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Study on Magnetic Interaction between Recording Layers for in 3D Heat-
assisted Magnetic Recording

AR T - AR 0
TR TR, B - T T, SRR — T H 24 F 2 5 (T 163-8677)

K. Maeda #+, and F.Akagi ®

@ Electrical Engineering and Electronics Program, Graduate School of Engineering, Kogakuin Univ., 1-choume 24-2 Nishishinjuku,
Shinjuku-ku, Tokyo 163-8677, Japan

For 3D heat-assisted magnetic recording using a double-layer bit patterned medium with an upper recording
layer of 4 nm and a lower recording layer of 3 nm, the possibility of recording and the effect of the magnetic interaction
between the two layers were investigated using Landau-Lifshitz-Gilbert equation. The spacing between the upper and
lower layers was changed to 3 nm and 4 nm, and the recording magnetization of the upper and lower layers was a
pattern that recorded in opposite directions. As a result, when the upper layer was written, the difference in the
maximum rise temperature between the optimum rise temperatures for the upper and the lower layers was about 10
to 15 K. Hence, a rise temperature where the BEHKs of the upper and lower layers were both within the allowable range
was not obtained. When writing on the upper layer, the static magnetic field from the upper to the lower layer was
added to the equivalent magnetic field due to thermal fluctuations, so the lower layer is overwritten even at a low rise
temperature.

Key words: 3D heat-assisted magnetic recording, double-layer bit patterned medium, Landau-Lifshitz-Gilbert

equation, thermal fluctuation, static magnetic field
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Fig. 5 Effective head field distribution.
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Table 1 Magnetic characteristics of BPM (7= 298 K).

Parameter Upper dot Lower dot
Saturation 1.102 1.198
magnetization [T]

Magnetic anisotropy 1860 2210
constant [kJ/m?]

Magnetic anisotropy 3374 3965
field [kA/m]

Exchange stiffness 0 0
constant between in-

plane dots [J/m]

Exchange stiffness 0
constant between
upper and lower dots
[J/m]

Curie temperature [K] 550 650
K V/ksT 90.9 81.0

300

950 FWHM = 25 nm

200
150

100

Rise temperature [K]

50

0

-50 -30 -10 10 30 50
Distance [nml
Fig. 7 Thermal distribution.
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Fig. 8 Dependence of lower layer BER on rise
temperature.

Table 2 Spacing between upper and lower layers and
optimal rise temperature when writing on lower layer.

Spacing [nml] Optimal rise temperature in
lower layer [K]

3 250~270
4 260~270
15 200
{ 150
1.0 Lower M, /M,
op | Upeer ML /M, 1 100
w0 L 50 3
~ 0.0 0 g
-0.5 -50 mm
AN -100
_1_0 L ower yer . _150
15 -200
10 11 12 13 14 15

Time [ns]
Fig. 9 Time dependence of M, /M; and Hs.
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Fig. 10 Dependence of upper and lower BERs on rise
temperature when writing on upper layer (spacing = 3

nm).
50 T
1.5
0t 1}
0.5
=30 t
— 0
% 50 | 140 150 160 170 180 190 200
- i
169K | —a&—Upper layer
10 i‘u —8— Lower layer
1
0 ___::::-¢4s4::;;3___

140 150 160 170 180

Rise temperature [K]

190 200

Fig. 11 Dependence of upper and lower BERs on rise
temperature when writing on upper layer (spacing = 4
nm).

Table 3 Spacing between upper and lower layers and
optimal rise temperature when writing on upper layer.
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[nml] temperature in temperature in
lower layer [K] upper layer [K]
3 = 160 170~175
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Fig. 12 Dependence of upper and lower BERs without
thermal fluctuation in lower layer.
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to lower layer and temperature.
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BEHRABMICE S L1oE! FePt SEEIREH D
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<Paper>

Evaluating solid solution of light elements in magnetic grains
in L1o—FePt alloy films by unit cell analysis

HEY KM, B T A, R HiY, XA FAH arsv NI B2, Kk ot
DHAL KPR FZRE LR E - LR, w AL X REHHE 6—6—05 (T980—8579)
W A TR, ORI < T A 22 (T 300—4247)

Daiki Isurugi @, Gento Tanaka ®, Takashi Saito ®, Kim Kong Tham», Tomoyuki Ogawa @,

and Shin Saito @t
a) Department of Electronic Engineering, Graduate School of Engineering, Tohoku Univ.,
6—-6-05, Aza—Aoba, Aramaki, Aoba—ku, Sendai 980-8579, Japan
b) TANAKA Kikinzoku Kogyo K. K., 22, Wadai, Tsukuba 300-4247, Japan

In this study, we propose a novel evaluation method, unit cell analysis, which plots L1o—type lattice constants ¢
and a on two orthogonal axes. We applied it to FePt alloy films to evaluate its usefulness. It was found that the unit
cell volume of FePt alloy films does not change even if the degree of order changes. Unit cell analysis was also
performed for FePt alloy films deposited with N2 and Hz gases. The unit cell volume increased as the mixing ratio
increased. This is due to the solid solution of nitrogen and hydrogen in the FePt lattice. In addition, the solid solution of N
atoms anisotropically stretches the c-axis, while that of H atoms isotropically stretches the lattice of the L1o phase.

Key words: HAMR, L1o—FePt, lattice constants, solid solution, nitrogen—added sputtering, hydrogen—added sputtering
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Fig. 1 Frame of graph of lattice constants of L.1o FePt
for unit cell analysis. The symbol of star represents
literature values of lattice constants (a, o for Llo
FesoPtso of (3.85, 3.71)2V and fcc Pt of (3.91, 3.91)22,
respectively.
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Fig. 2 (a) Out-of-plane and (b) in—plane XRD profiles
of FePt alloy films deposited at various substrate
temperatures.
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Fig. 5 (a) Out-of-plane and (b) in—plane XRD profiles
of FePt thin films deposited with various Nz flow ratios.
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Fig. 8 Unit cell analysis of FePt alloy films deposited
with various N2 ratio or He mixing ratios.

), HALRIAASIE 55.55 775 56.10 A3 £ CHIK L7-. Zh
B OB OBE O T E LD F AL, Llo %L FePt 41
WZXRT 2B — RANZA» 72 e bR LIz A L v
TEDERDO T E BT TWNS, U bDZ La2EET5
LRI A O & b 7 5 BAL AR OB INE, Lilo
HHF D Fe = Pt O THIC L B LD TIEARL, HAZHE
R D EEE D FePt fSibbiNICEFEL T LE 7220 &
Ezbhb. LMo THRMA A BEOBINT & b7 5 Al
FEDO T, RABCEEE L2 N T, HFE2 Lo Mo
A N D Fe i & PR OB O & 151
DD HTLINH LD EHEEIND.
BRICNFETFHRTORATA MZOWTELT S,
No IRINEAEGENCIE Ne IRITE OB & & 72\ ¢ 23N
(@aZFE—7E, 7KL LTe<a LTS5, N
JRT1E e fil7 MO B T & OB LY cfrm
ISR RISERPIR AT 2 b0 LR s b, —,
He IRIMNAEIERE G Ho WINEOBINC L b22va b e b
BN CHAAT R (A FE — 1 O SR 16 L C LA 5 [ L2 38 0)
THEMNE, FFERO/NSDH R, EEERF S0
LR T v v VOEEE b E 0 T IR IS5
BINARAT D LA 2 5.

4. FEH

L1o M FePt ffsahilZ [E¥E 7 D058 DRI DUV THI A
1D 7280, Lo B O T 85 ¢ & a A & Az & -
7275 ZWCERT — 2 &0y BB AT A RE L,
INERAxO7ae ATERINS FePt A4 #H
LCHMMEZR U, ETEMGREZZL S TER L
FePt &4 DM/~ 5, FePt FITHHIENZE(LLTH

10

BARATEIZETHD Z ENbnroTa. KIZ, NeB XD
Ho A 20 L CTHUE L 72 FePt & AT IRIC S THA N
N 24T T2 & 2 A, AT ATRIMBEOEINC & b 72V HEAL
RREAEIR L7-. (KRB OB Ok T ERE b EE 25D
5 & No IMBEEUEECIE N R T-13 e $ili 5 mic i S5 7
MHEIRBIIRA L TE Y, H R38BT
BALTWDZ ENHfERENS.

BME AWFZE13L Advanced storage research consortium
(ASRC) DBk, 72 5 ONT JST AT SEE PREk a2~
777 4 JPMJSP2114 O EE ST Cithivk. £
WERURFIELE, SCHEL A JeimbF 78 SR L R e 2E oD S
BT TR STz, RAE RS RSB LRt RS
Y0 FPA TR TR S AU

References

1) J.8S. Chen, B. C. Lim, J. F. Hu, B. Liu, G. M. Chow, and G.
Ju: Appl. Phys. Lett., 91, 132506 (2007).

2)  A. Perumal, Y. K. Takahashi, and K. Hono: J. Appl. Phys.,
105, 07B732 (2009).

3) B. S.D. Ch. S. Varaprasad, J. Wang, T. Shiroyama, Y. K.
Takahashi, K. Hono: /EEE Trans. Magn., 51, 3200904
(2015).

4) B. Zhou, D. E. Laughlin, J. Zhou: Appl Phys. Lett., 118,
162403, (2021).

5) R. Streubel, A. T. N'Diaye, K. Srinivasan, A. Kalitsov, S.
Jain, A. Ajan, and P. Fischer: /. Phys. Condens. Matter., 33,
104003 (2021).

6) Y. Peng, J. —G. Zhu, and D. E. Laughlin: J. Appl. Phys., 99,
08F907 (2006).

7)  T. Saito, K. K. Tham, R. Kushibiki, T. Ogawa, and S. Saito:
Jpn. J. Appl. Phys., 59, 045501 (2020).

8) Y. F. Ding, J. S. Chen, B. C. Lim, J. F. Hu, B. Liu, and G.
Ju: Appl. Phys. Lett., 93, 032506 (2008).

9) T. Ono, T. Moriya, M. Hatayama, N. Kikuchi, S. Okamoto,

T. Shimatsu: J. Appl. Phys., 115, 17B709 (2014).

E. Yang and D. E. Laughlin: J. Appl Phys., 104, 023904

(2008).

T. Saito, O. Kitakami, Y. Shimada: J. Magn. Magn. Mater.,

239, 310 (2002).

L. Zhang, L. Liu, K. Hayasaka, S. Ishio: /. Alloys Compd.,

651, 389 (2015).

T. O. Seki, Y. K. Takahashi, K. Hono: J. Appl. Phys., 108,

023910 (2008).

C.L. Platt, KW. Wierman, J. K. Howard, A.G. Roy, and D.E.

Laughlin: J. Magn. Magn. Mater., 260, 487 (2003).

B. C. Lim, J. S. Chen, J. F. Hu, P. W. Lwin, Y. F. Ding, K. M.

Cher, and B. Liu: J. Appl. Phys., 105, 07A730 (2009).

dJ. Bai, Z. Yang, F. Wei, M. Matsumoto, and A. Morisako: /.

Magn. Magn. Mater., 257, 132 (2003).

S. Okamoto, O. Kitakami: J. Magn. Magn. Mater., 310,

2367 (2007).

18) M. Matsumoto, A. Morisako, N. Katayama: J. Appl Phys.,

93, 7169 (2003).

S. Chen, P. Kuo, C. Lie, and J. Hua: /. Magn. Magn. Mater.,

236, 151 (2001).

T. Shiroyama, B. S. D. Ch. S. Varaprasad, Y. K. Takahashi,

and K. Hono: IEEE Trans. Magn., 50, 3202404 (2014).

Powder diffraction file, Inorganic International Centre of

Diffraction Data PDF 43-1359.

Wheeler P. Davey: Phys. Rev., 25, 753 (1925).

T. Saito, K. K. Tham, R. Kushibiki, T. Ogawa, and S. Saito:

AIP Adv., 11, 015310 (2021).

10)
11)
12)
13)
14)
15)
16)

17)

19)
20)
21)
22)
23)

20225F11A15H %238, 202351 A22 A #R6%

Transaction of the Magnetics Society of Japan (Special Issues) Vol.7, No.1, 2023

INDEX



INDEX

@ | Copyright ©2023 by the Magnetics Society of Japan.
@ This article is licensed under the Creative Commons Attribution International License (CC BY 4.0)
E'V http://creativecommons.org/licenses/by/4.0/

T. Magn. Soc. Jpn. (Special Issues)., 7, 11-15 (2023) <Paper>

FAERE L -BEEMAFI VRO Y MR OBTEECET SR

Study on magnetic properties of soft magnetic particle composites
with complex oriented structure
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This paper describes a study on the magnetic properties of magnetic particle composites with complex oriented
structures consisting of micro-size soft magnetic particles and submicron-size amorphous Fe-B particles synthesized
by using a liquid-phase reduction method. For a constant amount of each micron-size particle, their saturation flux
densities linearly increased with the increase of Fe-B particles, while their permeabilities markedly increased and
decreased as the amount of Fe-B particles increased. In addition, the external magnetic field range in which the
permeability increases was extended by the use of Fe-B particles, which might be attributed to the decrease of
demagnetization. Therefore, these results demonstrate that magnetic properties are markedly improved by complex
oriented structures. These results also suggest that these magnetic particle composites with complex oriented

structures are a candidates for passive devices for next generation power electronics.

Key words: soft magnetic particle composites, complex oriented structure, permeability, passive device

1. #E

=R =a— NI NOFEBUNTC, EhEer 2 al
HETRHEIT « BIRA HYAHE T DAL v F o VERC X O HlE %
NU—T L7 b=y AFROEEESE L Q0D ZOHIFT
1%, I, SIC, GaN =2 Ga03 & 72T A RS Ry o 72
T (T —=f520R) FEEEDE LD A=/ T —F A ZADRFFER
MEM LA R L TCND. DO/ —T 3 A% A e
\ZHEES A Z LT LT, mdh O A CERE A 2 &8
AREE 722 Y. FO—T, ZIBO/XT—F 3 AR L7z b
TURARA VY B L\ DS TR BHRTORRITEN TN D, FD
T, EMREERE O AIRIT 5 6 BB T OB AR
LY, HHEO/NVYY, - EEE LD RD TR o TN D I,

INFETIS, ZEET, R A7 2ICEALTOL, 2RSS
7 = T4 g E DR G DB B AV TE
7o, BEAEIIE\ R AT 570, B EEREC
EEND—J7C, BRIHEREMEL, mAEHEH I THRAOR
TOFEE 725 TS 0. £77, 7294 MIEiEHERE2AT5H 2
& DD EEEAHI BT B IR AT D 2 LS ETRETH D b
DO, FIFIRGHEREIMEL, AR L DA VX7 Z  ADIK
TRA K B OINYEDE L 72 5 TCND DS, LD Z b,
TEBERTIRG AU L + AR N 2 H17 2 7R lRRE AL D BRFE ) SR
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HHENTND.

DX BB & LT, WSRO T- AR
SiOy 72 & ORERAATAL CRILE U 7RG B = R > M
(Soft Magnetic Composites : SMCs)/3Z8F 5315,  SMCs 13, 4J@Eht
BHESRO S IR &, B RO SR L - TR
KOWRZRI L CND. £, FatnE <N ES Th b
ZEMD, AUHTE, Fay SRR —F a2 ED
TRIAWZ R~ OISR e CH 5. ZD—I5TC, SR
k- LR e OEEMEFCH D120, BIRH=T Xy v~
HRO ST Ko CHEBEFED 3@ < 72BN 2 &S & 72
S TS N0,

IO OMEEA RS AT, S - B S I TR
REFOBEATA T OV TR » Bt L T& 72 10 D, EERdmt
LlE, AR ROV A RORIR AR T AR L IRE L, ~—
A MES DI CRER A FIIN 5 2 L2 K> C—Jmihiddl &
52 ETHD. ZOEARES SRS T, AR i
LTz KA R A U DBERO AN NP A DR -H W5
AR K> THEE L, 2D < BRREF- 2R SRS A AR
EHDHENTED. LIRS, KA KRBT HidblEs
R EH S5 2 ENAHETHD. 2D X D ARSI S
T, TR um O Fe ki 1-& 10 nm O FesOs BEMEIRIAZE 124
TRAFEE CHEARLAME S Z 21X~ C, WIdhER% Fe kb1
BRICHARTRIRIC R TE 2 2 8235 L2 . 20—,
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WIBRGRAER A B X TR A FIINT 5 &, FesOahi 235 Bafn L,
Fe Mk TR U DRI T 3 v » 7T HRO R AR %
KO RRDPFONIRN L WREZ LTz, ZOREIGDT0
VI, RETPA RT20F T <, AL T-ORSFIREHEE L O N b
EETDHZ bR L

ABFFETIE, pm OB 1 &, AR TR AR L=
ERF IR 2357 um £20D Fe-B 7 /L7 7 Afhi1-&
EHEAEIEL, U SHORER JOMEEHE VTS L=

2. EEBRA%

um PEOTREMT- & U Cl, B Fe Sk RGN ,
Fe-Si-Al, FeNifhiv- (=77 b w7 A8 M=
7 um ROFEGRR - L L, ARRE TSRO0 19191280
Ak LTz FeB 7V 7 7 AR -2 vz, E7z, Bikhi 70 A
T4 T AR Dro & IR R OSSR L Table 1127~ L7
N Thb.

AR LT, um BRI T- & FerB itk 7- & 2 AiiEi 208k
RAEL, RYU I REMR B8 Uizt B9 5 ECoM, Bk
1% A TRRIESR 300 mT ZFEIIN L CEYAMIER AT To 72 7R
Ty MICHD. 7088, pm PROMRL-DOFHERL 50 vol. %—iE &
L, FeB#hiTOFHERIL 0~ 20 vol.% £ TL(LEHT-.

B LT3 R Yy M OTRBIEN I E A TR
(Scanning Electron Microscopy : SEM) %, fiuept A 2 HHRE)
RV HVibrating Sample Magnetometer : VSM), 7 =<
A b I EERIR UTBeslE ks oz, 7eks, 3T
HIEF=R T -

Table 1 Characteristics of magnetic particles.
(measured value)

Samples Dso [um] B [T]
(Long axis, Short axis )

Fe 12 2.18

Fe-Si-Al 5.30 3.23 1.33

FeNi 5.04 2.95 1.19

Fe-B 0.34 1.19

3. RBRERELUER

3.1 Fe[FeB#E&HMTI U RD Y Mt

05 1 SR TR ST (Fe/FesOa AN 721 iRy Mt
BT 250 127Dy, £ FelFerB AR -2 R b
Moot L BRI W TR LT

Fig. 113, Gk L7z FelFe-BHEATHRF- 2Ry MO SEM
T 5. FerB b T-OFEHERD 5 vol % DA (Fig. 1(a)),
Fe b 7O FerB Sk 70550 S CO DTV S
7. ZiUZ, Fe Hhi R U QO AREIROGEIUC FerB fitki 1
DIEKEFREVERIC L > I EFE LN TH D LB B
%W, —J5, FerB ki -DOFEHERD 20 vol. % DAl (Fig. 1(b)),
Fe-B ki 175 Fe ki T-RZa50 5N 57211 ¢, FeB ki1
[FECREE L QO ORk - blER sz, Ziud, FeBIghi1-2%8
FlFIHESNTZZ L2 B HDTHA.

Fig. 2 1% Fe i 3 L O Fe-B b - H{AD 2 R M &

INDEX

(a) Fe:Fe-B=50:5(vol.%)

/?

=1 o

() Fe:Fe-B=50:20 (vol.%)

Fig. 1 SEM images of Fe/Fe-B composites with
complex oriented structure.

T T T 1
= Fe: Fe-B
3 =50 : 20 Fe
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_5 0 Fe-B
®
N
) J
C
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©
=-1 _
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-400 -200 0 200 400
Magnetic Field, Hey [KA/M]
(a)
1 T I T
§0_3 [ Fo:FeB )
= | =50:20
?:-. 06 | (VOI.%)
i) i
Noal
© i
c
202 Fe-B
= J
L I L
0O 100 200
Magnetic Field, Hgy [KA/m]
(b)

Fig. 2 Hysteresis loops of Fe, Fe-B, and Fe/Fe-B(20
vol.%) composites.
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Fig. 3 Fe-B ratio dependence of relative permeability
for Fe/Fe-B composites with complex oriented.

Fe-B D FeiERs 20 vol. %D FelFe-B A= Ry
v MIOBHERRR T 5. 70k, LRV MIORRELETE
IRLT, EPHATHIANI NS A FN L 7SR T 5. FerB
PR T2 GTRIAE LT85, HYRD Ry y M & LT
TN EIFBARE I < TaoT. 2L, dRBEMERRRL -0 FE
BRI THD B2 NG, T2, B2 R
P M TSR A % CRY LR OB E VR E < 7o
TN Z RSN (Fig. 20b). Fe/Fe-B ATk = 7R
Vw MBS D FerB ki DFEEERAS 20 vol. % DIFE, 121k
2% Fe R F-HURD L 7Ry M & g L C 68 kA/m 1L E T
L fpotn, ZHUE, SATIBED FesOafithi1- & i LC, Fe-B
PRL - ORIFIRGHEEE S <, AT KIT D R K8z
WS 68 KA/ T E THEHES 272 Th b &2 b, 20D
P Fe-B b F-OFIERDNRE D L IR 7e o7

Fig. 313, Fe/Fe-B BEMKI -2 R MAZEIT 2 LR
' @ FeB Mkl FRIHBIKTFETH L. 7T 7 H O IL
Bruggeman OR 90 BEH L2 60T, AT Fe fifh:
FOFIEF A DT IFEOHEEM AR L T0D. 'l Fe-B fithz
FEFHETHLEHEML, 5vol%Ll LiZB W TRIE—E L7
ST FNOLOMEIT 12 ~13 TH 0, BEIO FEH D 50 ~ 70
vol.%IZ b 737 54 Bruggeman O 53K 6 72 Fe ki
T-HAR O BABHERIE(m=14) L I FEFRBE L 2oz, Zh
1%, EAER{EIZ L > T Fe fhi 70 SRS A L < KR
Ll dlizkabneEZ2zons.

INDHDORERNG, Fe ki 7-12xt L TOED Fe-B ki
TAEATIAME S E D 2 L2 8D Fe ki O SRER 4%
T2 LI Fe BRI TDBEIL, wHM EXE5Z &N
TXHT EBbrolz.

32 M/FeB AT LRIy bt (M=Fe-Si-Al FeNi)
3.1 i Gl X 912, FefFe-B HAMR 2R Y > b
MIZIBWT, RO KR X 72 Fe ORI 724 U DRER OB
IR D/NE T2 Fe-B ki -85 & - L 2 A B AL
WCEDREDZE LN, ZORRD, um BRL 1 DRI FNRS
FIEED Fe A1 L0 IRWIBSICBWTHBE LN N E
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. Y. 3 E
(b) Fe-Si-Al: Fe B 50 : 20 (vol.%)

Fig. 4 SEM images of Fe-Si-Al/Fe-B composites with
complex oriented structure.

MDA TH S, Lo’ ->T, AHITIE, Fe-B ki1 &[]
FREE OfFIREHUEEE 2 95 um £20D Fe-Si-Al ki 135 &
O FeNi R F & W THEHAMKL 2 Ry M &AL
L, 216 DOfiER X OBEEFEIC OV TR L -,

Fig. 4 136K L 7= Fe-Si-Al/Fe-B AWK 72 R Y v K
Mo SEM B ThH5. WITID Fe-B FHFIZHBNTH,
Fe/Fe'B AWK -2 LRV MFDYE & REROFERDME D
7= FAUIINZ T, FeB b0 FeEE)N 20 vol. % DA,
Fe-Si-Al #5hi F-DBRBENI AN STk - DB SN, ZDFIA
IZOWTE, ABBEIL TN ZEE72.

Fig. 513 Fe-Si-Alf#thi -5 X O\ Fe-Bfhi - EARD = LRy » K
#1 & Fe-B ki -OFetE4A 10 vol. % D Fe-Si-AlFe-B #AMRL -
Ry MAORY LR G 5. Fe-Si-Al/Fe-B Ak =2
Ry MAOEFIGHEREE, FelFe-B D4 & FREC, Fe-Si-Al
X2 Fe B HRIZ A THEAUC > T 7eoe. ZhUs, #ist
ORI F-OFEEIE L2720 Th D LB 2 Hb. £, Bkl
FROMEL, Fe-Si-Al ki 7 HAS® Fe/Fe-B(40 kKA/m) D4 L b
LT 80 kA/m fHIE TREL o7 DD, FeNi/Fe-B(90
KA/Mm) & L% LT NS Teodz, T OME ORI, um B
K- OEFIRHUEEICEIF L TRY, BOUBEIMEL 25128 IR
MOMER EIRoTe. ZHUS, pm B4 U D RERDF LN
FOFMEHCE IR 72 BIF EFE Y, BORDS Fe-B ki 4180 <°
LRl THDL EEZHND.

Fig. 6@)i % Fe-Si-AlVFe-BEAN -2 LRy MAZIIT D
Bt 1’ O FerB R - FelB Rtz Cdh 5. ' 13, FerBAShI 1
DOFIHEZ FDO TN EHINLIt4, B L T—E Lotz 2
S OfENE Bruggeman D190 53R HILAMEIZ A TEL,

13
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Fig. 6 Fe-B ratio dependence of relative permeability
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Fig. 5 Hysteresis loops of Fe-Si-Al, Fe-B, and
F/_‘g-Si-Al/Fe-B(lO vol.%) composites.
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14

&V olS Fe B ki OFEETR) 10 vol.% D & X 18.8 Tl &7
ST ZHUL, EARIEUHIC X > T Fe-Si-Al fhi DR REFAME
L2 LlckDbDEBEZ NS, ZOL D72 Fe Bk 1-& @
EABEUEIZ &> T i DEIN L 10 vol. %D & E fek & 72 DA AN,
FeNi/Fe-B #IAMHRI -2 L RY v MW TH R CHER S L
7-(Fig. 6()). %7z, Fe-Si-Al/Fe-B 35 X 1* FeNi/Fe-B 1Ak
TRy M TIE, w23 BT % Fe-B b7 O FEAH
DOFIPAN FelFerB &l LTk 7207 FRE LTI, um £
ORI L AHROMEI OENI LD EEZX S
5. T7bb, Fe-Si-Al 3 LU FeNi ki D X 912, Fe
&Ll U CRRIR R B FE MR WS, TR - FRR SRS D
ERROWNBTHE Y, EAEMEOBENEHNIZL L
RAHELOEEZBND. 2B, Feffhi1 o X 5 ICfafufig
B WA, BRI A U DR O pita i<,
Fe Bk - DREIFEAIA L 72> T Fe-B ki 725 & %85
ZENARETHD EBZLND. FDI-, FelFe-B ki 1-
aURY y MM OEEEILIC XL D oA, Fig.3 12
RLTEZE DI 5 vol%ld ETIRIE—EICh-TmEEZ BN
2.

VL EDFERD D, Fe-Si-Al/Fe-B, FeNi/Fe-B Ak 1=
VRY y MMICBWT, Yl SRR T H IR IR
ERBXO mnmbEd 52 Enxbhote. iz, ZhbOfk
SRIT Fe-B b - MEW SR THIUE, pm Bk 7O
TG I L ST AR AL O RN+ b b =
BB L TN D, ZEFR A R D T AR
OBHZFEIZIANT T, OB REERL L0 w2 m Lt
BITHE, um R T2 K E TR L, oMt 5
FUCI i 72 L3 T Fe-B KL T2 Bl S5 Z & B EET
D, LR, RFFETHWZa Ry y Mfo&
LTI, FEEON RIXNEECH H72H, Hifcira R
Ty MM OERIEERTT 2 0ER D D.

4. FEH

um 2@ Fe, Fe-Si-Al, FeNi ffthi 1 & %7 um £8® Fe-B
TEHNT 7 ARLT- L R ENENESENEL, FhH0
HEIETS K OWESURFIE D Fe-B ki D FetERIZ L 521k
DWTHEFL, UTFOmMREZG7.

BB LTI, WINOESMEL =2 Ry M
BWTH, HABMLIZ L > T pm BHcki 7-OFRIC Fe-B
PRI 2355 BTV D2 SR ST

WEAURREIZB L ClE, AR MEIZ & o TN
L, BEFIRREE N E L e o Tz, W OBE Ak =2
WYy MR W T S PIERRERZ 2 T w i kL,
pm PRPECRL 7 D EIFNRE RS E DMK < 72 513 & Z OHFaPHIT)A
K Ipotz. ¥£7z, FehitI12% LT 5 vol.%, Fe-Si-Al
F U FeNi bz 7-125%F L T 10 vol.% ™ Fe-B ki 1% A Hd
FYESHEDZ & T, wHS pm BERLF D w6\ IV MEE Tl
L7z,

PLEDFERD G, Fef 722 b3 C um PRCRI+ & Fe-B fithi
T EBAEMMESE D 2 LI X o TR AEE S L O
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W EAESEBENRD D Z LR, £2, um B
BIT- & 97 um £R 0D Fe-B MK T- & % B ATE AL & 8 7= ok
FarEYy M, KEST—T L hr =2 2O
SZENRE T EAER T DBEM R OB O — 2 & L TIRET
x%.

BWME ATEOHIL, SCHRFE ST — = Lk
0 = 7 ZAIHEAERA e 2 JPJ0097TT Db LAT
DIVE L7z, Fio, BFALRFRMA Y Y e =2 A6
v 4 —(CSIS), HALKFEA VY b u =7 AZFEEE
B Z—(CSRN)O KDL & TiftbhvE L.
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Fe-Co &R bet #8iE & —HIBK RS ED V-N FINEKRFHE

bet structure and uniaxial magnetic anisotropy of Fe-Co films
with V-N added

R EmpE - )it
KR LR ER, TR ZEIT 1—1 (T010-8502)

C. Murakami, T. Hasegawa
Department of Material Science, Akita Univ., 7-1 Tegata Gakuen-machi, Akita City 010-8502, Japan

In this study, the effect of adding V-N to Fe-Co on the body-centered tetragonal (bct) structure and uniaxial
magnetic anisotropy (K.) was investigated. Fe-Co-N films were prepared with 10 at.% and 20 at.% of V added. In the
case of the sample with 10 at.% of V and a thickness of 20 nm, a maximum K, of 0.9 X 107 erg/cm?® was obtained at an
axial ratio (¢/a) of 1.12. On the other hand, in the sample with 20 at.% of V, a maximum K of 1.1 x 107 erg/cm? was
obtained at ¢/a = 1.14, and the maximum Ki-value was larger than that of the sample with 10 at.% of V. In thick films
with a thickness of 100 nm, both a bct structure and a large Ki-value of 107 erg/cm? were obtained at a V content of 20
at.%. The results of adding 20 at.% of V to Fe-Co-N could be important to developing FeCo-based magnetic materials

with a bet structure for permanent magnet applications.

Keywords: FeCo, body-centered tetragonal, hard magnetic material, magnetic anisotropy

1. EL®IZ

FeCo [TZIRTHONIFMEE (bee) 2LV, DEBGES
S ClRROFIFIR L (M) & 1000 °ClTV R ¥ = U —IRAE %
AL TWRRD, GRS (K A3 TN SO iRE:
PEEFBIE LTHIBND. TOTDICRE 732 KAk Eni
X, RIS AR ARG & U CIREAT& DAttt & b obt
Bchsn, ToL )7, 2004 IO FEEEICL - T,
JRARES (CsC1AY) 24325 FeCo Diffitt (cla) % 1.2 B
I L THRLIESdE (bet) {ESEAUE, 108 erg/em3 B OEW
K BFHREND Z R TH Sz V. El22hETlg,
IR T RN FGE S WV < DG STV 5.

BRI D FeCo Ml V=325 ClL, @72 THbE &
FeCo J& & ORI TR DI A7 4w MCHKE L TEL ZIG
TNTHER U7 M FEB O ZAIC L 0, FEERIC bet WBE DB RL &
1, 107 erglem3 BOEV K BNFHRIID Z En¥fiE ST
W52, 7z FerCo~DH = JnRIRMOERRTIL, EHATHR
Al Ti, VELEARTEHE C, NEOBEARMCLY, bet 1
WhEm KDBENLT 5 2 EBRRESNTWD 39, i Thil
HRISEE V % 10 at BEEEIRIN L 7= Fe-Co (2% L C, =AM
F N ZH at%EAWINLZ5E5120E, BE (D A 20 nm 2
EFTlE cla= 1.2 FREEOHEAENZR bet NG HILD Z &N
PIoTND DO L LR Z0BAICIE, BIE2S 100
nm BREEICER LT 5 &, cla= LIFREICHR ML TLEY
ZEBEINTWD., 20X ST, V& 10 at%ll Bk
M L7z Fe-Co DG CREZSFHEICOWTIE, RIZH S,
[Z72 5 TR0,

Z ZTARIZETIE, V& 20 at.%¥i L7z Fe-Co l2%9% N
DN FA TN T, IO TRERO AV IZE T 5
Z LA BT, BUEA 100 nm PAEOEBLRAEIZ 3T bet A

Corresponding author: T. Hasegawa

(e-mail: takashi@gipc.akita-u.ac.jp).

EHHERF SIL DD E D D ORBREZAT T2,
2. RBAE

AEHMERL T RIS St~ 7 R bR v ARy Z Y 7
B (BREEEZEE~10"Pa) &MV, JEHIE MgO (100) £ 72 1%
SrTiOs (STO) (100)Z v =, MgO FEfR Ficid, Fetnst
IR 300°CTRh (¢=20nm) FHUBZREEL, YU CTEMIN
R 200 C T Fe-Co'V-N (¢=20 nm) %, W T=
T SiOz (¢=5nm) BLBLIES Y~ 7EE KB L=, STO
FER BT, B RIS, ROTER vy AR LTz
F72, FeCollxf+ 2 NUSIEIL Ar HA L Ne W ADIRE L
THIEIL, AT ADOEIESNL 03 Pa L LT, NeTADLE
% 0-0.045 Pa TEfL &7z, Fe-Co'V ORI ITE -7
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Magneto-optical properties of isotropic Co-MgF; granular film and their
application to optical-probe current sensor
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%) Citizen Finedevice Co., Ltd., 4107-5 Miyota, Miyota-machi, Kitasaku-gun, Nagano 389-0295, Japan
5 Shinshu University., 4-17-5 Wakasato, Nagano-shi, Nagano 380-8553, Japan

In recent years, the spread of power semiconductor devices such as SiC/GaN that can enable high speed switching has contributed to
the miniaturization and increasing efficiency of the power electronics systems. The optical-probe current sensor proposed by our group
has an ultra-compact probe, so in-situ measurement of switching current is possible. In this paper, to improve the sensitivity of the Co-
MgF> granular film with an in film-plane magnetization used as a Faraday element of this sensor, we fabricated the isotropic granular
film in all directions by reducing the demagnetizing effect in perpendicular to the film-plane. This is achieved by reducing the magnetic
dipole interaction between cobalt nano particles in the granular film. In this case, this film is easily magnetized in perpendicular to the
film-plane, and it has high transmittance for infrared light. We confirmed that the figure of merit(°/kA +m'+dB) defined as the Faraday-
rotation angle per unit transmission loss was increased. In fact, the signal-to-noise ratio of the optical-probe current sensor with isotropic

granular film was significantly improved.

Keywords: Faraday effect, nano particles, granular film, thin film, co-evaporation, magnetic dipole interaction, current sensor
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Fig. 1 Configuration of optical-probe current sensor
and propagation route of polarized light.

Co-MgF, granular film

Fig. 2 Appearance of sensor head with diameter of 125
pm.
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Table 1 Co-evaporation conditions for granular film.

Sample (A) (B) (©)
Evaporation Co:0.5 Co:0.5 Co:0.5
rate (A/s) MgF, : 1.0 MgF, : 1.5 MgF, : 2.0
Rate ratio . R .

Co : MgF, 1:2 1:3 1:4

Substrate

temperature 450

9]

Substrate

. 1

rotation (rpm)

Back pressure 4

(Pa) <5.0x10

= Current probe calibrator - "
K
1

Optical-probe
Current sensor

‘\

Granular film
Sensor head

L 100A
difdt =370 Alps

¢ 0.5 mm
conductor

Fig. 3 Current measurement set-up.
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(b) Rate ratio1: 3
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(c) Rate ratio 1: 4

Fig. 4 TEM images of Co-MgF2 granular film at
different evaporation rate ratio. Composition and
average diameter of cobalt nanoparticles are
indicated.
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Fig. 5 XPS narrow-band spectrum of Co-MgFs
granular film with different evaporation rate ratio.
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Fig. 6 Magnetization curves and Faraday-loop of Co-MgF2 granular film with different evaporation rate ratios.
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Table 2 Estimation of magnetic dipole interaction
energy between nanoparticles on Co-MgF2 granular
films.

Sample (A) (B) ©)
Co particle
concentration 10.2 6.1 4.8
(vol.%)
Co particle diameter d 121 38 73
(nm)
Interparticle distance 165 141 126
(nm)
Magnetic dipole
interaction energy E,, 9.7x10%¢ 2.3x102%¢ 1.0x10%¢

U]

100 L 0.14
95 _ —@— Transmittance 1012 £
9 I —@—Faraday rotation angle ) é
= 9 F :
. lor e
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o 85 F I
& s 10083 7
S 80k _ g3
Q - 1 =1
=] F 1 0.06 S <
Sk 10
g F 5
7 [ 1 0.04 7
I: 1z
o f 002 &
60 E . . 10

1:2 1:3 1:4
Rate ratio Co : MgF,

Fig. 7 Faraday rotation angle per unit film thickness
and transmittance of Co-MgF2 granular film.
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Fig. 8 Figure of merit of Co-MgF2 granular film.
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Fig. 9 Current measurement results of optical-probe
current sensor with Co-MgF2 granular film. Previous
(a) and latest (b) studies with different figures of
merit.
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Proposal of hot cathode RF sputtering target with
high thermal stress tolerance for high rate deposition of MgO thin film
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Daiki Miyazaki 1, Yuki Hirokawa #, Seong-Jae Jeon @, Akihiro Shimizu ®, Kosaku Iwatani®,
Shintaro Hinata ®, Tomoyuki Ogawa @, and Shin Saito @

@ Graduate School of Engineering, Tohoku University, 6-6-05 Aoba, Aramaki, Aoba-ku, Sendai 980-8579, Japan
b TOSHIMA Manufacturing Co., Ltd., 1414 Shimonomoto, Higashimatushima 355-0036, Japan

A high thermal stress tolerant target for hot cathode RF sputtering is proposed for high rate deposition of MgO thin
film. Porous structure is proposed that mitigates thermal stress at various locations in the target. Targets were
prepared by mixing MgO powder with pore forming material, first baking off the resin in air to secure vacancies, and
then sintering the MgO by raising the temperature to 1600°C. By appropriately selecting the material, diameter of the
pore forming material, and sintering temperature, it was possible to leave vacancies in the target after sintering.
Furthermore, the deposition rate of the hot cathode sputtering with the porous MgO target that had a pore diameter
of 150 nm was 0.71 nm/s, which was 3.6 times faster than the normal cold cathode sputtering with the MgO target
with Cu backing plate.

Key words: RF sputtering, hot cathode, MgO thin film, high rate deposition, pore forming material, porous structure
target, high thermal stress tolerant
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Bz, Fig. 112hY —RWiE O AR~ 7. 2—7 vh
FMOWEDTD, Z—7 Y MZTio BP 2 HW$FEi o
BEL, KD —RTL—heH—7 YR EORBIZJES 2 mm O
SiO2 'L —haffi ALTz. 7L —bBLOY—7 YOI ITE
AT IE, Z—7y— EREERE Y 60 mm, ~27 kb
o HOBAIZFLESE D 2 Fo—ki 7~ U han
IV % T I 30T A 56 0R RISl L 7=

Target

Thermal insulation plate
Cathode plate

N S N
Magnet
Cooling water

-

Fig. 1 Schematics of cathode with thermal
insulation plate inserted between cathode plate and
target.
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BRI,

Fer OfEEEE (Fig. 1 280) AW TRy b —RED
RAE TR AT ST RAA T 2. Fig. 2 (o7 mEryn—L
ﬁﬁzaﬁﬁ#®77x74ﬁ EB LB EZ DX — 7 MO JRER

Y. ZOEBRTIEZ—7 YN BP BELO PR S
MgO R, B—ROENE % 5 537 E12 250 W 370k
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JEERFO T T A~ OIRREIZIE A 358, AR OEIMIEL
R, TR e ICHRERE (Ar DFE) 2 bEkE (Mg OXE) |
EAEL T ZEN DS, Fig. 3 ([CITEAE jvé»/ﬂl:éttt
BROIEEARI MV Ar OFEHRE THIEL TRT. A

Power (W)

Target: MgO
4 inch dia.,
0 5 10 15 45
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>
>

Fig. 2 Process flow of hot cathodic RF sputtering
with plasma emission and red-heat state of MgO
target just after discharge.
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T T T :I :
Power (W) | !
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= = e f—

. o

~1000 { |} |

Emission intensity (a.u.)
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Wavelengh (nm)
Fig. 3 Emission spectra during discharge under Ar

gas atmosphere of 4 Pa with MgO target at various
RF powers.

BAOFINCELRY Ar OFNMOIREL 3T 25 Mg DF
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IZEB729 Ar AAVBEE ORI B2, ZZBRICA Ry 2 S
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71 500 W LA_E TR AE OB > TH—7 v o
EP;u ORI ILIE L QOB DS RS LTz, AR C
AL TR, ZLDHEFIK TRy MY —R RF A3y
ERLI-LZA, A=y hOma—Tal iy U ORISR E
L7z, ZOZELFE 20 5E, MgO #—47 > b5 O s
LIREVT DHLBIE, R OBYRE SR N¥E Il — Va0

Fig. 4 (a) Cracked target after discharge and (b)
schematics of red-heat state of target with
cracking.

Fig. 5 (a) Red-heat target just after discharge,
and (b) thickness distribution of thin film on glass
substrate placed in front of target (a).
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Fig. 7 (a) Conventional target fabrication
methods and (b) specific fabrication methods
for porous structure targets.
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Table 1 Porous MgO targets fabricated by varying
amount of porous material to be mixed in.

Resin content

(Wi%) 5 15
Resin size 230 230
(um)
Sintering
temperature 1600 1600
(°C)
Density
(glemd) 2.09

Target surface D .

Fig. 8 Red-heat state and surface condition of
porous MgO target after discharge [(a) 5 wt%
addition, (b) 15 wt% additionl.
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5. 2 ZHHEOHR

W2 FLHED R AR DIz, EILM RN EE 15
wt%—EEL, IREIADIEAM DO REZ MG LT, —fHleL T
Fig. 9 [OEFMOEREE 10 pm, BERREEE 1600 ‘CELT-
LA D MgO R—FA%—4 v NRHE O AR E 1M
(SEM) #4759 #—7 Y MIEEOZEILDERSNTNAD
EM)E. Table 2 ISEFLM OEEE 230 — 10 pm 25
HTER L= MgO R —F A% —5 y NOFEILE R T . BERG IR
I 1600 C—EEL, BETBRBLE EILRDIIITIERL
7. SEM 812k 5k, Befbth Oz LT LM ~HEZ DB #E/
TH0, BEREE THY—7 Y MNICZE LA TR TOD I LD HERS
TED. T CIHLLLRYREDO MR T D7 I KBTIk
EBEIToT.

Table 3 12 MgO R—F A% —%" v Dk ot, 1000 W £ A
BHEDOH =7 NOIRPL, 72BN RBGEE 2R3, T %E

(b) Blank hole

Fig. 9 SEM images of (a) porous structure and (b)
blank hole for MgO porous target sintered with pore
forming material of 10 pm in diameter under
temperature of 1600 °C.

BORERIUDOWTIELZEFLEE 150 pm 2O/ LT
13, R —ITRBYEL O ZE N b Tz, T2 THER D
By N T AL, 22NN 100 pm O BME T Tk
WL CHY, 5 um TIHEEIAEHHEL THDZEnbh-oT.
WO TFICER 58, B CRLEZEM ORINE 5
Wt% D —/47 hOEI ST T ERY, FrE DR DR
IR TCNDIINCHRZIT NS, lriia oL 7R anzs
BRIz, ZOZLTEAM ORI ThD C BAR—F
AL =AM IEL TV D L Z IR LTS, LIZA- T,

IR [ E U TR AL-HEE NG Bl R en b2 —Fy
RNOEIEIL, 22— MR AT LT S AL 3 A3 BB IR
TR T 57 0IZb 263N D LHEZZL TD.

TR L7272 22 LAY 150 pm DR —FAZ —4# v b CHE
Uiz MgO EEORIGEE (1000 W A) ZaFfiLizs
24, 0.71 nm/s TH-7z. ZHULR—IEE & CmED Y —R
ORI I In BT g7 Uiz — 72 MgO 2 —77'
e W25 A ORI AN 11 500 W O 5 CTERIL 73808}
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R A B NN A RE T DT80, FERRIT L0 i 72 pl A3 S Jit
TEDHEZZBND.

Table 2 Porous MgO targets sintered with pore forming material of 230 — 10 pm in

diameter under 1600°C.

Resin size

(um) i

180

55 10

Sintering
temperature
(°C)

1600

Density

Py 2.09

Microstructure
(%200)

Pore size
(um)

1600

2.29

~100

1600

2.67
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Table 3 Thermal stress tolerance and deposition rate of porous MgO targets
with different pore sizes discharge with RF power of 1000 W/4 inch?.

Pore size (um) 150

100

- o —

Cross-section

Discoloration X Brown Brown
Depasiioniratess g o4 158 187 235
(nm/s)
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KRBT ClEd&E M ORMERZEL O EE (L SE T ﬁﬁw‘_ AIZHEART 3.6 fFbmE bSO, ARBFFE T

R—=F2AH—F N B, 20BNt RE L. 0
Fi, WRINEZ 15 wt%, @EFLAAE 230 pm (22 FLE 150 pm)
ELTeAR =T 2% =7y b A ek @ O EUG T2/ LT,
EAMIZOWTUE, BUS T OFEFIEBEEX AL L DR O T A%
D7, LRI EE MDA Gl S 7
ETDbDEBZBND. FEM LG OB — 7R A HiT,

YR T CORESHM Bk T 5281280, R—F2 MgO
22— NOBYS NI ZSHIZEHHNDEE ZHID.

6. £&o

MgO @ RF A8y XV T, Ar A4 O x L
—ICEVBMIBEEZEEALL CTRET D HIETHLRY D
VY —RIEIZ I B USRI E 2 TEATERABIL TN,
AHFIETIEEBAERALCTH—F b EM D ERICR > T
W2 A= U\ sy MY — RIE O @ 20 it a 9 54K
KD MgO &#—7 v heBR LIz, #—5 Y NTmE S g
£ 59 BT OIIX B IRIC L AN 15— SN T AR
S TEMTLIENFHTHLEE 2, X¥—F Y IS
AR T IoAR— T A &S — 7 R R LT BARM724E
HEELT, © JFEO MgO ¥y bbbt oEkR g, #a
BIRHR & 22— IR EIABRANCEE DD . @ K& TOHE
c:wﬁé\%u&aa}m&:%kﬁ%m FL 1500 ‘CCHBERS L T2
LZFERT 5. @ FEE 1600 CICHIRL, 1R {371 i 208
JEIZBESE DI EICED, el MgO ZEEfESETR—T 2
SNBSS L ES DLV HIEER A L. fERLIZAR—F 2
MgO #—7 v MZIBWTIE, EAM OIS 15 wt%, 22401
B 150 pm DR —T A —7 " et @ OBV ) it a2 A
LCU e, Fz, AR XA — oS & C i Y —R Eo

a?/)? @%K/\ﬁ%)\ﬁj] 1000 W ECTLIMMRAETE o7z
, ARZ— NIBUS HITER B L EBICE B AR AL T
E&’U’rbtﬁb\t&) FEEISHIE IR RIS AT RE T 5.

B AWFEO—EIL, JST MR FE~yT 7T

A Rl A= 7/ A N rﬁ%v—“‘xﬁf&:ﬁ%ﬁiﬁﬁﬁj (G % 5

J160001046) 72 & UM 1 #t A b L — ¥ BF 78 HE if B 4%

(Advanced Storage Research Consortium: ASRC) 75D
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Effect of anomalous Hall resistivity on anomalous Nernst coefficient
in amorphous GdFe ferrimagnetic alloy thin film

IR T R E Y - EIIRE Y - A Y
O HARFRFGH LR, THEEMETTEESS 7-24-1 (T274-8501)
O H AR T, TR B AEre 7-24-1 (T274-8501)
Y. Kobayashi ¥, Y. Kasatani® , H. Yoshikawa ” , and A. Tsukamoto *
@ Graduate School of Science and Technology, Nihon Univ., 7-24-1 Narashinodai, Funabashi-shi, Chiba 274-8501, Japan
b College of Science and Technology, Nihon Univ., 7-24-1 Narashinodai, Funabashi-shi, Chiba 274-8501, Japan

The anomalous Nernst effect (ANE), which is the generation of transverse voltage due to a mutually
orthogonal temperature gradient and magnetization, has been studied with several types of magnetic materials. We
investigated the contribution of the anomalous Hall effect (AHE) to ANE in amorphous GdFe ferrimagnetic alloy thin
film with precise composition control. According to transverse and longitudinal voltage measurements with an applied
temperature gradient or current, the anomalous Nernst voltage and anomalous Hall voltage showed a magnetic field
dependence reflecting that of the net magnetization. It was also found that the Gd-composition ratio dependence of
the anomalous Nernst coefficient was similar to that of anomalous Hall resistivity. Furthermore, an anomalous Nernst
component due to AHE with a Seebeck current was estimated to contribute to the anomalous Nernst voltage by at
least more than 13 %. In amorphous GdFe ferrimagnetic alloy thin film, the AHE is considered to be one of the essential
mechanisms for ANE.

Keywords: anomalous Nernst coefficient, anomalous Hall resistivity, Seebeck coefficient, ferrimagnetic alloy, GdFe

1. FL®IC pxx, pAHE XAV ENBRIRGIR, BE R —VIRFIETH Y,

oxx, OlTENENEERURELE DT Y VD%t sy &I
xR CTlo . (RS S, AR (x J71m)

LRGN A U= BIRORE A — A 2RISR 5 B EE
~DHEFEAEEFET. KL T, OXLFLE—H SUTIREAR (x
i) INEOERTTA (y ) OBESICEEEBRIND T
L5%2F%Y. ZoO@)ROEFHEDEEOBLEN HUTE, BLO
FRERAY R & 7o SR BRREME RO TE R O RAL B FEF I/ S 22K
BREAMEIRICRE L, SRR L R MR OIS B AN D
HIVTND 9910 —J5  [EBROBAE Mo & B4R IZ
KO ZEFRATRE T, Mia DHRT DWALMHEHRR L ELHES
Wtk & LT7 = VRS GWEIE N H Y, B2 B
PR B LOMBEIC OV T BRI b Tns 18 %
T, AT TRALR BV TG T2 2525
% &7 (heavy Rare Earth :hRE) — i#B4J8 (Transition
Metal : TM) GdFe 7 = U BatEA@EIRICAE B Lz, AR
1%, 7L 7 A GdFe 7 = U BHES SO TE)ATHR S
A% Sane & pane OFFESREIZ HUE L, Sane, pane, B—v
I SsE, poc D GdFe SR O E T A T - 72,

v |NEETEBREE T-0D F STERIRA~OICHICIN S, BRI RS
DUFIEHEA TG, BNENRIIBREREITH O DD D —
DOTHY, FERPEBIZBOCREARIC L VIEENPET S
B ThDH ). WEEEZNR (B—y V73R ([T 38R
FHHIRE S DRI ENERSANE B ZAUTUD 27, SJERGME
(R C OB S ENEZN R O T L A MR (Anomalous
NemstEffect: ANE) 1, B#{b.M LIRIEABNVT 12 L HICTEE 7250
IZES Eave DVECDBIZRE LTHbN, ROKTHRSIND -0,

Exng X M xVT €Y

F72, MnsSn 72 EDORRBEMEMRIZIBNT, R E 7%
EICEKT 2 ETIEHERTE VR L X FE S
TFEHRE I TR Y 291019 SRR 2 8
IV A RRIZ DWW TRRI R RF DD BT 5 2720,
ZOHT, BALFPNKFT D Eseldi A OREAEY,T
WCHBIT 5 & %, B v A MEE Sane 2 W T(2)2X
TRIN, Sane DERJFIZOWTIEE)RE A TR ERS.

2. V)
Eane = SaneViT (2) RR7%
SANE = Pty = Paggplios = Si + S 3 ] ]
ANE = Py ~ Pt =i+ S G 21 6dFe 7z U RHEA RO & UREHHIHE
Corresponding author: Y. Kobayashi SiN(60nm)/ GdiFe100-(20 nm) / SiN(G nm) / glass sub. k=17,
(e-mail: csyu21012@g.nihon-u.ac.jp). 20, 25, 30, 40, 50, 60at.% )&~ % kL Ay LD
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Fig. 1 Schematic illustration of temperature application
device. Red (white) colored part means hotter (colder)
area, and color gradation means temperature gradient.
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Fig. 2 Schematic illustrations of measurement set-up for
(a) anomalous Nernst effect Vyx*NE, (b) Seebeck effect ViSE,
(¢) longitudinal voltage Vi, and (d) anomalous Hall effect
Vyx"NE of GdiFe100-x alloy thin films.
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LU, JBUEN x HRIDFET Vit OINTRETRITHEARE LTz (©
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T, BN x HIRIOREEE Vi DINIBETEIFIEZIE L 72, )
B R — AR pane VT Z 0Klem & L, x FAIZ1=0.1 mA
0L TGN y FTRIOTETE Ve OFNTRE U EZIIE L
7o, ATCORETEMHEEREE W, FERE H=310K & LTl
EEAToT. 2T, 7TEAT 7 A GdFe 7 = U RHES ST
1, BITRICHNT B LB X HIAEIRE TR OIREERITIEDE:
UDADICRI A X D & EORHURIEN A D LB Z HIVTEY,
RE TR AR ST R ORBREE CIEROB L Mo 2322251
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Fig. 3 Magnetic field dependence of normalized

magnetization of Gd:Feioo+ ((a) 17 < x < 30 at. % and (b)
40 <x < 60 at. %) alloy thin films at 300 K.

Table 1 Coercivity He and saturation magnetic field Hs of

Gd.Fei00- (20 nm) alloy thin films.
Gd composition ratio x He . H KOG
[at. %]
17 Hs=0.3
20 H.<0.1
25 H.=04
30 Hi=12
40 Hs=6.0
50 H;=6.6
60 Hs=8.7

T5. TOD, TELT 7 A GdFe 7 = USSR
AElE G278 SRENOIREAEN N Uz Mg OZLHEL S
ZEMERIESND. 722U, AW OISO EZE AT =T,
~TolImKR 5 KEETHY, REHEIZ T oBbITR
BN TR TH D L E L THRFT 21T 72

3. HEMER

ARETH, EREIROR URERERE R (Fig. 3 8L UM Fig. 4),
TRFEAFSINEIFOREEIE V™ 35 L UMEETE ViaSE OSBRI
£ (Fig.5), EIRAETTEIIRFOGERE Ve B L OREEE VME D
SNERERELAYE (Fig. 6) ([2oWTHkB. F77, V™, T, Vix
BEOVRATE ORIERER L Y Red7-BF L A MBS Sane, B
— TR SsE, TERHHTEE pxx, 38 L O AR —/URH R pane
® GdFe A4 nktbietaliz Fig. 71073 723, BES L
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ME 600 Magnetic compensation composition |
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Figz 4 Composition dependence of saturation

magnetization Ms of Gd:Feioox alloy thin films at 300 K.
Solid line represents guide for eye.
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RIZ Miet DIINE Ms DR IEATHE A Fig. 4 1073 Gd ik x
S 25at. %BLx =50 at. % TIE, Msldx ORI B L,
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U B#EA 40 Fe OB & Gd HSEORBHLORE SH¥%E LU
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x=25at. % T MR INE 72D Z L B x =25 at. %A L
TEMERAMTHET .
3.2 RERILVX MR Swe OHBHRENE

1502.2(a) TRUEMETETTEALT 7 % GdFe 7 = Vil
BATIEDO B TV A MRARIE L. 2 7T £ 6 kOe O
HPH ORI AFIINL, IREARVT=+20Klem & Liz& &0
R Ve DI T % Fig. 5 @I T, TEBROBH L Mot
D AT U 2 AREA I LT Vi™NE OSNERATIEEIE &
M-, PRI (=17, x=30) TIIFMIRERIT G LT VipANE
DHF M b T HIRE R T, F|ERMEIE (c=20,25) T
Vi MNE OEERGRE A 5 70\ YRl B AN & T o 7.
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Fig. 5 Magnetic field dependence of (a) transverse voltage
Vix®NE and (b) longitudinal voltage ViSE of GdiFeioo-«
alloy thin films at Vx7 =+ 20 K/cm, where the width Wof
the electrodes is 0.3 cm.
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Vo "NV T, +H,) — Vi "NE (U T, — H|')
2

Vane(VxT) = 4
Mua 75 z HIENZEFS DR % HY &35, Fig.3 LV x=40at. %
TIIMERER H = 3 kOe {23\ T Mua 78 2 HENTTATTH Y, SN
R DB T/ &, 5T, x=40at. % TIL Ho= =+
3kOe (233U DREFEIE V™ &2 IV CHRE LA NEBIE VaNE &
Kb, —7, x240at. % TIIEEREREOFIEN H=H 124
175 Vang ZARHEEE VAN O—JGEEHR) O3k 7z. 3N 2.2
VT #ZEEET Tane 23RO &, W T HORERZIO TS Tane
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_ Vane(VD)

SANE = V.TW %)
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b5, BRI A NEE Vae OIREARHEENED b4
BHERIZ IS 1T D Sane 3RO 72, Sane DMK FMEZ Fig. 7
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Fig. 6 Magnetic field dependence of (a) longitudinal
voltage Vix and (b) transverse voltage VixAHE of Gd.Feio0-x
alloy thin films at 7=+ 0.1 mA, where the width Wof the
electrodes is 0.3 cm.
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Fig. 7 Composition dependence of (a) anomalous Nernst
coefficient Sane, (b) Seebeck coefficient Ssg, (c) resistivity
pxx, and (d) anomalous Hall resistivity pane of Gd:Feioo-x
alloy thin films. Error bars are mainly derived from the
accuracy of distance measurement.
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thin films.
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56, SANE (2 St = — panpos |\ JELAT B EE RV A NI DOE
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5. F&H
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WIZ, B—y VBRI LD BE R — VSRR 2 B
NV ARG Si D Sane ~DOFEAIOWTHET L7z, SildE—x
o 7R, BRI, BIOEE R —URITERL » RfEL o7
St DRFRAKATE & Sane ORI EZ G5 &, Suld\ g
LML T HAATE L, MBI Sane & RERDF 5
BleaR L. £, Gd MRS & VR T Su 2332
MTHDZENbhrolz. TNHDZEND, TEALT 7
2 GdFe 7 = U BatE B & HIEIZ BT, pane DIFEICL D R
WRIL A NBENEUSALZ L AR LT

BB KR —IRIE, JSPS BHFE (21K04184) D BRI L
NiT-o7-.
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Proposal of High Frequency Near Magnetic Field Measurement Method
Applicable to Actual Circuits in Electronic Devices

PR R SN N 3 3 N TR 31 b
DHALKIE R TAFZeR, BRI T X A T4 6-6 (T 980-8579)
VHAL R BRGEEUIET, EWRAIA T ERER T 2-1-1 (T980-8577)
Takenori Karita ®”, Ryuta Ishida®", Taichi Goto” and Kazushi Ishiyama® '

¥Graduate School of Engineering, Tohoku Univ., 6-6 Aramaki Aza Aoba, Aoba-ku, Sendai, Miyagi 980-8579, Japan
YRIEC Tohoku Univ., 2-1-1 Katahira, Aoba-ku, Sendai, Miyagi 980-8577, Japan

In recent years, electromagnetic communication problems have been a concern, such as device malfunctions
caused by the leakage of electromagnetic waves. To overcome this, technologies to accurately measure high-frequency
magnetic fields are required. We use a magneto-optic crystal and pulsed laser to detect magnetic fields, that enable
low invasiveness against magnetic fields. In addition, by using the stroboscopic method, we can measure AC magnetic
fields with phase information. To do this, it is necessary to synchronize the pulsed laser oscillation and magnetic fields
to be measured. In previous studies, we obtained high-frequency signals that generate electromagnetic fields using a
metallic probe directly. However, when those signals are in the GHz band, signal acquisition is difficult, mainly due
to impedance mismatch at the probe contacts. To apply our magnetic field measurement system to commercial
electronic devices, this study proposes a new method for obtaining a synchronization signal from a crystal oscillator,
which is the basic clock signal source for electronic devices. We verified the usefulness of this method by measuring
the magnetic field distribution of a microstrip line. We then measured the magnetic field distribution of commercially
available high-frequency electronic devices.

Keywords: magnetic optical effect, garnet, synchronization, magnetic field measurement

1. ZL®IC ZRIEIL, BOERSR OREENFI TOH L —FRFAES
HA M REEHWD Z LT, EERE S A TSR EH
EAREE LT D D O BATHIZETIE, MEHSTH DR
WS DER & 7 2 & AR B2 RHE S & LTy i
TREIC LY, KO EEHER(EZRVCO : Voltage
Controlled Oscillator) DRGSR ARRE ZITVY, KT AT A
NEBBEORA SN E I EMN TE 2 AHEEEZ R L. L
L, FHES & LTl HIE 513 GHz # O & EEAE
HFTHY, TNOLEEHEGE Y 0 —7 L2 7 Z12 &
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JIZKDEFORHIERE, B E AR Lz £ £/
BRERSETDZEERG TR oTz. £, SENE
BN IC F» FICHE STV A I RIEE B2 B
DI Z EIERATRETH Y, MREHAAAT 2 o7z,

T ZCABIE T, BEREHIS AT A A TR O B
~EAT D70, BETEBEANOER oy 7EERTHD
KB FEIRIR D D RIE 52 BT 28l 2 L a2 RET
L. i, AFEEHAWC YA/ A N v T T4
(MSL) X O\ iR D J8 W s o & B A Y ORE R oy An 21 %
179 2 & TRFIEOAHFMEIZ OV THET L.

LA, HERERTCEE M A 1L U & LB TSRO
o - mPEREIC 1 LST O @38 AT K 5 2B AR b
O/, BRENE B E O R AL, REERENC LV, [l
N OIRIR R X 23RE1E, WERER S, BN
IRV THERICIZ R WEM T HORBEA A L T D Y.
Z OFEORRIRIZIE, IR BRGNS > —v R &R
TRER ERNRAENR, OO £ TIRMRERE O
FEA MR 2 R U IERECEHI T 2 HAR ST 5. 1555
R ARG R 2R 2 ke LT, &R —T 3o
NaERWETERSS ? Y. Lnl, HIERE L L— 75
(ZERI53RRE) DREICIZ M L— R A7 DEHEAH Y, S I
GHz 7 0 i & P SRk CIX AR & O A L 0 e EE 23
KT AMERHS Y. £2, To—7 BBl Tchsbiz
OWPER LR ORI ZEL L, HERBEOK T, HIEx
LA OBE~OFENE- L 7> T D Y.

Tz, RO Ve LA L= R AV E
SRR R GRS AT DAL, EE{T-o T D Y
O MR IERIEIR T h DRE — 3 v MEE TR —T L L
THWAZ LT, BRN—T 3 A M TIRIZENS
ZE M FRRE DS R OV IT R RE R EHI A FTBE T B . AR EHI
VAT AL, BIERGO @B & VA L —F OFR
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AR L, BRSEEIZS U7 7 77 — Rl &5
L7c. PIEMROEBERIZL>TELD 7 7 77 —[A
R OZEIMNTH Y, H—D L —F L 2K O5RE ¢
MBHTHD. ERE RGN A EBLT 5720, KT AT
A TITHERR & SV A L —FORIEZEM L, HIER
ROFEFEARA T L —F L 20 & BRI U7 s
BR7F NTF 4TI BB, LY L ANEERET S 2
LICZK o TREREEFRELGI. I I, PHAERS &

R L7 A D R % 2 5D L—H kU H1E = (Trigger A,

Trigger B)Z/3— % NEFR L, /LA L—H 2 5IE S H 7.
FNZE ST/ 2007 4 NT 4T 7 X DOEBEZ%
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BED B FTRE TH 5.

2.2 AEKFEL—F M) HESORY

A buRiEEAOCD O, WIERR E L—F o8
NAFERORMNSLETH S, KeHllL 2T ATIE, BF
B DOME R BN D E T2 R OERREL L, A
FHAEAT > T DL SATHFZE O TIE, HIES SO E - [A#
OB S, WER RO & 725 &EEE S 2 4R
Tu—7R, Fihaxs ¥ ZHWCCEZERY H LTz,
LorL, &R n—7C GHz #oEMiKkE 5210 B4
ZLIESMEEMERT A Z ERAES TR, &5
EEEE SRS IC F v ZRICHDIAE N TV B AT
ER AR HET, R ATAEHEHTE o7z,
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SPDT
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Fig.1 Schematic of RF magnetic field measurement
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system.
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Fig. 2 Example of a typical modern electronic device
configuration.
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THEMET 523, EH O ITKSEIBIRIC L - TAER I DK
AR ORI 0y 7 EE LR LEEENES L LT
PLLIC XV ARSI D, FAEE 5O Z TX 5k 0 B
KTDHZETEFMEEROHMENHSNTND. 2O
K% IEIS, KERBIRRROIEAR 7 0 v 755 LM L-RAE
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DREEIZ Lo TR L =YD N HEFE LTy
JAR MR Uiz, £, BB DC AT AT 4
—ERFT7 U7 R8HETHLICLY, 7L RAL—FD¥R
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7V ZMEDELNE E R AERE AN E <, KV IEREZRIRIR T
WBELNDS. FAIL TV HIFIL—F N HEFEAE
BT 2R Tl T 5 PLL, ARSI L > TRETS.
i, VAL —FOREX A I T OT LORIK &7
O, oI ORBFRMHIC SR ND . F D DR E DA
FHCREFE #8720 ERDL Z & TH D%
B, ZZTEHAA I T Yy X+ L—P L AR & R
DIFREDIEIE & 35, AFFETHMAT 2 L—¥ /L2300
AEMEIL 60 ps, hYAEZOEMY v ZH3 4.2 ps THh
v, EERORREEIX 64.2 ps LD . ThE L LICEHHIEER
DIRIEE R OB E a (%) %201, NLFHE o BUSRS
B (%)% k- THEH LR % Table 1 1257,

a=(1

HAI TV (ps)
SR (ps)

_ WA (ps)

0,
mﬁ@ﬁ(m))x1oo(é) (1)

ﬁ:(l— )x1m(%) 2
Alal, JESROBTEEHE~3.2 GHz TH 5. HIE
BOalE 79.5 %, BIX98T%THY, F4y7kEE CHRAG
MAFEETHD EEZHND.

3.2 MSL iR R 73 et & HIREERER

AEFERET B FT- 2 FE S OB HIEIC LY, #RE
R & BERFHS AT AREMATRETH U, A baREIC
K DBRFHNDT X 2 Z & Z R T 572, MAEFERE L
T RF 5% % il L7= MSL ORBRSAGRIEZ{T- 7.
Fig. 3 IZHRGEIZAW- R AR 7. SAGHRIE Fig. 2 1R L7z
WA B OB EZ LIRS TH D, KLEIERE 7 7 >
7 g vV = % L —# (Agilent Technologies, 81160A),
PLL %3 7 /LY =3 L —%Rohde & Schwarz, SMA
100A), BEABIER GG E MSL & LTW5. 777 v
Ve —E bR vy /{55 L LT10MHz ®
BREZES T FIATD =R L — 2 DBRIER AT
gL, Rz e o7~ 7 F P22 —%0ORFHH
Wi b A 50 Q & L7= MSL ~RF 528 AL
To. BERGHAS AT A TIE, 77 v/ varvoRrlL—X
25 10 MHz O3A7 o v 7G55 % RMIES L LT
v, PLLIZ X~ T 3200 MHz (2, 1/32 4y/E#s, RF
T TEIC K o CTERK LTE 100 MHz ORI &2 L—H K
VgL LCTHWE. MSL ~® RF §B0ERAENIL
17 dBm & L, KT RAT ADFEE OB O B Sk sy st
LRMATRETH D 2 & 2T 729, RF 550K
900 MHz, 1200 MHz, 2400 MHz & L7=. %7z, R
AR DEFHZER L, MSL % 0.1 um DZE[yfiEiEE D
XY A7 —VIZHY 417, X210 mm X Y: 1 mm O#FiPH % X
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BICHB T DMAMRE ZFHH L7=. MSL W@ RF {F51% X
5 ANCHETT L, 4B 2 IESRIBE S O fie KA A I E i P
NOBE LZHIIC7e 5 K 9 IZHIEN A% Phase shifter

Table 1 Acquisition accuracy of phase and amplitude
information by frequency.

Frequency of Cycle of Accuracy of Accuracy of
magnetic field| magnetic field amplitude phase
(GHz2) (ps) information a (%) |information B (
1.0 1000 93.6 99.6
2.0 500 87.2 99.2
3.0 333 80.7 98.7
3.2 313 79.5 98.7
5.0 200 67.9 97.9
7.0 143 55.1 97.1
10.0 100 35.8 95.8
15.6 64 0.0 93.4

Frequency Bias Switch
divider UN tee Phase shifter "L(SPDT) laser
100 MHz b
3200 MHz| |
Model of a circuit |
H Las
Function |10MHz| Signal | fus. l \ o pule
I?—III.FMHz generator| Ref. | generator [17dBm M8 '=
i as Crystal Unit as PLL
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----------- Pulse lager

-'{ PBS H Detector HLock in amp.l

Fig. 3 Schematic of RF magnetic field measuring
system used for verifying our proposed

synchronization method.
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Fig. 4 Measured magnetic field distribution near
the microstrip line at the frequency of 900,
1200 and 2400 MHz.
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Measurement area

Size: 5 X 5 mm
Measured pitch: 100 pm
Number of measured point: 2,500

Fig. 5 Electronic circuit board (Analog devices,

EVAL-ADF4351-EBZ1) used for measurement.
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Fig.6 Measured magnetic field distribution on the IC

chip surface. (a)Overall photo of the circuit
board. Magnetic field map with the phase of (b)
0 degrees and (c)180 degrees. (d) (e) Their
enlarged figure.
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Basic Examination of SR Motor with Aluminum Coils

2 A0 T« BT @ - fIRARED - FREBEAY
& BLKRSE KPR LEaseR, AT EEXREFFE6-6-11 (T980-8579)
D (BR) 7 AL —, BAFHEINE 12-3 (T013-0054)

E. Asahina®@', K. Nakamura ®, K. Yanagisawa?, Y. Furuya®
® Tohoku University, Graduate School of Engineering, 6-6-11 Aoba Aramaki Aoba-ku, Sendai, Miyagi 980-8579, Japan
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In recent years, the development of air mobility and drones has been active. For these applications, permanent
magnet (PM) motors are widely used due to their high power and efficiency. However, their cooling systems are limited
to a simple air-cooling type because of size and weight limitations. Since air mobility and drones require an ultra-high
power density, such insufficient cooling systems may cause irreversible demagnetization in magnets. Switched
reluctance (SR) motors have no permanent magnets, consisting of only iron cores and windings, they are attracting
attention as a simple, robust, and inexpensive variable-speed motor. The torque density of conventional SR motors is
generally lower than those of PM motors. Hence, this paper focuses on aluminum coils, which have a higher degree of
freedom of shape and are lighter than conventional copper coils. The basic characteristics of the proposed SR motor
were calculated by using a three-dimensional finite element method (3D-FEM). The calculation results show that the
aluminum coils are superior to the conventional copper ones in terms of torque and efficiency when the winding space
factor of the aluminum coils exceeds 70%. Furthermore, the power density, which is a key indicator for air mobility,
was over 1 kW/kg.

Key words: Switched reluctance (SR) motor, Aluminum coils, Winding space factor, Air-mobility, Drone
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A Study on Simple Waveform Control Method
in Magnetic-Properties Measurement System for Ring Core Using myRIO
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M. Kawaguchi, Y. Hane, and K. Nakamura
Tohoku University, Graduate School of Engineering, 6-6-11 Aoba Aramaki Aoba-ku, Sendai, Miyagi 980-8579, Japan

The sinusoidal magnetic flux waveform control is necessary in the measurement of magnetic-properties of soft
magnetic materials. Although various control methods were proposed in the previous studies, most of them have the
practical problem of requiring some special equipment. Therefore, this paper presents the simple and affordable
measurement system by using the myRIO, which is a general-purpose controller used in many universities, for the
waveform control. The proposed method is validated by measuring the dc and ac magnetic-properties of a ring core

made of a non-oriented silicon steel.

Key words: myRIO, waveform control, magnetic-properties measurement
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Fig. 4 Dimensions of a ring core.
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Table 1 Specifications of a ring core.

Exciting winding N, 110 turns

Search coil winding N, 110 turns

. Non-oriented silicon steel
Core material

(35A300)
Effective core area § 152.78x 100 m?
Effective magnetic path length / 0.2224m
Mass density ¢ 7750 kg/m?
Exciting winding resistance R, 255 mQ
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Proposal of In-wheel type Magnetic-Geared SR Motor for Compact EV

(R ECHR T - PR

WAL KB AR, e EEXRETHHE 6-6-11 (T 980-8579)

K. Ito*, K. Nakamura
Tohoku University, Graduate School of Engineering, 6-6-11 Aoba Aramaki Aoba-ku, Sendai, Miyagi 980-8579, Japan

Magnetic-geared motors and direct-drive permanent magnet motors have attracted attention as in-wheel motors
for electric vehicles (EVs) since they have the advantage of high torque density. However, these motors have the
problem that it is difficult to achieve the wide speed-torque characteristics required for EVs. This paper proposes a
novel magnetic-geared motor that consists of a flux-modulated type magnetic gear and a switched reluctance (SR)
motor, which has the wide speed-torque characteristics in nature.

Key words: magnetic-geared motor, switched reluctance motor, in-wheel motor
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Fig. 1 Basic configurations of magnetic-geared SR motor.
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Fig.2 Compact EV equipped with In-wheel SR motors.

Table 1 Target values of magnetic-geared SR motor.

Battery voltage (V) 48
Max. Current (Apmys) 30
Diameter (mm) 222
Stack length (mm) 51
No. of phase 4
No. of stator pole 16
No. of rotor pole 20
Max. torque (N-m) 100

Max. rotational speed (rpm) 500

56

Outside diameter (mm) 157
Inside diameter  (mm) 123.8
Stack length (mm) 51
Air gap length  (mm) 0.35
No. of stator poles 20
No. of rotor poles 16
Winding diameter (mm) 1.4(2-para)
No. of turns/pole 30
Winding space factor (%) 65.3
Core material 35A300

Fig. 3 Specifications of SR motor part.
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Fig. 4 Calculated torque versus speed characteristics of SR
motor part.
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Fig. 5 Torque versus speed curves converted from Fig. 4 by a
gear ratio of approximately 6 to 10.
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Table 2 Configurations and dimensions of permanent magnets
and PP.

Gear ratio 9.67, 9.5 94 933 929 925

No. of pole pair 3 4 5 ) 7 8

HSR magnets [=5 00 ess (mm) 33 300 30 30 20 25
PP No. of poles 32 42 52 02 72 82
Thickness (mm) 8.0 7.5 6.0 5.0) 3.5 3.5

No. of pole pair 29 38| 47 56 05 74

LSR magnets [=5 00 s (mm) 23 300 40 40 33 35

74 mm const.
HSR pole pair=4

74 mm const.

HSR pole pair=8
Fig. 6 Sectional view of magnetic gear part.
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Fig. 7 Calculated maximum torque of each HSR pole pair.
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Fig. 8 Calculated iron loss of each HSR pole pair.
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Fig. 9 Calculated eddy current loss in magnets of each HSR
pole pair.
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Fig. 12 Calculated torque characteristics of SR motor part
with HSR magnets.

Fig. 13 Contour diagrams of flux density when maximum
current inputs.
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Di "
Diameter Imm l 222
Stack length [mm | 51
Magnetic gear part
HSR pole pair 8
INo. of PPs 82
ILSR pole pair 74
Gear ratio 9.25
Each air gap length  jmm 1.0 X2
Weight of magnets kg 1.23
SR motor part
INo. of phase 4
INo. of poles 20
INo. of slots 16
IAir gap length imm 0.35
INo. of turns per slot _[turns 30
\Winding diameter  jmm 1.6
|Winding space factor [%o 63.8
Phase resistance hm 0.042
Material
Permanent magnet I N40SH
Electrical steel sheets l 10JNEX900

Fig. 14 Specifications of proposed magnetic-geared SR motor.

IDiameter mm 222
Stack length Imm 51
INo. of phase 3
. [No. of poles 16 | 32
. [No. of slots 18 [ 30
| [Air gap length mm 1.0
INo. of turns per slot _|turns | 25 I 20
i Winding diameter mm 2.0
—= A\ /  [Winding space factor [% 60
7 IPhase resistance hm | 0.039 ] 0.14
S/ Weight of magnets kg | 1.29 [ 1.31
3 Permanent magnet N40SH
‘\\ —] Electrical steel sheets 10JNEX900

Fig. 15 Specifications of direct-drive type PM motors for
comparison.
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Fig. 16 Comparison of current density versus torque
characteristics.
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Fig. 17 Comparison of rotational speed versus torque
characteristics.
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Fig. 18 Calculated loss of proposed magnetic-geared SR motor.
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Fig. 19 Calculated efficiency of proposed magnetic-geared SR
motor.
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Efficiency Improvement of Outer-Rotor-type
High-Speed PM motor with Segmented-shaped Rotor

3 A,

WA i
HALKR: KB TAIRER, A THHERRE AT

3£ 6-6-11 (T980-8579)

S. Sakuraif, K. Nakamura
Tohoku University, Graduate School of Engineering, 6-6-11 Aoba Aramaki Aoba-ku, Sendai 980-8579, Japan

Cooling fans are widely used in communication base station servers because they have a good balance
between cooling performance and cost. Nowadays, cooling fans are required to be improved their cooling performance.
Thus, the output power and efficiency of the fan motors should be improved. In a previous paper, a novel segment PM
motor was proposed, which has segmented cores and permanent magnets in the rotor. The proposed PM motor has
large torque and less eddy current loss in magnets. The prototype tests clarified that the proposed PM motor has
higher power and efficiency than a conventional fan motor. However, the measured mechanical loss was larger than
the expected one. This paper presents a simple method for estimating the mechanical loss of the proposed PM motor.
Furthermore, the mechanical loss improvement by the lightweight of the rotor core and case is discussed.

Key words: Permanent magnet (PM) motor, segmented-shaped rotor, mechanical loss, cooling fan
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/ @ Stack length 20 mm
@ @ \ Rotational speed 30000 rpm
| Rated torque 60 mN-m
| Material of magnet Sintered Nd-Fe-B
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\ CD l Material of iron core 10INEX900
ﬂ Current phase angle 15 deg

Fig. 1 Specifications of a prototype segment PM motor.
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Fig. 3 Experimental setup for measuring the mechanical loss

of the prototype segment PM motor.
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(b) Assembly
Fig. 6 Appearance of the measuring motor used for

(a) Rotor case

mechanical loss measurement (Shaft + rotor case).
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KABBAEETHIEXHBOEAESN VT4
Orthogonal-Core-Type Variable Inductor with Permanent Magnets

SRR Y - A 2T - KRAEMEY - A Y
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Y HALE M, (BT HFEX AL 7-2-1 (T981-0952)
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a) Tohoku University, Graduate School of Engineering, 6-6-11 Aoba, Aramaki, Aoba-ku, Sendai 9580-8579, Japan
b) Tohoku Electric Power Co., Inc., 7-2-1 Nakayama Aoba-ku, Sendai 981-0952, Japan

Variable inductors consist of a magnetic core, a primary DC winding, and a secondary AC winding. Due to the
magnetic saturation effect, they can control the effective inductance of the secondary AC winding with the primary
DC current. Therefore, they can be used as reactive power compensators in electric power systems. This paper presents
a novel orthogonal-core-type variable inductor in which permanent magnets are inserted in the magnetic path of the
primary DC flux. The proposed variable inductor can generate a certain reactive power when the primary DC current
is zero, and it can control the reactive power from lead to lag by changing the primary DC current from positive to
negative.

Keywords: Orthogonal-core-type variable inductor, Reluctance network analysis (RNA), Reactive power compensator
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Table 1 Specifications of permanent magnets.

Neodymium sintered magnet (N42H)
Coercivity: H. = 950 kKA/m
Residual flux density: B, = 1.31T

Neodymium bonded magnet (NEOBM-9)
Coercivity: H, = 420 kA/m

Residual flux density: B, = 0.675 T
Ferrite magnet (Y30BH)

Coercivity: H, = 229 kA/m

Residual flux density: B, = 0.385 T
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Fig. 4 Specifications of orthogonal-core-type variable inductor.
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Table 2 Comparison of optimum combinations of magnet
arrangement, magnet material, and magnet thickness.

Place of Magnet Magnet Max Min Max-Min
magnets thickness | (kvar) | (kvar)
Inside Neodymium | 2 mm 0.06 2.41 2.35
laminated core sintered
Top of cut Neodymium 2 mm 0.06 2.16 2.10
core sintered
Side of cut | Neodymium 1 mm 0.09 2.37 2.28
core sintered
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Prototype Test of Asymmetric Pole Structure IPM Motor Using Bonded
Magnet

G - EEAEL - YmEt - BE R
PR AR ZERE, A IRACH R 2RI 1-1 (T010-8502)

Y. Tsukada’, Y. Yoshida, N. Handa, and K. Tajima
Graduate School of Science and Engineering, Akita Univ., 7-1 Tegata Gakuen-machi, Akita, Akita 010-8502, Japan

This paper presents an investigation into the usefulness of a motor with an asymmetric pole structure
based on a prototype rotor using samarium-iron-nitrogen bonded magnets. Comparing the torque characteristic of the
proposed asymmetric-pole motor with that of a conventional motor using a neodymium sintered magnet, the
maximum torque of the proposed motor increased by 12%. Furthermore, a comparison of efficiency characteristics
showed that asymmetric motors have better efficiency characteristics than conventional motors in the high-load and
low-speed ranges. It was found that an asymmetric rotor structure with a complicated magnet shape negatively
affects the efficiency characteristics in the high-speed operating region.

Key words: Interior permanent magnet synchronous motor, bonded magnet, asymmetric pole structure, reluctance

torque, heavy rare earth free
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Fig. 2 1/4 calculation models.

Table 1 Specifications of analytical models.
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Fig. 1 Torque characteristics of [IPMSM motors.
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(a) Conventional model (b) Asymmetric model
Fig. 3 Actual machines.
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Fig. 5 Relationship between rotational speed and fundamental
component of back EMF in u phase.

DF— % ZHeE 5 ONEE LU, Al S50 Ol dnding
OFBFLEIEORENREECH 7728 1000 rpm {HIE CORE
TECHEE & e 5. Fig. 5@ OREEET /IO T 1031 rpm
TOFHELEERAPIREZ T 5 &, FHRIE U TRl
9 13%IE T LTW5. RIS Fig. 5b)DIFET MIBNT
1013 rpm COFBFAETHAMARIRE i35 & 33 L C
HIEEA Y 8% T L TA.

HEET 3T HHEEFR FOFNFEE LT, ST
BEET LEHETHOX v v 7REE L. ¥ ¥ v 7 RITF v
v I EE~ A 7 aAa—7FTHRE LHIE LZ. Ak 0.5
mm ZAE L CWEEE T & REFEOX ¥ v 7 ED,
BB T 0.657 mm EEREFE VR oo TnD Z LAV
L7, ZD=0RiE TR LI#Tsito Table 11280
TX v v 7EOHR%E 0.55Tmm & L5 CHMT L, Fig. 5
TRLEXY v 7'E 0.5 mm OFFHIE & OFREL DI
Z 9 %. Fig. 6 |2 u FICE T D [OHsEORR e E AR
DXy v 705 mm & 0557 mm (TR HEFREA T, Fig.
6(a), (b)DEME, HilihEs L UM Fig. 5 LR TH 5.
1000 rpm (ZBWTHERET IV, FERFRET LK v >
7E% 0557 mm [Z L7=ETF/VEX vy v 7K 0.5 mm OF
TV L0 bR B IR 2% T L2, 2 OfE R
PHARFIRITB N T v v TR OZECITFH BT LA IR
TROEIC D8 E KT H OO, KT OFKIIMh O EF
DEBENRKENEEZD., MOZERNE L TEEL HEED
BTGNS, FERFRET AT OW TR E M2 = &

75

INDEX



= b2
(o) [e=]
T

N

N

back EMF (V)
=

Fundamental component of

5 -
---Gap: 0.5 mm
—Gap: 0.557 mm
O 1 1 1
0 300 600 900 1200
Rotational speed (rpm)
(a) Conventional model
o 20
o 2
3 L
g_ 15 e
&2
= B
3510
E i
o
g8 5t
e ---Gap' 0.5 mm
'3 ——Gap: 0.557 mm
é 0 1 | 1
0 300 600 900 1200
Rotational speed (rpm)
(b) Asymmetric model
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Fig. 13 Magnetic flux density contour vector diagram

without excitation.

78 Transaction of the Magnetics Society of Japan (Special Issues) Vol.7, No.1, 2023



B DIERHE T MIEE OB IS, T4 ARDT 1 —
ANBERDNET T BT2D DT 4 — A DREHEEE D <
D Z ENbhD. Heilk Ul oL Z o
HHEEDIRY BFERTHL EEZXD.

5. £&¥

ARGTH, ~ 0 U LASRER AR RiA & L9k
SHPMEATRE G O IPM B — X Z3{E L, 34 ¥ LABEER A %
FAWTGER IPM £ 7V & Bl LR L 7=, RV FRiklcEs
WTIIRERET AN D 12% 5K My S kL, FEF
RS 15 DY T B 2 BRALA DAL OV T H IR TE
7o, ETDREREIC BV TIE, FERFRT T L O SRR M
L, SRS L2 &0, @AM > EEkIz T
FERRET VNRERET LI HEND Z EEZHLNL
7-.

SO L U CIERITFRBMmAE S IPMSM O Hifli L
ROARRRETH & 72 o T BB O B L o il 2 30 - 7= 5% &
ETHTETHD.

Transaction of the Magnetics Society of Japan (Special Issues) Vol.7, No.1, 2023

References

Dhttps://www.meti.go.jp/statistics/tyo/seidou/result/ichiran/reso
urceData/08_seidou/nenpo/h2daa2021k.xlsx, (As of October
18, 2022).

2)K. Machida et al: The Latest Technological Trend and
Resource Strategy of Rare Earths, 13 (CMC Publishing Co.,
Ltd., Tokyo and Osaka, 2018)

3)R. Tsunata, M. Takemoto, S. Ogasawara, K. Orikawa, T. Saito,
T. Ueno: IEEJ Trans. Ind. Appl., 140, 12 (2020).

4)K. Deguchi, Y. Enomoto, H. Tokoi: IEEJ Trans. Ind. Appl., 139,
12 (2019).

5)Y. Yoshikawa, T. Ogawa, Y. Okada, S. Tsutsumi, H. Murakami,
S. Morimoto: IEEJ Trans. Ind. Appl., 136, 12 (2016).

6) Y. Nara, Y. Yoshida and K. Tajima: 7The Papers of Technical
Meeting on Magnetics IEEJ, MAG-17-003 (2017).

7) T. Yanagisawa, Y. Yoshida and K. Tajima: J. Magn. Soc. Jpn. ,
44, 45 (2020).

8) Xianxin Zeng, Li Quan, Xiaoyong Zhu, Lei Xu and Fangjie
Liw: IEEFE Trans. on AS, 29, 0602704 (2019).

9) Fuzhen Xing, Wenliang Zhao and Byung-1l Kwon: IET Electr.
Power Appl., 13, 573 (2019).

10) Y. Xie, J. Shao, S. He, B. Ye, F. Yang and L. Wang: IEEE
Access, 10, 79564 (2022).

2022411 ROBA S, 2022412158 #18%

79

INDEX



@ Copyright ©2023 by the Magnetics Society of Japan. |N DEX
@ This article is licensed under the Creative Commons Attribution International License (CC BY 4.0)
BV

http://creativecommons.org/licenses/by/4.0/

T. Magn. Soc. Jpn. (Special Issues)., 7, 80-84 (2023) <Paper>
EERBREREZAL LLC iR V-2 AEGA V50 2 DEH

Fabrication of Coupled Inductor for LL.C Resonant Converter with a
Current-Doubler Rectification Circuit

JIEZH DT« KILF5M =Y - myBmEE e« QmRIEGH Y - Vel ©
IR, RHERREBTAL 4-17-1 (T380-8553)
ORDFET 7 AT 7 7, AR IR R X g5 AKT 1-2 (T210-0801)
N. Kawada® ®, H. Oyama ", T. Minamisawa ", M. Sonehara ”, and T. Sato "
) Shinshu Univ., 4-17-1 Wakasato, Nagano-shi, Nagano, 380-8553 Japan
Ri Ajinomoto Fine-Techno Co. Inc., 1-2 Suzuki-chou, Kawasaki-ku, Kawasaki, Kanagawa, 210-0801 Japan

In recent years, point-of-load DC-DC converters, which have a low voltage and large current output for DC
power delivery to CPUs and GPUs, are required to have a smaller and smaller footprint for power-saving management
using a power delivery scheme with a large number of small granular converters. A converter using a double-current
rectifier circuit has been proposed for use as a high to low voltage/large current step-down converter. The double-
current rectifier circuit rectifies the output voltage by half and the output current by twice and is advantageous for
low-voltage and high-current driving. However, the double-current rectifier circuit requires a coupled inductor. In this
study, for a beyond-10-MHz LLC resonant DC-DC converter with a double-current rectifier circuit, the influence of the
coupled inductor on LLC resonant operation was investigated, and a prototype coupled inductor was fabricated and
evaluated. The prototype inductor, which used PCB-based straight-line conductors and Fe-based metal composite
magnetic cores, exhibited a magnetizing inductance of 32.3 nH and a coupling coefficient of 0.98 at 15 MHz, and these
properties were considered to be sufficient for the converter under investigation.

Keywords: LLC resonant converter, current-doubler rectification method, coupled inductor, coupling coefficient, high
current, Fe-based metal composite magnetic core
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Fig. 1 LLC-LC resonant convertor with current-
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Fig. 2 Fundamental-frequency ideal equivalent circuit
of LLC-LC resonant convertor with current-doubler
rectification circuit.

Table 1 Parameter description of fundamental-
frequency ideal equivalent circuit.

Item Description
, Primary winding leakage inductance of
L leakage transformer
Magnetizing inductance of leakage trans-
Ls former
, Primary-side converted secondary winding
Lo leakage inductance of leakage transformer
, | Primary-side converted leakage
Ls inductance of coupled inductor
, | Primary-side  converted magnetizing
Ln inductance of coupled inductor
Capacitance of primary-side resonant
G capacitor
, Primary-side converted capacitance of
G secondary-side resonant capacitor
Rac | Primary-side converted load resistance

Table 2 Specifications of coupled inductor.

Item Value
Magnetizing inductance =30 nH
Leakage inductance =3 nH
Coupling coefficient 20.91

Leakage Transformer

Coupled Inductor

| c1 L [ L2 c2 LS [
159nH 399nH =147nH & R
) 14 L7 a
| Vin_ac 615nH ZSBSOnHJ

Fig. 3 Simplified ideal equivalent circuit of LLC-LC
resonant converter with current-doubler rectification
circuit considering set parameters.
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Fig. 4 Structure of coupled inductor.
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Fig. 5 Complex permeability of three kinds of
magnetic core material used for coupled inductor.
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Fig. 7 Prototype coupled inductor.

Table 3 Size of prototype coupled inductor and analysis
model (unit: mm).

Item W L T
Prototype coupled
inductor 5.65 15.1 1.84

Analysis model 5.10 14.4 1.49
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Fig. 8 Inductance vs. frequency.
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In recent years, there has been strong demand for high-speed motors over 50,000 rpm has been strongly
required to be reduced in size and weight and have an increased the output power density. Magnetic gears can change
speed and torque without mechanical contact. Thus, they have low vibration, noise, wear, and friction heating. These
features are desirable for high-speed applications. Flux-modulated type magnetic gears are expected to be put into
practical use because they have a higher torque density than other kinds of magnetic gears. This paper describes the
design of an ultra-high-speed magnetic gear whose maximum input speed is 80,000 rpm and presents the prototype
test results. First, the dimensions of the magnetic gear are optimized by using two-dimensional finite element analysis
(2D-FEM). Next, the optimized magnetic gear is evaluated by using 3D-FEM. The result of prototype tests shows that
the maximum efficiency of the magnetic gear is 94.9% at low speed, and it is kept over 80% at 80,000 rpm.

Key words: Magnetic gear, Flux-modulated-type, Ultra high speed
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Fig.2 Outside gap flux generated by the inside magnet’s
MMF and the pole-pieces.

—prop/(ng —pp) THD. L= - T, SMAllENEL 1 O fix
B & (ng +pr), b L < 1EZ(ng — pp) DUVT NIRRT, S4
RN ETHE 71X LA T OB TR L ClEldE T 5.

Prhwpn

wz—insiph—ip—lwh (4)

B, QORXEHRAL, F—NE—RTEHINTE 2 OO
73 (ng + pr) & (ng — pp) DIRIEIESE LW, EERITKABA
DERESI A L O— I 7 v ADZEM 45 HE, ikl T
e IS 20, B OB LY, (ns—pp)
DOFST DIRMED TN KEL 8D, Lieh->T, Wi, R
ZE RS AR 26 7 O S RN 1 D iRk 5 S py = ng — pp 7
BLEHIBEINGT A,

WNT, WAMEIELR ORISR, 725 NEAR— /L E—
AR B/R=I T  ADZERG N IELE Th b5 & OIUE
OF, MAETFUEK T YO by 52 5828 HT 5,
72¥, WAHMNEHE T O p,, pp & R —/V E— 2O
DI, pp=ns —ppPBERBEY Db D LT 5,

MR DK ABA B IC/ERT 5 br 71, RATEH
z B %5(10).

r=jBraHde=i g 9 qo ®)
1700 " "2zt o0

EXAFD B b HATBEHEE & BRI OB IT IR RS,
$r & fITRER B OB F RS TH D,

G)RUT I &, BREMARL R X v O SMlllalfis 12 EH
T2 VT RO DGE, R ORET) &Rk
ThHzb6hb,

86

£:(0.1)= F, cos{ p, (0 - t) -5} ®
#,(0.t)=F,A, cos {ph (6- a)ht)}
Py

1
+—F A coss(n. + 0— w,t
2 ah”"a {( s ph)[ }’ls+ph h j}

+%Elh/1a cos{p, (H—a)lt)} @

KD SIE, NAORBA RIEE T OBROMARZETH Y, [FH]
oA mA (NEMHZERS) ITHEY T 5,
GRIZ@XEMDRERATHZ ET, M7 giFkKD

EoITRES,
L= %sz;hF;l/Ia sing ®)

FREY, BRERAMEE YD V2%, — 2l
L RIRRIC, AR 90 E T KIZ/RD Z EXbhd,

3. ERmEHMS v ORITHRE

# 118, A CEDTOBE R YOG EIEA "3 K
BRFXYOANIAENET- () THY, HIFR—L e —[E
finf- (Pp) TH5. PHEHRET-1E 80,000 rpm CTHAR) X572,
[l N Z o AR NI DA IR L, AV LhEEO Y
VIR E . —05, SMENIRSGIRETHR AT 5720, F
VLR Bl Az BEE B2 13T 0.5 Nom, &5
1X90% & Lic. LIECIZ FEM ZHV, XV HSofal-iEafix
HETHZ LT, My omEERET. 728, FEM 1213 JSOL
#lo> JMAG Designer Ver 19.1 & FHu 7=

FTEEOIZ, 2D-FEM % VXY DRt 1772, Fig. 3
12, YIS 20 Mvy o2 eERd. 2oL, BEL
7oV HOFH TIEF IV NS < 2D E, &R MV RRE

Table 1 Design goals for ultra high speed magnetic gear.
Maximum input speed 80000 rpm
Maximum output torque 0.5N'm
Efficiency 90 %
Diameter 44 mm
Axial length 20 mm
Inner gap length: 1.5 mm
Quter gap length: 1.0 mm
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z
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Fig. 3 Gear ratio versus output torque.
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Fig. 5 Inner magnet length versus output torque.
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Fig. 8 Outer magnet length versus output torque.
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Fig. 9 Transmission torque characteristics of ultra high
speed magnetic gear (3D-FEM).
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Gear ratio: 6.667

Axial length: 20 mm
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Fig. 10 Specifications of a prototype ultra high speed
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Fig. 11 Appearance of prototype gear.

] Servo motor 8

s

rr . g e e . L\

Fig. 12 Test bench for low speed tests.
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Improvement in Unbalanced Current of Transverse-Flux-type SR Motor

IR -

ALK KPBE LR, wil B AlE i & X E T E4E 6-6-11 (T 980-8579)

A. Nagai 7, K. Nakamura
Tohoku University, Graduate School of Engineering, 6-6-11 Aoba Aramaki Aoba-ku, Sendai, Miyagi 980-8579, Japan

Transverse-flux-type switched reluctance motors (TFSRMs) have a three-dimensional structure and are expected to
exhibit a larger torque than conventional SRMs due to their high winding -space factor. However, a trial three-phase
TFSRM was found to have an unbalanced current and torque, which causes vibration and acoustic noise. The
mechanism of this unbalanced current has not been clarified yet. This paper investigates the cause of the unbalanced
current by using a three-dimensional finite element method (3D-FEM). Furthermore, it presents a two-phase TFSRM

that improves the unbalanced current.

Key words: Transverse-flux-type switched reluctance motor (TFSRM), unbalanced current
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Fig. 2 Rotational direction and flux direction of RFSRM
and TFSRM.
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Core material 237110
Diameter 96.0 mm
Axial length 90.0 mm
Gap length 0.3 mm
Pole width 10.0 mm
Winding diameter 1.3 mm
Number of turns/phase 75 turns

(a) External view (b) Stator (1-stack)

(¢) Rotor (3-stack)
Fig. 6 Appearance of 3-phase TFSRM.
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Experimental setup of 3-phase TFSRM.
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Fig.8 Observed current waveforms of 3-phase TFSRM.
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Core material 237110
Diameter 96.0 mm
Axial length 90.0 mm
Gap length 0.3 mm
Pole width 10.0 mm
Winding diameter 1.3 mm
Number of turns/phase 75 turns

Fig. 9 Specifications of 1 pole model.
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Fig. 10 Current waveforms calculated with 1-pole model.
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Core material 237110
Diameter 96.0 mm
Axial length 60.0 mm
Gap length 0.3 mm
Pole width 8.0mm
Winding diameter 1.3 mm

Number of turns/phase 75 turns

Fig. 14 Specifications of 2-phase TFSRM.
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Fig. 16 Calculated current waveforms of 2-phase TFSRM.
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Fig. 16 Comparison of calculated current density vs. torque
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Basic Examination of Cross-Pole-Type Flux-Reversal Motor

Tkt .
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Y. Yuf, K. Nakamura
Tohoku University, Graduate School of Engineering, 6-6-11 Aoba Aramaki Aoba-ku, Sendai, Miyagi 980-8579, Japan

In recent years, electrification has been promoted as part of the measures toward global warming, and demand
for power-saving and high-efficiency motors is increasing. Among the various types of motors, permanent magnet
synchronous motors (PMSMs) are used in various fields, such as electric vehicles and home appliances. However,
PMSMs have issues with mechanical strength and cost. In comparison, flux reversal motors (FRMs) have a simple

reluctance rotor, and a stator with armature windings and permanent magnets. Due to the high torque density of
FRMs the same as PMSMs, they are expected to be used in multiple applications such as for electric vehicles and
wind power generations. However, the conventional FRM has a problem with large eddy current loss in magnets.
This paper presents a novel FRM with a cross-shaped stator pole that reduces the eddy current loss. The usefulness
of the proposed FRM is proved by a three-dimensional finite element method (3D-FEM).

Key words: flux reversal motor (FRM), cross-shaped stator pole, eddy current loss in magnets.
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Fig. 3 Flux flow diagram of single-phase FRM.
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Fig. 4 Flux linkage waveform of single-phase FRM.
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Magnet S

Magnet N
Rated speed 18200 rpm
Rated torque 290 mN+m
Diameter 62 mm
Stack length of stator/rotor 35 mm
Gap length 0.5 mm
Number of turns/pole 20
Winding diameter 1.0 mm
Material of magnet NMX-S52
Magnet size 446mm?/pieces
(Length X Width X Depth) (1.5*8.5*35)
Material of iron core 20JNEH1200

Magnetization direction (black vector): radial

Fig. 5 Specifications of a conventional FRM.
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Fig. 6 Calculated characteristics of the conventional FRM.
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Fig. 7 Armature flux lines of a conventional FRM.
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Fig. 8 Comparison of conventional and cross-pole type FRMs.

Transaction of the Magnetics Society of Japan (Special Issues) Vol.7, No.1, 2023 99

INDEX



Rated speed 18200 rpm
Rated torque 290 mN-m
Diameter 62 mm
Stack length of stator/rotor 35 mm
Gap length 0.5 mm
Number of turns/pole 20
2 Winding diameter 1.0 mm
Material of magnet NMX-S52
Magnet size 336mm¥/pieces

(Length X Width X Depth) (1.5 * 6.4 *35)
Material of iron core 20JNEH1200

Magnetization direction (black vector): radial
Fig. 9 Specifications of cross-pole type FRM.
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Fig. 10 Comparison of output power between the conventional
and cross-pole type FRMs.
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Fig. 11 Comparison of torque between the conventional and the
cross-pole type FRMs.
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Fig.13 Comparison of contour diagram of eddy current loss
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Fig. 14 Comparison of efficiency between the conventional and

cross-pole type FRMs.
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Fig. 16 Comparison of eddy current loss in magnets of cross-
pole type FRMs with and without split magnets.
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Heating of magnetic particles by application of
high frequency pulsed magnetic field
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We analyzed a circuit for generating a pulsed magnetic field with a pulse width of 2 pus at 250 kHz using circuit
simulation. We developed a circuit that can generate a 12A, 250kHz pulsed current. Next, we conducted heating
experiments with small magnetic particles for 200 s using the pulsed magnetic field, and the advantage of the field
was 15 times that of a sine wave magnetic field with respect to magnetic energy. This study has the potential to
improve the heating efficiency of magnetic hyperthermia, to reduce the amount of magnetic material, and to treat deep

inside the body.

Key words: magnetic hyperthermia, pulsed magnetic field, hysteresis loop, pulse forming network
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Fig. 1 Pulse forming network.

102 Transaction of the Magnetics Society of Japan (Special Issues) Vol.7, No.1, 2023



H—ME LoV 28 AT 12, Lo THZ 5.
L, MDA U E I B R L Xy VB AE C,
MO R % (L3 72 19719,

ATp = 28VLC (1)
F72, X%, DA EHIRE OBFEEL N & v T
HZET, 7VARNR AT, OB EHND.

ATp = 2NVLC (2

K26, BIEEOBESE BN A b T2 434 & LB B 0
NI A—=B BT L, FRE ARG Lz, ABFE T, B
BEMtN% 10, A > H U XA L% 1.4 pH, v /30 &
A C% 6.8nF LRETHZ & T, »ILAIE AT,=2.0 us ®
SNNVABEREBRT D L O iGE Lz, 2k, B
REWKRT D=0 LeiFmnZEN T (BEasyHeat 2.4
kW, Ambrell, Rochester) D BRE) JH % 512 & bW 7-3% 3 TH 5.
Fig. 213, Spice ¥ I 2L — a3V 7 MLk o> TIER L=
Mg CTdh 5. PEN EEA A LRI TAAL v F 2T 2
L TRV AERE L T 5. Fig. 3 (2= A ViR
na&Efzrd. XK@QMSHEH Lz UL ATlE 2.0 ps, 250
kHz OV AERBTALTWND Z EBHERTE 7=, WIED
SED BRSO ERSICEE R B R 5D, Tk PEN
DOZBNFEMETHDHZ L &, EBEMEZBEMOA
— AU AN KL TV AN LICERT DI EEZLN
A .14

2.2 VAR EROER

A DY I 2 b—3 3 DX 7OV ARSI AL
ZAER L7, Fig 413, FERRICER LZER TH 5. RIS
1%, EFEI(GPO160-20R, mfbRERT), Khid (9.4 Q,
TE2500B4R7J, TE Connectivity), % ¥ /33 % (6.8 nF,
B32672L.8682J000, TDK), f > % 7 % (3 #—>, [HfE 45
WA 4 mm, 1.4 pH), /% U — MOSFET
(BSM120D12P2C005, ROHM) % i\ 7=. MOSFET ® %7 —
NS AL, SRR L—% (MG411B, 72U )
FEBESERT DL TITo72. £, 7OV REREIEIL,
b Z o 2 E Y Y (CTL-6-S32-8F-CL, U_RD) Tatl
U7z, E7z, B = A U, IESEI RS R i N 20 s
TROME = A N4 Z—2 ) BHER 35 mm, #£E 5 mm, 0.45
pH (100 kHz TORENZIZIR, sHEEZLESI b0 (4 X
—, [E£% 38 mm, #R¢ 4.5 mm, 0.44 pH (100 kHz T
DOMFE) ZAERL U 7=, Fig. 5 13N = A /Ui 5 B e
Th b, AJIEHE 100 V THEME 12 A OV ZAEFRE
nNTN5.

mm,

L=14pnH
100V, 94Q C=6.8nF

O, e
T T T T

[square (=10, 250 kH2) |

switch

Fig. 2 Simulated PFN circuit.

Heating coil
0.45 pH 10

INDEX

COWFIZOWTFig. 30y I ab—ia v LRl 5 L,
W O O—BB MR CTE . 2, 7L AIE (2 ps) &
JEWe e (250 kKH2)IC DWW T —£ L7,

30
20
10 -
=
g 0
-10 |
«20 4
-30 ; ; . .
10 15 20 25 30 35
time [ps]
Fig. 3 Simulated pulsed current.
L=14pHx*10
100V 940 C=6.8nF x10

N=IOI

9

Heating coil
(0.45 pH)

T T

=

Pulse generator

(a) circuit diagram

(b) photo of circuit
Fig. 4 Pulsed magnetic field generation system.

30

20

bl
PR

0.0 0.5 1.0 15 2.0 2.5
time [s] le=

current [A]

Fig. 5 Pulsed current in heating coil.

Transaction of the Magnetics Society of Japan (Special Issues) Vol.7, No.1, 2023 103



3. RBAERLBITAL

3.1 BHEREHIC & DNBARER

TERKIRESR & SV ARG DR 2 LU 3~ 5 T2 D, W7
T2 T U IERGRERER & 7 VARG e 2 E N LT R DT
P AFHm L7z,

Fig. 6 13, FEERICN =Y 7V Thh. B AT U S ABEIC K
BHIEARERT D723, B 3 mm DRERER 30 H (SWHCIOR,
FROFET) EK 1.0 ml A LT T AEEAL, 7K 1.5 ml D
BISAAST-HT 2 A a ha—L e UTER L. £, 677
A 7NEEE (Optotemp2000, Ocean Insight, US) % IV CIREZ
{EABIE U JIE, 7 71 3% B O OBIERIi 515 C
LA Z & T, [ASEToa hn— VOB L 0
YT NVOREI L E U CGtkk LT, ERII e CEIRIREETIT
-7z

e FERE L, IERREREFRUC OV TIE 2.0 mT ~ 3.0 mT,
2V AREFIT OV TIE 034 mT ~ 087 mT & L7=. Zhid,
Easy Heat M 7Z2EBRENTE, 23070 ARSI LIRS 23 HY
FIATHE 2R G BRI T 5. 600 s INEVEFT\, TR BA-72M0
FIL TR0 200 s AT CTOMRBEZS LA RIE L=,

F72, B AT UL Z—TF DR EINBGE B OBEG E
BT B 72, REMEROBEH & 27V > A— T EHIE
L7=. Fig. 713, FRRES, » IV AREBREIIIO e 25 U 3 2
N—TOWMEIZHWEERRTHDL., B AT Y VR L—T
OWEINE, ZIHRE Yy 7T v TFafn 5 ¥—r, EE
20 mm) & A7z, 2 LT, ()& HV T — 3T ik
BHioop % a1H L, 200s M OVEMEE KD D Z LT, £ AT
U ANV—TDHfEE Lz,

loop
BHipop = f BdH ®)

7o, BEEARORBER & U CRERELORENE 2
LIDD, FIUIOWT Fig. 8 12, [RISHEDEHER DESEN
I X 2 AR OfE R 2~ 3. BERIRIEIE, FEBRRO 2
Db 0% MW=, Fig. 8 T, KFEMEKIC 500 s T+8.2 K
OWIEZEALD L S D OISR L, $EROFE AR E 2 i
o, SAERIZFERIERGR TH D Z LD, RSB
EROFEEUT KT DI IR OB/ N & <, ERNEE
RiZe ATV 2ABRTHLEZZBND.

BUIR, FHENNENE T REMERL - O BV B9~ B i 92D
T, 72 B ORI A N L 72 B O INEGh % i3
BT RSN STV R, 2 2 TAR T,
BEBROFERIONWT, HFHENE, BRTHXLF—0D 2
PO R LF—2HLHeL LTIl L7,

3.2 AMBHAREZELL LR
HohENEE AW FETIE, M oA VIS h»DE
JwmERWTY T IVOREE(ENLHE SN D G E
HUEL U, 2 FEEH OB L 2B EZ e L7z, ZodF
ETIE, BRI X > TH A2 MEGT 2B, [N
A NENCIZ BN TWDEIE y BRI A2HETHZ T,

INDEX

carbon steel balls (¢ 3 mm x 30)

water (1ml) water (1.5ml)

23

v

Fig. 6 Sample and control.

exciting coil

compensated
pick-up coils

H coil fiber optic

thermometer

(a) hysteresis measuring system

(b) photo of measuring system (c) photo of measuring system
(pulse) (sine)
Fig. 7 Hysteresis measuring system.

60 &0
—— sample —— sample
55 ~——— control 55 ~——— control
g 50 ¥ 50
g e
245 245
® v
E E
& a0 & 40
u ﬂl
E £
3] 35 e 35
0 e | 30
25 25
0 100 200 300 400 500 0 100 200 300 400 500
time[s] time[s]
(a)copper balls (b)carbon steel balls

Fig.8 Comparison of copper balls and carbon steel balls.

MEN= A AT DD B & Pr & (R & AV TRk,
oty (5 .
Pg = 75,’; v(t)i(t)de @

722U, i NBRER | T3 v A a— T CHEE Y
YTV T LR, v, IIINENa A AT D EIE,
RV DO BRRHE 2 £ 7.

104 Transaction of the Magnetics Society of Japan (Special Issues) Vol.7, No.1, 2023



KON ELNZENE B 2RWT, WELL AT,
oo HE m»OOIEINLEE @ # KT 5 LT,
IEGEhE gr & L, Elekig L Li-.

_mcAT — Q
e = Ps  Pg (5)
F 7o, INBRERNC ) IR LA B E dT/dt & LT
K, Mz Crelgxfge L L.
dT AT
dt  ty ®)

33 MRIRNF—FEEL LI-ER

ZOIFEE, M A MIB 2 bR R LX—%
HWTH TN OBEEZBIET 5 HIETH D, Einilkk
IZE BT, B0 H R FEHENFIE L L TRbid 102
EERFIAL, = A Vi 2 EIROBRRHE 1) & M
SAANDA R B AL T TEE T 5 A7)
ERWTCaA WZEZ LD =RV F— P 2Rk, ik
DL L BRI L, 2% gn & LTz,

TS
_-- SN2
Py = 2T, i(t)~dt )
_mcAT  Q
v Py Py (8

F 72, MEGEEE dT/dt \ZBE L C b Aealk o Fik & [RER I s
*gl Uiz,

4. EEKEDLHBRMBEER

4.1 EHEFHEL LR

Fig. 8 [ZMBA = A LT - 7= B A L LTt
B LR AR, @, M oA LTl - 7o ) &l
K9 B INEGEFE DZEAL, OIIINEN= A i - 28 )
W2t 2 MEGhZR D ZEAL, () ITBEA FENE I kT 2 InERGE
FE DAL, (IR FZE 6+ 2 MBI ROEILTH 5.
2 FEE ORI TN DN T, BRI T D INEGEE d7/dt
ENENER e DEALDEIE & bl Uiz, B I D T
ML, BRI 1.1x105 [Ki(s )], 7~ ARSI 9.8x104
[Ki(s - DITH Y, 2 FEIEOBSZKERETR SN h o
7o MEGHSIZ DWW TUE, IERE L 8.2x107 [[J]Cdh 2 DI
KL, 7OVARESR T 5.4x107 I TH Y, ALV ARERIC 1.6
fEDBENENH D 2 ENMRTE -, 0, MAEDEIC
*t3 5 FAEE DR 24TV BV IIE R ERZEN A S
IR TZDS, BRI OW T OV ARERIT 2.2 fE DAL
PERFER T 2.

4.2 HRTXNX—EHEL LE-LER

Fig. 9 IC A /MCHZ LN AHAT R F— & L L
Tl L=fE R 21, (@, BAe 2L — 23500
BGRE DO LAL, (OIIRER = R F—Txfd B BN R DL
1, (VEBER SN 51 2 IEHIE DAL, (DIERESRSE
MBI XT9 D AN RO I 2R T

Transaction of the Magnetics Society of Japan (Special Issues) Vol.7, No.1, 2023

0.25
%020 e *
¥20.15 = Sy
goOw0 & sine
£ 0.05 e — Lulse
©0.00 e P
0.0 0.5 1.0 1.5 2.0 2.5
Electric energy [J] x104
(a) heating velocity
4x1073
,,,,,,,,,,,, e
3 AT
w2
< 1 -~ sine
—8— pulse
ol # P
0.0 0.5 1.0 1.5 2.0 2.5
Electric energy [J] x104
(b) heating efficiency
0.3
oz L
o T .
50.1 T e sine
vl e
5 1 e —— pulse
© 0.0 p
0.000 0.001 0.002 003 0.004
Magnetic flux density [T]
(c) heating velocity relative to magnetic flux density
0.004
| = *
0.003 e
0.002
® p.001] e sine
' ——
0.000, pulse
'0.000 0.001 0.002 0.003 0.004

Magnetic flux density[T]

(d) heating efficiency relative to magnetic flux density
Fig. 9 Comparison based on electric energy.

FNENDOBFIZ DWW, A/l & RIS, R R L¥—
2k B INBHE dT/dt, 5% gpu OZEALOFIEG % bk
L7z, INBGREE (I OW T, RGBSR 1T 3.2 [Ki(s- )], 7%
JVARERIL 7.6 [Ki(s « DITHY, 7V ABERIC 2.4 [5OHE
PERH D Z E PR TE Tz, £, B IT, EXE
T 2.3x104 [JITH B DKL, 7V AR TlE 3.5x105
UIIcH v, VAR 15 [5OEMIERH D Z & DR
TE e Fio, MRFEMEICK T D FERRO TN 217 o 7o fb
B, HEIZIZRERENR SN o Ton, B FRIZO
WTL ARSI 6.7 5 DEALIED RS T & 72,

4.3 BMERTY D RIL—TOHE

Fig. 10 \ZHEPEIEY o 0@l 25 U 3 20— F %
iE L7 R e w7, (@I v 2 12 A (5230ME) TRl L 7=
B RFEMERDO B AT ) > 2 —7 (DITIETEN 27 A (52
IME) T L7 R o 257 ) S ZAV—F ) %
FLTWS, IOV TA—FDIEES>EX N/ EN DN,
AT NSV ERIC L o THD S5 ESLERR O
RIEORXLSXICERNTLE2HOTHD. ZNENOEEIC
OWCTRE)THEZIT -T2 & 2 A, 7L ARIR ()2 0.31
[A - T/m], ERZEBER )2 0.41 [A - T/m] & EFE ST,

F7-, Fig. 11 12, V—7OHfE%E &, KT r/Lx
—THBL L= b 0%, Rifil & RO I Tk U7 iS5

105



INDEX

ZoRd. HiIE & FIRR, 2L ABER ORhER AN ERKE A ERlo
TWAZENHERTE S, ZORRIL, #ie 27U 2
=T DILRINZ K o THEMEEOIBGHRO[E) B3 T T

Area [TeA/(m*+])]
oN B O ®

. . —+— sine
HEWHITZ LEHRLTWVD. —e— pulse
. 1.0 1.5 2.0 2.5
Electric energy [)] x10*
0.3
Zo2 o * )
= QS . (a) loop area based on electric energy
T 0.1 . —~#- sine
5 | e —e— pulse =70
Soo0 e ? £ 69 ~e— sine
0.00 0.02 0.04 0.06 0.08 =50
Magnetic energy [J] ? gg ®— pulse
E£20 . - .
(a) heating velocity 510 [ o -t
%103 < 0.00 0.02 0.04 0.06 0.08
2.5 Magnetic energy []]
2.0 ~4- sine .
15 —e— pulse (b) loop area based on magnetic energy
Py
1.0 [ S = %1075
0.5
0.0 S
0.02 0.04 0.06 0.08 ¢ . -
Magnetic energy [J] —#— sine
. . g ~®— pulse
(b) heating efficiency o
<< 0.000 0.001 0.002 0.003 0.004
Magnetic flux density [T]
0.3 . .
- . (c) loop area based on electric energy relative to
0.2 . .
X e magnetic flux density
801 P e sine
5 T ~—— pulse =70
0.0 £ 60 ~4-- sine
0.000 0.001 0.002 0.003 0.004 = 50
Magnetic flux density [T] < 43‘8 —e— pulse
. . . . . =
(c) heating velocity relative to magnetic flux density E%ﬁ S B
< 0.000 0.001 0.002 0.003 0.004

Magnetic flux density [T]
(d) loop area based on magnetic energy relative to
magnetic flux density

5505 0601 0,603 0.003 0.004 Fig. 12 Loop area comparison based on electric and
Magnetic flux density[T] magnetic energy.

(d) heating efficiency relative to magnetic flux density
Fig. 10 Comparison based on magnetic energy. b. ¥&oH

<
~

AMFFETIL, 7SIV ARG X 2 B IR D N 2R % R il
T B, 1L UDHIC v AR R 2 /R L 7=, 250
kHz 7V AER & BT 5 O ER B NT A — X &5t

c:fb BUZLVPEL, Spice I al—ya V7 MILbU3
alb—va v EITol. TNEEICFEBICHEEAZER L,

7L AR 2 ps, 250 kHz, 12 A OV AEAEH LIZ, F

+5 0 5 7o, VR 7RI & O CEBCIERE R 2 R H L=

Magnetic flux density [mT] G & OHBIMAERZITV, KT 15 FOBROM L%

(a) pulsed wave (12 A) iR Lo, %7, BVEROBIIE 27 U o A —F ZIE
L, 2hRom Ea2MER LE. 20 Z &%, VAR EH]
A4 252 LT, MM, FAEBcLoTERINDHIK
D AZFERESFHNRIR A OFFAN 10-1D-C ) BEPERL 1 O N Eh
REBDOLILD I EERLTND.

SHOBEL LT, EBEICAA =P =TIV bh
;Y i el D LD IREENET 2 R W T RREE, SV AR A VT2
A . ~ U ANDIIERIZEST 1D,

Magnetic flux density [mT]

(b) sine wave (27 A)
Fig. 11 Measured hysteresis loops.

Magnetization [mT]
(=1
(=]

|
S
=

=
»

Magnetization [mT]
=)
S

S
N

106 Transaction of the Magnetics Society of Japan (Special Issues) Vol.7, No.1, 2023



BEE AT, KER SF0 4 4R IR EH R A B,
J O KEK 4E[FBSMFSE 2022-ACCL-1, AMED 713 =
27 +(22ym0126802j001) D HAE%EZ 1T 7.

References

1) D. Chang, M. Lim, J. Goos, Y. Ng, F. Mansfeld, M. Jackson,T.
Davis, and M. Kavallaris: Pharmacol. 9, 831 (2018).

2) H. Kato, T. Takasugi, R. Tanaka, and Y. Yamamoto: Thermal
Medicine. 36, 59-74 (2020).

3) H.P. Kok, E.N.K. Cressman, W. Ceelen, C.L. Brace, R. Ivkov,
H. Grull, G. ter Haar, P. Wust, and J. Creeze: Physiol. Behav.
176, 139-148 (2017).

4) K. Mahmoudi, A. Bouras, D. Bozec, R. Ivkov, and C.
Hadjipanayis: Int. J. Hyperth. 34, 1316-1328 (2018).

5) S. Guannan, R. Takeda, S. Trisnanto, T. Yamada, S. Ota, Y.
Takemura: J. Magn. Magn. Mater. 473, 148-154 (2019).

6) R. Hasegawa, T. Nakagawa, S. Seino and T. A. Yamamoto, /.
Magn. Soc. Jpn. 42, 90-95 (2018).

7) A. Shikano, L. Tonthat, A. Kuwahata, A. Sukhbaatar, T.
Kodama, and S. Yabukami: J. Magn. Soc. Jpn. 6, 100-104
(2022).

Transaction of the Magnetics Society of Japan (Special Issues) Vol.7, No.1, 2023

8) T. Matsuda, M. Takahashi, I. Tsukiyama, Y. Onoyama, S.
Uehara, T. Yamashita, N. Huwa: Jpn. J. Hyperthermic Oncol.
6 [4] 411-424 (1990).

9) X. Zuo, H. Ding, J. Zhang, T. Fang, and D. Zhang: Results
Phys. 32, 105095 (2022).

10) IEEE International Committee on Electromagnetic Safety
Technical Committee 95, IEEE Access T, 171346-171356
(2019).

11) R. Hergt, and S. Dutz: /. Magn. Magn. Mater. 311, 187192
(2007).

12) M. Zeinoun, D. Serrano, P. medina, O. Garcia, M. Vasic, and
J. serrano: IEEE Access 9, 105805—-105816 (2021).

13) M. Zeinoun, D. Serrano, P. medina, O. Garcia, M. Vasic, M.
Ramos, and J. serrano: Nanomaterials 11, 3240 (2021).

14) K. Takagi, S. Kanazawa, T. Inohara, T. Ueno, T. Kawasaki,
and K. Takahashi: Kodenatsu pulse power kogaku (in
Japanese), p. 212 (Riko Tosho, Tokyo, 2018).

15) Hongtao Li, Hong-Je Ryoo, Jong-Soo Kim, Geun-Hie Rim,
Young-Bae Kim, and Jianjun Deng: /EEE Trans. Plasma Sci.
37, 190-194 (2009).

16) Y. Ohno, T. Nishi: Denki kairo (1) (in Japanese), p. 32
( Ohmsha, Tokyo, 2018).

2022411 R14R %38, 2022€F12 A15AAZE, 202341 A24RR&

107

INDEX



INDEX

Editorial Committee Members * Paper Committee Members

T. Kato and S. Yabukami (Chairperson), K. Koike, K. Kobayashi and Pham NamHai (Secretary)

T. Hasegawa K. Hioki S, Inui K. Ito K. Kamata Y. Kamihara
H. Kikuchi S. Kokado Y. Kota T. Kouda A. Kuwahata K. Masuda
S. Muroga Y. Nakamura H. Nakayama T. Narita K. Nishijima T. Nozaki

D. Oyama T. Sato T. Suetsuna T. Takura K. Tham T. Tanaka

N. Wakiya T. Yamamoto K. Yamazaki

N. Adachi H. Aoki K. Bessho M. Doi T. Doi M. Goto

T. Goto S. Honda S. Isogami M. Iwai N.Kikuchi T. Kojima

H. Kura T. Maki M. Naoe M. Ohtake S. Seino M. Sekino

E. Shikoh K. Suzuki 1. Tagawa Y. Takamura M. Takezawa K. Tajima

M. Toko S. Yakata S. Yamada A. Yao M. Yoshida S. Yoshimura

Notice for Photocopying

If you wish to photocopy any work of this publication, you have to get permission from the following organization to which li-
censing of copyright clearance is delegated by the copyright owner.
(All users except those in USA)

Japan Academic Association for Copyright Clearance, Inc. (JAACC)

6-41 Akasaka 9-chome, Minato-ku, Tokyo 107-0052 Japan

Phone 81-3-3475-5618 FAX 81-3-3475-5619 E-mail: info@jaacc.jp

(Users in USA)

Copyright Clearance Center, Inc.

222 Rosewood Drive, Danvers, MA01923 USA

Phone 1-978-750-8400 FAX 1-978-646-8600

If CC BY 4.0 license icon is indicated in the paper, the Magnetics Society of Japan allows anyone to reuse the papers published
under the Creative Commons Attribution International License (CC BY 4.0).

Link to the Creative Commons license: http://creativecommons.org/licenses/by/4.0/

Legal codes of CC BY 4.0: http://creativecommons.org/licenses/by/4.0/legalcode

REZE-WXEZE
JnomE W R (B & b %) N &%) A% — B (%%F)  Pham NamHai (#%3)
B R g KR NN TN e MW # R B — 45 ith 5L 13 ESTANETTIA Hhom A N e
ANH S EE SRR H & ¥ R8I 4 Kim Kong Tham ik 42 9 NI
W OIE B 7H S f — Ll -3 SN £ A& H & 8T b | NN N TN
Ty 4 A8
HAREE  RERLERE Wk E e o K % 34 it i B wOmE AN B S ®EE R
‘AR~ AEFEEE & A 1A i B B B O B [EREN N i F s R H B 5
S S + o E #EK [LEREA N I FT A% ENE RIS (1 S N % K W
1 H A + H AE 54 HA OB

BEZEINDAN

HERITRBRIEGTERDS L VBRI R AR 2 LT T,

BHAHE CHEONE, FEEMER S (httpsy//

www.jaacc.org/) ML TWABBEFIHEH T AT 25 LFEEHFE VAT L% B THEEL &,
MR ZEESE © — ML FE NP Ve 2

T107-0052 HGARHS X ARIK9-6-41  JHARILE IV
#ah (03) 3475-5618 FAX (03) 3475-5619 E-mail: info@jaacc.jp

L, 20T AT 47 - 3F YR [FoR 40 EEE] (CC BY 40)DFRVMFENTWARLE, FDT ALy A5LUOFHMANTH
FHT 2561013, REXPLOREELEE LEEA.

sgVIAT AT - AF X T4 1A http://creativecommons.org/licenses/by/4.0

V) — )V 2 — K http://creativecommons.org/licenses/by/4.0/legalcode.ja

A S 2 SRR
Vol. 7 No. 1 (%45 13%) 2023451 1 H 547

Vol. 7 No. 1 Published May 1, 2023
by the Magnetics Society of Japan
Tokyo YWCA building Rm207, 1-8-11 Kanda surugadai, Chiyoda-ku, Tokyo 101-0062
Tel. +81-3-5281-0106 Fax. +81-3-5281-0107

Printed by JP Corporation Co., Ltd.
Sports Plaza building 401, 2—4-3, Shinkamata Ota-ku, Tokyo 144-0054
Advertising agency: Kagaku Gijutsu-sha

AT 0 () HARAFS 101-0062  BEUEBT-ICH XM EHER T 1-8-11 MY WCASSE 207 552
BE: DAY= — 144-0054 FEHRAHRXHHH 2-4-3 AR—Y 7 I )401 Tel. (03) 6715-7915
[REBRL @ BRI 111-0052 A BIXMIE 2-10-8  HHE)V4F  Tel (03) 5809-1132

Copyright (©2023 by the Magnetics Society of Japan






