalous Hall effect
(AHE) was experimentally reported for a similar
material system, i.e. MnsSn 19,

As the electrical detection of the magnetic
state in AFMs is one of the indispensable ingredients for
advancing the antiferromagnetic spintronics, it 1is
important to further investigate the magnetoresistive
effect in various antiferromagnetic multilayer systems.
In this work, we examined the magnetoresistance in
Pt/Mnslr and W/Mnslr bilayers. Mnlr alloys are one of
the most commonly used metallic AFMs in spintronic
devices for creating exchange bias 1920, Among various
intermetallic alloys of Mn and Ir, L12-ordered Mnslr is of
great interest for the abovementioned
magnetoresistive behavior owing to the non-collinear
chiral magnetic structure 2V,

novel

2. Experimental Procedure

We formed W 6 nm/Mn75Irgs 10 nm/MgO 2nm/W 2 nm
and Pt 6 nm/Mn7slr2s 10 nm/MgO 2 nm/W 2 nm on a

INDEX

thermally oxidized Si substrate by magnetron sputtering.

The MgO 2 nm/W 2 nm capping layers in both samples
are to avoid the sample from oxidation and degradation.
The films annealing was performed at 220°C for 30 min.
We separately confirmed that the Mnslr 10 nm layer in
both samples possesses an antiferromagnetic order 22,
Fig. 1 shows the X-ray diffraction (XRD) of the films
before and after the annealing. A distinct difference
between the W/Mnslr and the Pt/MnsIr multilayers can be
found in the evolution of the (110) superlattice peak of L1,
Mnslr 23 while (220) peak was buried in the intense (400)
peak of Si substrate. The Ll2 order is developed in
W/Mnslr after annealing while the annealing

Journal of the Magnetics Society of Japan Vol.43, No.1, 2019 1
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Fig. 1 XRD patterns for (2)W 6 nm/Mnslr 30 nm/MgO 2 nm/W 2 nm and (b)Pt 6 nm/MnsIr 30 nm/MgO 2 nm/W 2
nm. The black line shows the result of the as deposited film and the red line is the result of the annealed film.
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Fig. 2 (a-c) Experimental setup of the electrical transport property measurement and the definition of the
coordinate system. A denotes the magnetic field. (d,e) Angular dependence of Rxx and Rxyunder the 9 T field
at 7= 300 K for the as-deposited (gray data points) and annealed W 6 nm/Mnslr 10 nm/MgO 2 nm/W 6 nm
(f,g) and for the as-deposited (gray dots) and annealed Pt 6 nm/Mnslr 10 nm/MgO 2 nm/W 6 nm.

annihilates the L12 order in the Pt/Mnslr case, indicating
that the crystalline symmetry of the underlayer (a (b.c.c.)
or B structure for W and f.c.c. for Pt) is important for
crystallinity of the Mnslr. For electrical measurements,
the films were patterned into a 120-pm-long and 30-pm-

wide Hall bar structure by a conventional
photolithography and Ar ion milling process. The
electrical measurements were performed using the
Physical Property Measurement System (PPMS-9T,

Quantum Design). The longitudinal Exy and transverse
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Tig. 3 Field dependence of the magnetoresistive signals in the annealed W/Mnslr(a) and Pt/MnsIr(b) samples.
(c)These magnetoresistance ratios are summarized as a function of magnetic field in red dots(Pt/Mnslr) and

blue dots(W/Mnslr).

Ry resistances were measured with the excitation
current of 1 mA (J ~ 2.1 x 105 A/em?) in a rotating
magnetic field with a fixed magnitude (=0~ 9 T). The
excitation current flows along x-axis. The definition of
the rotating angles: a, £, and y are indicated in Figs. 2

(a-c).

3. Results

Figures 2 (d-g) show the magnetoresistance
ratio A R/ Bxxand ARyl Rexcas functions of a, £, and ywith
H =9 T before and after annealing. Both W/MnsIr and
Pt/Mnslr samples did not show any a dependent
magnetoresistive behaviors before annealing (as
indicated in gray data points in Figs. 2 (d-@).
Measurements in other angles £ and y are omitted. On
the other hand, after annealing, appreciable
magnetoresistances were observed but the behaviors
with respect to the rotating angles differ for the two
samples. The most intriguing and distinct differences
can be seen in the resistance variation with respect to
the rotating angle a which are shifted by /2 between the
W/Mnslr and Pt/Mnslr samples. Figure 3 shows the field
dependence of ARx/Rxx in the annealed W/Mnslr(a) and
Pt/Mnslr(b) samples. Figure 3 shows the field
dependence of AR/ Ry in the annealed W/Mnslr(a) and
Pt/Mnslr(b) samples. These AR/ Ry are summarized in
Fig.3(c). The m/2 phase shift is denoted as a different
sign of ARx/Rx between the W/Mnslr and Pt/Mnslr
samples. When H = 0 T, only the noise level of the
ARxlRxx was obtained. AFRx/Fxx became larger with
increasing the magnitude of H. Although the resistance
difference between Ru{a = 0 degree) and Rula = 180
degree) is unclear, we can conclude that the saturation
magnetic field to manipulate the magnetic moments is
over 9 T.

4. Discussion

In order to step into a quantitative argument
on these intriguing magnetoresistance behaviors, we
firstly consider the change in the longitudinal resistance
ARxx in these multilayer systems. The derivation of the
R, change due to the SMR and the AMR can start from

4),24)
n

Ryx = Z (Ro + ARy p My 5 )

+ ARy (1 =y ?))
where RO is the field independent resistance, and
ARjyr and ARgppare the resistance change due to
AMR and SMR, respectively. My, and My, are
respectively a unit vector along x- and y-axis of the nf
magnetic sublattice. Here, we left aside a possible
magnetoresistance due to the chiral magnetic structure
in absence of a detailed quantitative model but will come
back to the point in the later argument. Assuming that
the external field is large enough to induce the spin-
flopping of the AFM and the magnetic anisotropy energy
is negligibly small compared to the exchange energy,
Equation (1) leads to ARw depending on the net
magnetization vector M, parallel to the external field
and M, perpendicular to the external field, where M|
is regarded as the ferromagnetic order parameter and
M, maybe regarded as the antiferromagnetic order
parameter, or the Néel vector. Table 1 shows the
magnetoresistance ratio AR,,/R considering SMR and
AMR for M, and M. One can notice from the list of the
magnetoresistances in Table 1 that the contribution of
AMR and SMR can be separated out by having the
complete data set for a, B, and y rotations. Here, the
amplitude of the trigonometric functions, Ars, Aas, Ara,
and Aaa considers the resistance change due to SMR for
M,, SMR for M, , AMR for M, AMR for M, ,

respectively. We also derive the change in the
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Table 1 Longitudinal resistance change due to SMR and AMR

Rotation _ ARS™MI/R_ ARSURML/R ARAMMI /R ARASML /R
a Apscos?a Ayssin® a Apacos®a Agasin® a
B Apssin? 8 Ays cos? B 0 0
Y 0 Apysin?y Apycos?y

Table 2 Transverse resistance change due to SMR and AMR

Rotation ~ ARSMRMI/R  ARSMRML g ARMMRMI/p  ARAMRML/p
o Apssin 2a —Ays sin2a Ap4sin 2a —Ayy sin 2a
p Apgz sinf8 Apazsin B 0
Y Apsgz cos B ApgocosfB 0

transverse magnetoresistances ARy, in a similar manner
starting from the equation 4:29,

n
Ryy = Z(ARAMRmn,xmn,y + ARgyrMp x M,y )

+ ARoypmy, ;)

where ARpyfg is the coefficient for the ordinary Hall
effect. The contributions to AR/ FExxby AMR, or planar
Hall effect, and SMR are summarized in Table 2 in terms
of a, B, and y rotations. Since the transverse resistance
change contains significant amount of the ordinary Hall
effect from the Pt layer, which makes the quantitative
argument difficult when using ARy Rxx in the following
discussion, we will focus on AR« Rxx for a quantitative
argument.

According to Table 1, considering both SMR
and AMR, the amplitude for the rotation ais represented
as (Aps —Aps) — (Apg — Agy) , the amplitude for the
rotation £ is represented as Aps — Ays and that for the
rotation yis represented as Apy — Ayy. For the W/Mnslr
case, we find (Aps — Ays) — (Apg —Agq) = 6.4 x 105,
Aps — Ay = 8.4x 107 and Apy — Ayy = -15.4 x 105 (see
Figs. 2 (d)), which are not self-consistent indicate that
there are additional magnetoresistances we are missing
in our consideration in addition to antiferromagnetic
order dominant magnetoresistance. On the other hands,
for the Pt/Mnslr case, we find (Apg — Aps) — (Apa — Agn)
=4.5x 10, Aps —Ays = 4.3x10%and Apy —Aga = -0.9
x 103 (see Figs. 2 (e), which are relatively self-consistent
within the error factor of ~ 7 x106. The results of the
Pt/Mnslr case is indeed very similar to the previous
report which is explained by an uncompensated
magnetic moment is induced at Pt/FeMn interface2?. In
other words, a ferromagnetic order parameter 1is
dominant in this case.

Although Mnslr itself is generally robust
against 9 T of magnetic field, it is likely that the
magnetic moments of Mnslr with the Pt and W
underlayer can become manipulated by magnetic field
after the annealing. In the case of W/Mnslr, the

emergences of the magnetoresistance as well as the
additional unknown magnetoresistance seem to be
associated with the formation of L1z ordered structure.

5. Conclusion

In summary, the magnetoresistance in the
heavy metal/AFM metal multilayers has been studied.
Both Pt/Mnslr and W/Mnslr exhibit appreciable
magnetoresistance in a rotating magnetic field with ~ 9
T. Assuming that the AMR and SMR are the relevant
magnetoresistive effects in these systems, we found that
there is an additional unconventional
magnetoresistance contribution in the W/Mnslr. As this
additional magnetoresistance is associated with the
formation of Lls- Mnslr structure, we speculate that it
could be related to the non-collinear antiferromagnetic

order.
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High coercivity and resolution FePt*MgO-coated tip for imaging the
magnetic field of perpendicular magnetic write head
by alternating magnetic force microscopy (A-MFM)

F. Zheng!?, S. Yoshimura3, S. Yasui3, G. Egawa3, and H. Saito3
1Venture Business Laboratory, Akita University, Tegata Gakuen-machi 1-1, Akita 010-8502, Japan
2School of Physics and Electronic-Electrical Engineering, Ningxia University, Yinchuan 750021, China
3Research Center for Engineering Science, Graduate School of Engineering Science, Akita University,
Tegata Gakuen-machi 1-1, Akita 010-8502, Japan

High coercivity FePt*MgO films were successfully synthetized on cone-shape Si tips in a very high frequency
(VHF) plasma irradiation-assisted magnetron sputtering system to prepare the MFM tips for evaluation of the AC
magnetic field of perpendicular magnetic write head at high write current. Alloying with MgO significantly enhanced
the coercivity of the magnetic coating due to the isolation of FePt grains by MgO. As a result, a high coercivity close to
20 kOe was achieved. The AC magnetic field images of the perpendicular magnetic write head at high write current
were taken on alternating MFM (A-MFM) by this tip. A clear amplitude image with a strong signal at the main pole
position was observe compared to the pure FePt layer-coated tip, which gave a blurry image and very small amplitude.
Fourier analysis of the images obtained by this kind of FePt+MgO tip gives a spatial resolution of about 15 nm in air
atmosphere. It is clear that the cone-shape FePt+MgO-coated MFM tip with a coercivity higher than the magnetic
field to be measured is effective and capable for measuring the high AC magnetic field for an HD perpendicular
magnetic write head at a very high write current.

Key words: high-coercivity and high-resolution FePt+MgO-coated tip, very high frequency (VHF) plasma irradiation,

perpendicular magnetic write head, alternating magnetic force microscopy (A-MFM)

1. Introduction

Magnetic force microscopy (MFM) is an effective
scanning probe for investigation of the magnetic domain
structures of magnetic materials in nanoscale such as
magnetic recording media because of its high spatial
resolution of the static magnetic fieldV. The MFM tip is
the most important key element to detect and image the
surficial magnetic signal of an object. A high coercivity
magnetic tip is one of the essential parameters for MFM
imaging. Commercially-available MFM tip is usually an
atomic force microscopy (AFM) tip coated with a thin
CoCrPt film. There have been many efforts to prepare
MFM tips such as synthetic antiferromagnetic coating
with sandwich structures?-?, focused ion beam (FIB)
trimminga)-s), carbon nanotubes coated with magnetic

films™-®. Hard magnetic coatings of Fe-Pt?13) Fe-Pd13:14),

Co-Pt1918) Sm-Co'? were used for the preparation of
MFM tips to image large magnetic field. In addition to
the MFM tip, the methodology of MFM itself is also
critical. We have developed a new MFM imaging method
for characterization of AC magnetic field. We named it as
alternating MFM (A-MFM)20. The A-MFM uses a
frequency modulation (FM) of the cantilever oscillation
by applying an AC magnetic field on a mechanically
oscillated tip. This can allow us to measure the
perpendicular component of the AC magnetic field with
respect to the sample surface. Previously, we used in-
house-coated FePt tips with high-coercivity to image the

AC magnetic field of a perpendicular magnetic write
head having a one-sided trailing shield on our A-MFM set
up?22:239_ The spatial resolution was estimated to be 15
nm (a lift height of 1 nm and AC current with a zero-to-
peak amplitude of 20 mA). However, this tip failed to
characterize the AC magnetic field of the head having
three surrounding shields when a large write current
which generates a large magnetic field bigger than the
coercivity of the FePt coating on the tip. To estimate the
distribution of magnetic field from the head having three
surrounding shields, MFM tip with symmetry shape for
the magnetic charge and with high coercivity magnetic
film is effective. We had reported the cone-shaped MFM
tip with symmetry for the magnetic charge to get a MFM
image without distortion2¥. We also had reported that
coercivity of the FePt coated MFM tip is lower than the
magnetic field generated by the head having three
surrounding shields with large head current2?.

We deposited FePt*MgO films on the tip by VHF
plasma irradiation-assisted magnetron sputtering in
order to increase the coercivity of magnetic FePt film.
The Mg025 was used for isolation of FePt grains. The
VHF plasma irradiation enhanced the Llo FePt phase
during sputtering?®. The new FePt+MgO MFM tip with
very high coercivity was used for observation of AC
magnetic image of perpendicular magnetic write head in
this work.

6 Journal of the Magnetics Society of Japan Vol.43, No.1, 2019

INDEX



40.68 MHz c?
\ Heater
Substrate
= 10rpm Plasma \‘o
) Sputtered
27”_ A %rget I120mm Btoms g r
;l Plasm

Target

13.56 MHzcip

Fig. 1 Schematic image of VHF irradiation assisted
ultra-high vacuum sputtering system.

2. Experimental Procedure

FePt+MgO films with the total thickness of 20 nm were
prepared onto Si substrates which had thermally-
oxidized surface for the purpose to check their structure
and magnetic properties. The FePt:MgO films were
deposited in two different paths: one path was to sputter
a composite target where many pieces of thin MgO plates
were placed on the top of a FesoPtso target; another path
was to co-sputter both FesoPtso and MgO targets. The
volume fraction (Vol.%) of MgO in the final film was
adjusted by changing the numbers of MgO thin plates on
the FesoPtso target, the sputtering power, and/or the
target-to-substrate (T-S) distance. During the sputtering,
the VHF plasma irradiation2® was fixed at 40.68 MHz
with the electric power (Pvur) of 5 ~ 20 W as shown in Fig.
1. After sputtering, the FePt+MgO films were annealed
at 750 °C in a rapid thermal annealing (RTA) system for
10 minute. The crystalline characteristics of the films
were analyzed by x-ray diffraction (XRD). The magnetic
properties were measured by a vibrating sample
magnetometer (VSM). The made-in-house MFM tips
with a cone-shaped Si tip (SSISC, Team Nanotec Co.
Ltd.) consisted of a very thin SiOz layer formed by plasma
oxidation and a layer of the magnetic FePt-MgO (20 - 40
nm) film which were prepared under the same sputtering
and post-annealing conditions. SiO2 layer was used to

Amp. Phase
T 1

|Lock-in amp.

Signal Ref.
>@®

_®

Writing head
Fig. 2 Schematic of A-MFM system.

prevent interdiffusion between the magnetic film and Si
tip. Before measurement, the MFM tips were magnetized
to saturation along the tips axis, which means that the
magnetization direction of the tips was vertical to the
sample surface.

The A-MFM runs were carried out based on a
conventional scanning probe microscope (JSPM-5400
(JEOL Ltd.)) in an air atmosphere. Figure 2 shows a
scheme of the A-MFM. A lock-in amplifier and a phase-
locked loop (PLL) circuit were used for the AC magnetic
field measurement in the A-MFM21:22:23) The cantilever
was oscillated by using a piezoelectric element. The
resonant frequency of the cantilever with the MFM tip
was approximately 256 kHz. The oscillation frequency (£)
of the piezoelectric element was about 250 kHz which is
close to the resonant frequency of the tip, and the value
of Q was around 500. The AC magnetic field was
measured on the lift mode after topographic
characterization. The lift height was 8 nm or 1 nm. The
good spatial resolution was obtained at the lift height of
1 nm.

An advanced perpendicular magnetic write head

INDEX

having three surrounding shields was used for evaluation.

In comparison with the magnetic write head having a
one-sided trailing shield21:2223), this kind of write head
can generate focused magnetic field for high recording
density. The write head was run by a sinusoidal AC
current with a zero-to-peak amplitude of 20 - 40 mA and
a frequency (£,) of 100 Hz.

3. Results and Discussions

Figure 3 shows 0-20 XRD patterns of FePt, and
FePt-MgO (16 Vol.% MgO) films without/with VHF
plasma irradiation power of 15 W. All of the films show
strong FePt(111) peak, which means the deposited FePt-
based films have preferred (111)-texture. Due to the
lowest interfacial energy of FePt(111) plane, the FePt
film deposited on amorphous SiO2 substrate can have a

I ¥ T T y T

Si sub.

&
o
=

FePt-MgO with VHF plasma

FePt(00 1]

FePt-MgO

Intensity (arb. units)

20 30 40 50 60
20 (degree)

Fig. 3 0-26 XRD patterns of FePt and FePt-MgO
films.
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(111)-favor texture growth. In Fig.3 you cannot see a
clear (001) peak, but the sputtering film with VHF
plasma irradiation shows an enhanced (111) peak
intensity, compared to the films without VHF plasma
irradiation. The integral intensity of FePt(111) was 4853,
5155, and 6763, for the films of FePt, FePt+MgO, and
FePt-MgO with VHF plasma, respectively. In our
previous study?®, a VHF plasma irradiation during
sputtering deposition can effectively accelerate
crystallization and atom ordering. It is believed that the
VHF plasma irradiation can also accelerate the
crystallization and ordering of Llo FePt phase. As we
know, the high magnetic anisotropy of FePt films can be
obtained in the chemically ordering state, which can lead
to high coercivity.

An in-plane easy axis of magnetization of the magnetic
coating on is preferred for MFM tip preparation. Figure
4 shows the dependence of the in-plane coercivity of
FePt+MgO films on the volume fraction of MgO. The
inset shows hysteresis loops of FePt and
(FePt)sa* (Mg0)16 film (in Vol.%), respectively. The
coercivity rises from 9.2 kOe to 17.0 kOe when MgO’s
volume percentage in FePt* MgO film increases from 0 to
35 Vol.%. It is obvious that MgO addition to the FePt film
significantly enhance the coercivity of the film. This is
believed that the MgQO’s effect of isolation of FePt grains
attributes to increased coercivity like the other kinds of
element additives such as Si0227, C29, Ti0229:39 added to
FePt-base films.

Figure 5 shows the in-plane coercivity of FePt+MgO
films versus the VHF plasma irradiation power. The
inset shows hysteresis loops of (FePt)ss*(MgO)is film
with VHF plasma irradiation power of 15 W. As shown in
the figure, the coercivity gradually increases from 14.5
kOe to 15.9 kOe when VHF power changes from 5 W to
15 W. And then coercivity drops to 15.2 kOe as VHF
power goes up to 20 W. The VHF bias is considered to
have two effects: 1) the enhancement of atoms/ molecules’

20 M I ' ) ' 1
I /___.
ol - '
|
oL A7 % 5
I N Ry /
s ‘ I-JU =10 L] 10 f{-il}:oei]ﬂ (1] ]ji 0
"o 20 30 40

10
MgO content (Vol.%)

Fig. 4 The in-plane coercivity versus MgO volume
fraction in FePt*MgO films. The inset shows
hysteresis loops of FePt and (FePt)ss* (MgO)1s
film.

1 T ' T L T LS T
200 ™ 16.0 Vol.% MgO addition |
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o a /
wr - § ] i
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— J“Mﬂ"“"
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Fig. 5 Dependence of the in-plane coercivity of
FePt+MgO films on the VHF plasma irradiation
power. The inset 1is hysteresis loop of
(FePt)ss* (MgO)16 with VHF plasma irradiation
power of 15 W.

mobility for ordering and 2) the ion bombardment on film
during sputtering. The effect 1) of VHF bias is taking
place to increase coercivity when the VHF power is low.
This is supported by XRD measurement shown in Figure
3. The effect 2) of VHF bias becomes dominant and
enhances disordering atoms/ molecules of FePt in the
film so to reduce in-plane coercivity when VHF power is
high. The highest in-plane coercivity achieved at the
composition of 16 Vol.% MgO under a proper VHF plasma
irradiation during sputtering suggests the importance of
both FePt atoms ordering and MgO molecules’ isolation
effects for making high coercivity films. This is also
supported by the (FePt)ss*(MgO)ss film’s behavior as
shown in Figure 5. It is clearer that an optimized VHF
bias power (enhancement of FePt ordering) and more
MgO concentration (more isolations of FePt grains) can
give higher in-plane coercivity (more than 20 kOe) to
FePt films.

The two kinds of MFM tips with FePt and
(FePt)ss* (MgO)16 coatings were fabricated for evaluation
of the AC magnetic field of a write head having three
surrounding shields. The (FePt)ss*(MgO)i6 film was
formed under a VHF plasma irradiation power of 15 W.
The nominal thickness of both FePt-base coatings was 40
nm. Here, we discussed the evaluation of magnetic
properties of MFM tips by using pulsed magnetic field
magnetic force microscope3?, and also estimated the
coercivity of MFM tips3?. The measured coercivity of
FePt-MgO MFM tips was closed to the values of
FePt+MgO films. The A-MFM measurement was taken
at a lift height of 8 nm. The head write current was 40
mA. Figs.6 (a) shows the topographic image of the write
head around the main pole area.

The amplitude images of AC magnetic field generated
from the write head measured by the FePt-coated tip and
(FePt)ss* (MgO)16-coated tip having an coercivity of 15.9
kOe is clear and has high amplitude signal at the main
pole position. In contrast, the amplitude image measured
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Fig. 6 (a) is a topographic image, (b) and (c) are
amplitude images of the AC magnetic field for
the magnetic write head, and (d) is down track
line profiles of amplitude signal of the white line
in (b) and (c). The images in (b) and (c) are
obtained using the FePt- and FePt+MgO-coated
tips, respectively.

by FePt-coated tip having a coercivity of 9.2 kOe is
unclear and has very low amplitude signal at the main
pole position. In contrast, the amplitude image measured
by FePt-coated tip having a coercivity of 9.2 kOe is
unclear and has very low amplitude signal at the main
pole position. These results indicate that the FePt+MgO-
coated tip with a coercivity higher than the field
generated from the write head can effectively image the
AC magnetic field without signal decay because the high
coercivity can suppress the tip’s magnetization rotation.
In one word, the clear amplitude image is obtained by the
FePt+MgO-coated tip with a high coercivity in this case.

In order to clarify and enhance the spatial resolution of
our High coercivity MFM tips, a 20 nm-thick
(FePt)ss* (MgO)1s-coated tip was fabricated under the
same conditions as above. Figs.7 (a) and (b) are
amplitude and phase images of the AC magnetic field for
a magnetic write head measured by this tip. The lift
height was fixed at 1 nm. The head write current was also
40 mA. Figs.7 (c) and (d) are down track line profiles of
amplitude and phase signal over the white line locations
in Figs.7 (a) and (b), respectively. The clear amplitude
image and high amplitude signal at the main pole
position are achieved again. This further indicates that
the MFM tip with a coercivity higher than the AC
magnetic field to be measured can effectively image the
AC magnetic field without signal decay. The phase image

near the main pole region was measured in the same scan.

The phase difference between the bright and dark area
was about 180° as shown in the line profile of Figs.7 (d).
When the direction of the perpendicular AC magnetic

i
=

Intensity (V)
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sof TS (d)
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- 100— o S P S
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EGO:'- Resolution: 15.5 nm
= 40%
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Fig. 7 (a) amplitude and (b) phase images of the AC
magnetic field for the magnetic write head
measured by 20 nm (FePt)ss* (MgO)16 -coated tip.
(¢ and (d) are down track line profiles of
amplitude and phase signal of the white line in
(a) and (b), respectively. (e) is the spatial
resolution result of the amplitude image.

field is reversed from A2 to - H;2¢, the input signal of a
lock-in amplifier changes in the following way.

~H.“ cos(@,t) = H." cos( @, t+1) (1)
Therefore, the areas with bright and dark colors in the
phase image correspond to the opposite directions of
perpendicular magnetic field. In another words, the
phase image gives the polarity of the AC magnetic field
vertical to the surface measured.

Figs.7 (e) shows the spatial resolution of the amplitude
imaging. The resolution is obtained from Fourier
transformation of the amplitude scan line around main
pole. The details of this calculation were described in
reference papers?V. The spatial resolution of amplitude
imaging is 15.5 nm in this case. This value is very close
to the result of our previous study. Here, the coercivity of
FePt+MgO films maintains more than 15 kOe, even if its
film thickness is reduced to 10 nm. Therefore, the
FePt-MgO MFM tip with the thin FePt*MgO film is
expected to be useful for improvement of the spatial
resolution owing to the reduction of diameter of end point
of the tip. In consideration of that the head structure
having three surrounding shields and a high write
current of 40 mA, the high coercivity FePt+MgO-coated
MFM tip is so successful in imaging such high magnetic
field from the head.

4, Conclusion

In-plane (111)-textured FePt and FePt-MgO films
were deposited on pre-oxidized Si substrates and Si tips
for the study of the effect of coercivity of magnetic
coatings on MFM tips. The coercivity of FePt:MgO
coatings rises when increasing the MgQO’s concertation in
FePt-MgO alloys under an optimized VHF plasma
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irradiation power. The high coercivity of FePt+MgO films
is believed due to the isolation of FePt grains by MgO and
enhancement of atomic ordering of FePt by a VHF bias.
A clear amplitude image and high amplitude signal at
the main pole position were observed by using this High
coercivity FePt+MgO tip. The spatial resolution of this
type of MFM tip is around 15 nm. As simply speaking,
the cone-shape FePt:MgO-coated MFM tip with a
coercivity higher than the magnetic field to be measured
is effective and capable to measure the high AC magnetic
field for a perpendicular magnetic write head at a very
high write current.
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Grasping and conveying an object, by utilizing the frictional force generated by contact is performed in various
processes in the manufacturing line for an industrial product. The deterioration of the surface quality due to these
contacts is a problem. As a solution to this problem, a noncontact transport of steel plates, using electro-magnetic force,
has been proposed. However, in these systems, electromagnets are installed vertically. In this method, if the steel plate
is thin and does not have sufficient flexural rigidity, it is difficult to add a suspension force for levitation over the entire
steel plate. In order to solve this problem, we proposed an edge supported electromagnetic levitation system for flexible

steel plates using electromagnets installed horizontally. In order to verify the effectiveness of the proposed system we
constructed a prototype of an edge-supported type magnetic levitation system, which applied electromagnetic force
only from the horizontal direction of the steel plate. Consequently, we carried out levitation experiment and discussed
characteristics of horizontal positioning and levitation suspension.

Key words: electromagnetic levitation, thin steel plate, vibration control, magnetic field

1. Introduction

Thin steel plates are used in many industrial products
and their transportation take place by contact with a
large number of rollers in the manufacturing process.
Recently, the demand of high quality steel is increasing.
Therefore, the deterioration of the surface quality is a
problem for this type of contact transportation. To solve
this problem, the application of a magnetic levitation
technology to a non-contact transport system is actively
being studiedV?®. The authors' research group had
installed electromagnets not only vertically but also
horizontally. Vertical electromagnets’ levitation is
applying tension to the steel plate edges. We have
confirmed that horizontal electromagnets improve
levitation stability in thin steel plates with extremely low
flexural rigidity®?. Furthermore, they help realize
advanced levitation control systems considering the steel
plate deflection as well as the vibration characteristics.
Levitation control using only electromagnets from the
edge direction is important. Hitherto, we have confirmed
the characteristics of the suspension force of the edge
direction electromagnet acts on the steel plate by
experiment and analysis®. In this study, we made a
prototype edge supported electromagnetic levitation
system based on these characteristics and we discuss the
levitation characteristics.

2. Edge Supported Electromagnetic Levitation System

Figure 1 shows a schematic illustration of the newly
made edge supported electromagnetic levitation system.
Figure 2 shows the placement of the electromagnet and
the sensor view from the top. As Fig. 2 shown, the vertical
direction is defined as Z direction, the longitudinal

Electromagnet for levitation and horizontal positioning control

Steel plate

C|
a0 S5 024 i:

Oi

i
.

ILaser type sensor

Eddy current type sensor

) st’% iiliiZ i’}"ﬁ Nz
A/D converter ‘
AMP4
DSP D/A AMP3 |—— I
iBIS 7101A 1.6GHz converter AMP2 EE—
- AMPL v

Levitation and horizontal Resistance

positioning controller

Amplifier

Fig. 1 Edge supported levitation system for steel plate
using only electromagnets installed horizontally.

direction of steel plate is defined as Y direction and the
transverse direction is defined as X direction. Figure 3
shows a photograph of the electromagnetic levitation
system during the levitation of a steel plate. The
levitating object is a rectangular galvanized steel plate
(material SS400) whose length is 400 mm, width is 100
mm, and thickness is 0.24 mm. In the electromagnetic
levitation system, as shown in Fig. 4, two electromagnets
facing each other are installed in the longitudinal
direction near the edge of the thin steel plate. The
attractive force of the electromagnets installed in the X
direction, near the edge of the steel plate, perform non-
contact positioning control. In a previous study?, we
calculated the deflection shape using magnetic field
analysis and the finite difference method. The
electromagnets are installed at such position to minimize
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Fig. 2 Schematic illustration of the edge supported
levitation system.
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Fig. 3 Photograph of the electromagnetic levitation
system.

deflection and to expect stability on the steel plate. A
laser-type sensor, which measure the displacement by
the cut-off amount of a belt-like laser beam
manufactured by KEYENCE was used to measure the
horizontal displacement in X direction of the edge of the
steel plate. Thereby, the steel plate is controlled by non-
contact positioning by the electromagnets at a distance
of 5 mm from the edge of the steel plate. Furthermore,
the control law is calculated by detecting the current in
each electromagnet from the measured external
resistance and, subsequently, inputting eight
measurement values into a digital signal processor of an
A/D converter. The core, shown in Fig. 5, is an E-type
electromagnet, and the material is ferrite. The
electromagnet’s core is an enamel wire of 0.5 mm
diameter wound around it 1005 times. For evaluating the

12

S

100 mm

N

400 mm
220 mm

X ¥
L .

Fig. 4 Placement of electromagnet and displacement
field sensor.

m

[mm]

Coil (1005 turns)

L1

Ferrite core

Fig. 5 Configuration of the electromagnet.

Eddy current type noncontact
displacement sensor

Electromagnet
4

Displacement zT
Zy=0 mm

ISmmxo

Steel plate

Fig. 6 Position of eddy current type noncontact
displacement sensor.

levitating state of the steel plate, a vertical direction
displacement sensor was installed as shown in Fig. 4 and
Fig. 6. An eddy current non-contact displacement sensor
manufactured by SENTEC was used. To consider the
characteristic of suspension force generated by
electromagnet, electromagnetic analysis was carried out.
The analytical model is consisting of one electromagnet
and steel plate (400 mm x 100 mm). The suspension force
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Fig. 8 Coordinate of static levitating steel plate.

1 fi
Steel plate

= 4

- oo AP T

Fig. 9 Schematic illustration of attractive force of
electromagnets.

was analyzed in the case that the steady current and
vertical displacement of the steel plate is changed. Figure
7 shows the relationship between the vertical direction
suspension force and the steady current in the
electromagnet, which is obtained from the magnetic
analysis. Each data shows the suspension force that was
applied on the steel plate in the z direction from the
center of the electromagnet core. The dashed line (0.18
N) in the figure means the quarter weight of the steel
plate, which is equal to suspension force for levitation
generated by one electromagnet in this system. It is
possible to levitate the steel plate at a steady current
value that corresponds to the steel plate’s weight.

3. Control Model of Edge Supported Electromagnetic
Levitation System

3.1 Equation of motion for levitated thin steel plate

As shown in Fig. 8, edge of the steel plate is displaced
from electromagnet surface in the x direction xsp [mm]
and from center of electromagnet in the z direction zsy
[mm], when the steel plate is levitate horizontally in
equilibrium state. Attractive force by magnetic field from
installed electromagnet is generated near edge of the
steel plate®. From the previous study, in the
electromagnet core and the steel plate size used in this
study, the suction force is regarded generated in one
point in the edge of steel plate. We confirmed that the

attractive force generated on the steel plate by the
electromagnet is generated toward the tip of center
convex part of the electromagnet core. Attractive force F
generated on the steel plate is shown by the following
equation.

2
Logy i

Y T Z
2 7y

F =

0

Where 7om is coil current [Al, yp is distance from center of
electromagnet to edge of the steel plate [mml, Letr/ ysp is
a constant corresponding to the effective magnetic flux of
the electromagnet. It is also,

_ [ 2 2
}/sp_ xsp +Zsp

In equilibrium levitating state, Xo is static displacement
in x axis direction [mm], % is static displacement in z
axis direction [mm] and & is steady current of
electromagnet [A]. The eq. (1) is linearized by performing
Taylor expansion.

F(X,+Ax,Z,+Az, I, + Ai) = F,—2

(2

FX, Rz, 2
L AX=2Te A 2 O A @)

0 0 0

Where Fb is static attractive force of equilibrium
levitating state [N], 7o is distance from center of
electromagnet to edge of steel plate in equilibrium
levitating state [mml], x is steel plate displacement in
horizontal direction on equilibrium levitating state [ml, z
is steel plate displacement in vertical direction on
equilibrium levitating state [m], 7is current fluctuation
value of coil [A]. In the proposed system installed so that
the electromagnets are opposed to each other across the
steel plate, attractive force £, £ that generated by each
electromagnet suppose that occurs from the steel plate
edge towards the center of each electromagnet core as
shown in Fig. 9. When on the £ side steel plate is
displaced by 4 x, on the £ side steel plate is displaced by
- A x. Also, to perform positioning control, when on the £
side the current changes 4171, on the £ side the current
changes - 4 1. Also, when steel plate is displaced in z
direction, both electromagnets are 4 2z displaced.
Attractive force fi, £ near the equilibrium levitating state,
are as follow.

S =F (X, +Ax,Z, + Az, 1, +Ai)

So=F(Xy—Ax,Zy + Az, 1, —Ai)

(4)
(5)

When attractive forces from both electromagnets and
the angle formed by the x axis defined as 6, 6, the x

direction component in attractive force ,are as follow.

f,cos6, + f, cos b,

:ﬁF(XO +AX, Zy+ Az, 1 +Az‘)+£F()(0 —Ax,Zy+ Az, 1, - Ai)
FO r(l
2
F“)fO Ax+aLoXo
0 IU 0
The =z direction component in attractive force, are as

follow.

(6)

=4

f,sing + £, sin6,

=§F(XO+AX,ZO+Az,10+Ai)—§F(XO—Ax,ZO+Az,10—Ai)
F() FO
2
N N Q
U T
The weight of the steel plate to be supported by a pair
of electromagnets is m. As, 4dx =

establishing the equation of motion shows it, as follows.

x, dz= -z Adi=1i
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x  FX; F X, (®
m@ X Bk B
dt T, 1,7,
2 2 9)
md ZZ+4E)230 Z=2Foé—mg
dt I r,

At this time, taking the values of 79, Zo, Fo which satisfy
the following equation, steel plate can be magnetically
levitated.

ZO —
2F, Fo —mg =0
As described above, we obtained the motion of x direction
by attractive force from facing electromagnet is depend
on amount of change from stationary value of pair
electromagnets, the motion of z direction is depending on

stationary value of electromagnet. Therefore, in this

(10)

paper, focusing only on the horizontal direction, a
position control model is constructed with Zo= Az =0, I}
= Xo.

3.2 Horizontal positioning control model

Although the flexible thin steel plate exhibits elastic
vibration in the vertical direction, it can be regarded as a
rigid body in the X direction. The proposed system
virtually divides the steel plate into two parts as shown
in Fig. 10. We modeled the motion of the steel plate in
the X direction using a 1-DOF model that actively
controls each part. The same static attractive force is
applied by the two installed electromagnets in order to
sandwich the steel plate and, the equilibrium position of
the steel plate is at the same distance from each
electromagnet. The displacement of the steel plate from
the equilibrium position is defined as x and the motion
and circuit equations are as follows. Furthermore, the
attractive force of the electromagnets at the equilibrium
point was linearized.

mi=fi—f, = [ (1)

f. _A5 x+4 X

"y, L 2
d. L, I. . R . 1 6)
—lXZ——'—2 —— ZX+—VX
dt L X2 2L " 2L

L
Lx = Lff_'_l’xlca (4)
0

Using the state vector, Egs. (1)-(4) can be rewritten as

follow.
x=A x+B_ v ®)
x=[x % i ]T
0 1 0
4F 4F
A = x 0 x|,
mx X() mX]X
0o L L _ R
| L X, 2L |

14

Table 1 Coefficient of the control model.

Symbol Value
Xo 5%103 m
Lxefr 1.25x10° H
Lxiea 1.89x10"H
Lx 1.92x10"'H
Rx 10Q
mx 3.74x102 kg

Table 2 Feedback gain of F.

& 5 £

4.2x10?

¥

Il

Laser type sensor

1.04x10° 3.66%x102

Steel plate (rigid body)

Electromagnet for levitation and
horizontal positioning control

Fig. 10 Experimental model of electromagnetic
T

1

2L,

where Fxis the magnetic force of the coupled magnets in
the equilibrium state [N], Xois the gap between the steel

Bx{o 0

plate and the electromagnet in the equilibrium state [m],
L is the current of the coupled magnets in the
equilibrium state [Al, % is the dynamic current of the
coupled magnets [A], Lxis the inductance of the magnet
coil in the equilibrium state [HI, Bx is the resistance of
the coupled magnet coils [Q], wis the dynamic voltage of
the coupled magnets [V], ILxett/Xo is the effective
inductance of the one magnet coil [H], and Lxiea is the
inductance leakage of the magnet. Furthermore, v« is the
feedback x, the state variable x and is expressed in the
following equation.

v, =-Fx

F=[f. /. f]

(6)

4. Levitation Experiment of Steel Plate by Edge
Supported Electromagnetic Levitation System

4.1 Experimental conditions

The steady current Z of the electromagnet was varied.
In order to evaluate the levitating characteristics of the
steel plate at that time, we carried out a magnetic steel
plate experiment. The steel plate is supported by jack,
and levitated by lowering the jack. The parameter that
was used to design the control system is shown Table 1.
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Fig. 11 Time histories of the horizontal displacement x of the steel plate.
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Fig. 12 Time histories of the vertical displacement z of the steel plate.
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Fig. 13 Relationship between the steady current A&
and the standard deviation of the horizontal
displacement x.

Furthermore, we searched for the feedback gain Fx of
equation (6), which was determined by trial and error
and is shown in Table 2. For the experimental conditions,
the range of steady current was changed to 4 =0.9 ~1.2
A.

At each steady current, there is a position where the
steel plate could levitate. We searched the position where
the steel plate could levitate at each steady current value
by trial and error. The standard deviation of
displacement was calculated in order to evaluate the
displacement amplitude in the x and z directions of the
steel plate. The experiment was conducted five times for
each condition and for the evaluation the average of the
results was used.

4.2 Experimental results

Figure 11 shows the time history of the displacement
of the steel plate in the x direction. Figure 12 shows the
time history of the displacement of the steel plate in the

Journal of the Magnetics Society of Japan Vol.43, No.1, 2019

Steady current /, [A]

Fig. 14 Relationship between the steady current k
and the standard deviation of the vertical
displacement z.

z direction. Figure 11 and Fig. 12 both show the results
of each steady current of (a) 0.9 A, (b) 1.0 A, (c¢) 1.1 A, and
(d) 1.2 A. Figure 13 summarizes the relationship between
the steady current and the standard deviation of the x
direction in each steady current. The standard deviation
of displacement in the x direction was suppressed to 0.1
mm or less in all steady currents. Even in the proposed
magnetic levitation system, the sufficiently positioned
control in the x direction. Figure 14 summarizes the
relationship between the steady current and the
standard deviation of the z direction in each steady
current. Comparing the results in Fig. 14 for each steady
current value, by increasing the steady current value a
suppression in vibration of the z direction was confirmed.
In the case of the minimum steady current, &k =0.9 A, the
standard deviation of the z direction is 0.474 mm. In the
case of the maximum steady current, &k = 1.2 A, the
standard deviation of the z direction is 0.179 mm. When
the steady currents 0.9A and 1.2A were compared, the
vibration in the z direction could be suppressed by 62%.
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Fig. 15 Relationship between steady current /x and
levitation position Z.

As the steady current / of the electromagnet increased,
the tension applied to the steel plate in the x direction
increased. As a result, it is considered that the restoring
force in the z direction increased and the vibration of the
steel plate in the z direction could be suppressed.

5. Levitation Position Measurement Experiment of Steel
Plate of Vertical Displacement

For the experimental conditions similar to chapter 4,
the range of steady current was changed to £ =0.9 ~1.2
A. The levitation position in the z direction was measured
five times for each condition. The average of those results
is the experimental value. Figure 15 shows the levitated
position of the steel plate in each measured steady
current. The dashed line in Fig. 15 which is extracted
from the analysis results in Fig. 7 shows the relationship
between the levitation position % and the steady current
L at which the steel plate levitates. Plots in Fig.15 are
averaged experimental results. As a result, when the
steady current is the minimum, & = 0.9 A, the levitation
position of the vertical direction was 0.474 mm. In
contrast when the steady current is the maximum, &k =
1.2 A, the levitation position of the vertical direction was
0.402 mm. The levitated position of the steel plate
increase by 0.7 mm. Furthermore, the trend of the
experimental values agreed with the analysis result. We
confirmed the effectiveness of the electromagnetic field
analysis. As a result, using electromagnetic field analysis,
even for steel plates of different thickness and material,
we confirmed that we could establish such a system’s
design guidelines.

INDEX

6. Conclusion

In this study, we constructed a prototype of an edge
supported type magnetic levitation system applying
electromagnetic force only from the X direction of a steel
plate. We verified the levitating characteristics of the
proposed control system. We carried out levitation
experiments using an ultra-thin steel plate of 0.24 mm.
We confirmed the achieved stable levitation.
Furthermore, we carried out levitation experiments by
changing the steady current value of the electromagnet.
The experimental and analytic results of the calculated
vertical levitating position agree with each other. The
results showed that it is, possible to experimentally
construct a control system for the steel plate stationary
vertical direction displacement. In this study, we
confirmed the effectiveness of the proposed magnetic
levitation system. However, under transient conditions
there were instance when it became practically an
unstable system. In order to solve the problem, it is
necessary to construct a control system that changes
steady-state current by feedback of vertical displacement
in addition to the proposed control system in this paper.
For the future, we will consider in detail a more effective
sensing method and modeling for the stability of this
method. Furthermore, the shape of the electromagnet to
generate more effective attractive force to flexible steel
plate would be considered.
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