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Magnetization switching time of graded anisotropy
recording media grains

FKHEA M - Simon Greaves « £ 44HA
AL KRB LAEZEAT, BIRRAATEFIEX R 2-1-1 (T980-8577)

N. Akitaya, S. Greaves, and H. Muraoka
Research Institute of Electrical Communication, Tohoku Univ., 2-1-1 Katahira, Aoba-ku, Sendai Miyagi 950-8577, Japan

A media grain with graded anisotropy is expected to have a shorter magnetization reversal time than a single layer
grain due to the lower uniaxial anisotropy at one end of the grain. Here the magnetization reversal time of graded
anisotropy grains is examined as a function of the anisotropy gradient and applied field and compared with single
layer grains. Using graded anisotropy media the magnetization reversal time can be reduced to about 2/3 that of a
single layer grain with the same damping constant. If the anisotropy gradient is increased the damping constant of
the lower anisotropy part of the grain has a significant effect on the magnetization reversal time.

Key words: Magnetization switching time, LLG simulation, graded anisotropy media, damping constant
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Fig. 1 Anisotropy constant as a function of position in a
15 nm thick grain.
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Fig. 2 Head field distributions in medium. (a) Top layer
of medium, (b) bottom layer of medium.
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Fig. 4 Dependence of magnetization reversal time on
SPT head start position for a single layer grain.
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Fig. 6 Influence of SPT head start position on
magnetization reversal time for single layer and graded
anisotropy grains with a = 0.05.
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Evaluation of thermal stability using magnetic Kerr effect with applied
field of various sweep rate

BRI 9T <R Y - SRR RY
DHARRFERERE, 8 AR LT AT E T PR 1 (T 963-8642)
DHAKE, R PR LT AT R E S R 1 (T 963-8642)
T. Miyajima ® ', H. Endo ” , and Y. Suzuki ”
2) Graduate School of Engineering, Nihon University, Korivama, Fukushima 963 —8642, Japan

b) College of Engineering, Nihon University, Korivama, Fukushima 963— 8642, Japan

The thermal stability of perpendicular magnetic films with different anisotropy fields, Hk, was evaluated
from the coercivity change due to variations of the sweep-rate of the magnetic field in Kerr effect measurements. The
sweep-rate of the magnetic field increases as the maximum field is increased, enabling the coercivity, H., to be
measured over a range of sweep-rates. The variation of H. due to changes in the sweep-rate can then be used to
evaluate the thermal stability of the samples as the coercivity variation becomes wider in a thermally unstable
sample. This technique allows the thermal stability to be measured using a Kerr magnetometer with a pulsed

magnetic field.

Key words: thermal stability, coercivity, magnetic Kerr effect, residual coercivity, field change rate
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Table 1 Difference of coercivity of the samples.
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Domain configurations in magnetic wire with transversal magnetic anisotropy

MR E - B - AR - ZRaiDE - B/

[EINRE TR T AT LA TR R R EE AR 4 TH 17-1 (T7380-8553)

Tomohiro Ikeda, Chuang Ma, Ryoma Arai, Akimitsu Morisako, and Xiaoxi Liu
Department of Electronic Information Systems Engineering, Shinshu University, 17-1, Wakasato 4, Nagano, 3808553, Japan

In this study, FeCo magnetic wires with different widths were fabricated by photolithography and facing targets
sputtering. Specifically, the domain configurations in the magnetic wires were studied. Flux closure domains with
both 90° and 180° domain walls were found in magnetic wire with uniaxial transversal magnetic anisotropy.
Furthermore, when the uniaxial transversal magnetic anisotropy was increased, a dramatic increase of 180° domain
walls was found in the magnetic wire. These results suggest there are potential for applications for magnetic wires in

stress-induced magnetic domain wall motion devices.

Key words: magnetic wire, domain wall, magnetic anisotropy, magnetic domain structure
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Fig. 1 Schematic illustration of FTS and magnetic wire on

glass substrate.

FTS CORGER Gl Fig. 1 IR X 5 (R A B L=,
FTS (Z & 2 MIIFEOHERS I 1.4x10° Torr F25E £ THERL L Ar B A £ %
15x103 Torr & U 7o 7, T AHRMROWIE IR & Ui, F7-,
7T A MR AE LT IR (Fig. 1 'Y J57) %9 30 Oe Ol
NHDO BTN S 5,

ZNETONZET, FTHEZE HIV T FeCo MR- XK
PR OVRRE ORI, A ESeEOH 9903% 5, ABFFETIHE
& 3nm @ CoNi O FHfEZE A L7z, FeCo yHIEDEIZIL 30nm &
L7-, HIZ, FeCo BOFLBAIEDT-6, 2nm @ CoNi F-v » 7TE
BRI LT,

TEMERBRRO— B P EO R E SORBEIRTFE 2T 5701z
150~300 °C. 1.0 10 Torr “C 30 4 EEE AT T 77,

Transaction of the Magnetics Society of Japan (Special Issues) Vol.1, No.1, 2017

INDEX



- FeCo (110) (@) CoNi/CoFe/CoNi
o 200
& an 1 & 1 2 1 & 3 1
[ b) FeCo
£ 400¢ FeCo (200)
= 200}
3 1 M 1 A 1 A 1 = 3
= o CoNi(111) (c) CoNu
m%
200+ e At
0o— 1 . " :
40 50 60 70 80
26 (deg)

Tig. 2 XRD profiles, (a)CoNi(2 nm)/FeCo (30 nm)/CoNi (3
nm)/sub. (b) FeCo (90 nm)/sub. (¢c)CoNi (90 nm)/sub.

TR IE 0D Tl SRR I VAR Bh RO R RS 70 1 (- Vibrating Sample
Magnetometer, VSM )% FHV TR L 7=, ERDRER AT,
XHHalEE ( X-Ray Diffraction, XRD )& AV CRIE L7z, 1ERLL
TGV L Fig. 1 0O Y HIANCAHEEAA T~ T %, 1 —BAgE:E
T, BEXMSEEBIE LT, TITHARBIILEA FWT, EE
DIREBEL LT,

FRIER AT D720, ~ M7 u~I R T4 v I AV 2
L— a3 & 157, OOMMF D73y /r— 02 L=, [HN
TEHTANCEA T A — MR DO R E S RAMER K Lo T
(b, EPNIE O E & XSS OBREFIA L, A
SR CVERL U T-BaMERIR & e LT,

3. MRLEER

Fig. 217 3 DDR72 2 5 CRidist L 7-iikod XRD fibT sl s
Y, (@) FHUEIZ CoNi 3nm, - 7J&EIZ CoNi 2 nm & A7\
4 LTBIE 30 nm @ FeCo —JEHE, (b) FeCo &I 90 nm DHUREIE,
(c) CoNi JBJE 90 nm DHiJEED XRD %A 7 77 N Cdh ., (a) FeCo
ZIBIRECIE, BSROEWTRAMALSLIEREE bee D(UO0)EDHOE
—7 LIRS, (a) FeCo ZJEIROEFROEIHTHYMZ(C) CoNi H/E
O EAROIEHTHR & 3 G TR S 47, Lo L, =JElEod CoNi
THUE IR 3 nm T Y, BRI 90 nm > CoNi B by
EHTRAMEISID Z L 13E 2S5, Lo T AZEIE~D XRD
FEHTIZ L > TEBI-#ES T FeCo BB ORI THH L4
5D, (b) TlIEROBIRES FeCo HEIHD bee(200)H D b—2
LRSI, () CoNi HAEI Gl L Zibi foc (L&D
— 7 LRI,

Fig. 3 12 3 DODHL2 2 Gt ORI L 7o DiRiN oo & A7 1)
SAN—THNT, WHREEY e, F U THENEL X ot
U CTH 2D, WD H3735 L 91T, FeCo HUER IS/ T, 2
IR AR CE 720, L L, FR@C R L=

Transaction of the Magnetics Society of Japan (Special Issues) Vol.1, No.1, 2017

T T T T T T T T
fffffff Direction Y =
Direction X

2000

1000 ~

-1000 :
(a) CoNi/FeCoCoNi/Sub.

-2000 A
2000 T T T T T T T T

. J (b) FeCo/Sub.

1000 ~

u/cc)

-1000

m

(e

22000 -

M

1000 ~

-1000 J (c) CoNi/Sub.

T T T T
-100 0 100 200

Magnetic Field ( Oe)

T
-200

Fig. 3 M-H loops, (a) CoNi (2 nm)/FeCo (30 nm)/CoNi (3 nm),
(b) FeCo (30 nm), (c) CoNi (30 nm).

TGl S LR O S S8h biz, 20z & &

. ARFBRUZIIT DRIEZ LV . FeCo REMHIE ZiipN 50—l
HFHAEANTE 5 2 EDWERTE 5, NIRRT
#1900e TH B,

F7.Fig.3 225 FeCo > FTHIEIZ CoNi JE 48 Ad 2 Z LT &
Y. FeCo DL 1HRTE 5 2 LGN /o7, =k
DEMEETINERKI 20 0e TIH D, F7=, CoNi DHIBIREOIREES HH) 20
Oe TH Y , ZJEFEL CoNi BRI N IR METH 2,
ZHUZL, CoNi B TR L= FeCo BRI 1A AN T Hij=E D
FIC R /NE LT 9, F ) AR B) < AHUHH AL E T
b, PEDMER SN O DEEZ B,

Fig. 4 (8) (%, ASERIZIOW TR U7 REPEIRROREE S | R
BURER VTR LI 5B Ch D, 2 ORI & [7 Ul
ORI 5 BTV IR 94 Oe Th-o7=, [RIKIM HEEEH
FROMESTTANZ 180 FERBED S C& %, F7=., Figure 4(b)iX(a) & [F]
URRBI ORGSO 1 — BT 55 T 5, 1 —TEED HE D
2 b T A RO DS T, BEOE BN 5 S i
\SHBROIE AN, BY LD AN TD, [FIK(@),(0) & W AEBRICES
1T DREHERROMERGEIC 0 | IR M OREX OB ADY F[RET
HDHEND ZEDNHERS IV, F, BEMEHERROIEDS 10 um LUT
DREETH 180 FEEREENBIER S AL D D, AETHIAICA S

11

INDEX



Fig.4 Pictures of magnetic domain configuration. (a) Bitter

pattern. (b) Kerr microscope image.
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Fig. 6 Bitter patterns on magnetic wire of CoNi/FeCo/CoNi.
(a): annealed at 200 °C. (b): annealed at 300 °C.
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Plane view of magnetic domain. I
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Fig. 7 Plane view of domain structure of magnetic wire.
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Improvement of Figure of Merit of Faraday Effect of Fe (Co) Thin Film by
Introduction of Induced Transmission Filter
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2 Citizen FineDevice Co., Ltd., 4107-6, Miyota,Miyota-machi, Kitasaku-gun, Nagano 389—0295, Japan
b>Shinsyu University, 4-17-1, Wakasato, Nagano 380— 8553, Japan

Although ferromagnetic metals such as iron and cobalt have a giant Faraday rotation, it is difficult to apply them to
optical devices because of their strong light absorption. If the giant Faraday effect of the ferromagnetic metal is
applied to magneto-optical devices using the transmission light, the ferromagnetic metals must be arranged on the
thin film structure in such a way as to reduce the light absorption. An even more important issue is how to suppress
the reflection light caused by a refractive-index difference with a light pass medium. In this study, we introduce an
induced transmission filter with iron or cobalt thin film to enhance the transmittance at the light-wavelength of 1550
nm. We also investigate the Faraday effect. The fabricated filter consisted of a center-positioned magnetic layer
sandwiched by top and bottom admittance matching layers. When the admittance matching layer thickness was
changed, the Faraday effect was enhanced compared with the basic structure that never decreased the Figure of
merit (FOM), defined here as a Faraday-rotation per transmission loss [deg./dBI.

Key words: ferromagnetic metal, thin film, Faraday effect, optical interference, multilayer, evaporation
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Table 1 Evaporation conditions of materials.

Material Temperature Degree of Depo. Rate Ton-gun parameters
(0) vacuum(Pa) (A/sec.) Gas Vic (V) Tic (mA) Ton current density (uA/cm?)
Fe <80 1.0x102 0.5 Ar 500 600 31
Co <80 <4.0x104 0.5 — — — —
Ta205 80— 150 1.5x102 2.0 02 900 900 104
Si02 80— 150 1.5%x102 6.0 Oq 750 900 92
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Fig. 1 Cross section image of induced transmission
filter with Fe.
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Fig. 2 Faraday effect measurement set-up.
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FHO'PMF Tfaiktd 5. H#&192 PBS(Polarization Beam
Splitter) T P, S f@MIZHBEL TRT— XA =% — |2 L 5T
BN BEL S 7 7 77 —RlEAZ KD, ASE
FPTZAEER R AQ2141 AL, T —2—%—(Z
Agilent Technologies i 8163A # i L 7=.

3. RERER

3.1Fe, Co BEREOMS AR LAMT 75T —MHix
ADHTE

Fe, CoydEH D LM EEORIERE R %2 Fig. 3 BL O
Table 212779, Fig. 31265 nm/EFef#fi%, 55 nm/Z CofE
W56 L TR R+10 kOe DR O #iJH CHITE L 7= Bk PN 5 17)
BILOEEF B CHRE R LEZLOTHD., £, 20
fWECHESNZT 777 —REsf (LLFor) UL LT,
Fe, Cofid &% & b W T B 5 [ O S R s L » ¢
HNBALEE L 7o > T D BEFENIBEROFEIZ X -
T+10 kOe TH BAFIRLL L2203, WAL ELRR O ELARE (8
n, EATURL/hEL, EEGFMOBACEIT 2R
WA CH 2N b O L HEES D, KHERD
W ox¥ 20r bEMAEEZA L TR Y, WEE TR bihii
EXE LTS, BRI LB I SCRRE & bR TR WET
bot-. Fi-, 1550 nmiZBIF BN TS, kT, SCHVE
WZAT <, MRS BT RISV IR S ST A LB X

——Magnetization curve in plane
20 / -

O Faraday rotation angle -

15

6
5
4
in perpendicular = 3
2
1
0

Magnetization (kG)

Faraday rotation angle 0 y(deg.)

—95 1 1 1 1 1 1 1 1 1 -6
—10 -8 -6 —4 —2 O 2 4 6 8 10

Applied magnetic field (kOe)

(a) Fe

Magnetization curve

/i.n plane —

6

- 5
O Faraday rotation angle 4
in perpendicular 7 3
2

1

0

Magnetization (kG)
|
2 d oo
\
L
|
[
Faraday rotation angle 6 y(deg.)

—20 4—5
—95 L L L L L L L | | —6
~10 —8 -6 —4 —2 0 2 4 6 8 10
Applied magnetic field (kOe)

() Co
Fig. 3 Magnetization curves and Faraday rotation
angle of Fe, Co single layer.
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Table 2 Optical and magnetic properties of Fe, Co
single layer prepared by IAD method.

Fe Co
Property
Ref. Exp. Ref. Exp.
Refractive Index
3.6211 3.65 4.2912 4.30
n (@1550nm)
Extinction coefficient
5.5610 5.60  6.4112 6.17
k (@1550nm)
Magnetic saturation
21.619 18.8 17.919 17.0
Ms (kG)
6 Estimated magnetic field in Exp. : 19.3 kOe
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Fig. 4 Faraday rotation angle of Fe, Co single
layer compared with those of Ref. 14).
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Fig. 6 Transmittance of induced transmission
filter with Fe and Co films, thickness are 65 and 55
nm, respectively.
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Mnlr/CoCr XIS RICH 1T 5 X MFE AT Hex DERIEL

Time dependence of exchange coupling field H.x in MnIr/CoCr exchange
coupled film

LIPNTREE =« SRR Y - SARR Y
O A ARERZEGE T Z0RE, A BAR L T B A TR T il 1 (T 963-8642)
OV AR TR, 4 e AR LU AT E TR 1 (T 963-8642)

T. Yamauchi ? , H. Endo " , and Y. Suzuki ”
@ Graduate School of Engineering, Nihon University, Korivama, Fukushima 963 —8642, Japan
b College of Engineering, Nihon University, Korivama, Fukushima 963 —8642, Japan

Exchange coupling field Hex was found to increase with time when Mnlr/CoCr exchange coupling films were
left at room temperature in air. The exchange field Hex of samples prepared with the substrate heated up to 50°C or
100°C was greatly reduced. In addition, while the exchange field Hex of the sample deposited at the substrate
temperature of 50°C increased with time, it did not increase when the sample was deposited at the substrate
temperature of 100°C. TOF-SIMS data taken from samples immediately after deposition, after Hex was saturated,
and after deposition at the substrate temperature of 100°C showed that the element profiles were quite similar,
except for a decrease of Mn composition at the Mnlr/CoCr interface in the sample deposited at the substrate
temperature of 100°C. From these results, a model is proposed to explain what causes the increase of Hex by Mn
diffusion. It was found that the direction of the field when the sample was left at room temperature after deposition
had a great effect on the resultant Hex. No change in crystal structure was observed, indicating that the time
dependence of Hex was caused by a change in the magnetic structure.

Key-words: magnetic recording, exchange coupled film, exchange coupling field, Mn diffusion
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I KT 4 27 OB KB GMR A~ 5, TMR A~y ¢ = o Sl - U CORURIND AL 2 07bn: Ho

I, SREMERE & SRS R S D 2SR SR SR S
TS, ARSI CIIERE I ORY L7807 AN [EE <4,
[EIE SN AIR S ARG ORI Hex T flix DIGHSEC Hex
ERELTHZENRDLND.

AFETIL, AREIOERG 2L S5 2 &0, ERgBOR
FHIREGPENIUPR A 92 & C Hex DIEZIERESEH Z L& HIE
B2 A T o7, 2T, VR L 7o 2sisfb GA- =il - K
TERAET D L, WEORGE & T Hex 2NN 2B G03 R,
DIz, ISR AR IN X 71, BEREEIIN L7236
WAEILZRTAUE He IHINLZ2V. 72, SR CAE AR oxf
L TR —[RREA I X D & 9 7l e E O —3 g2
DIESE, SHSE AR == K0 ZEIRIRAR B
D2 LT Ho DT 5 M—=0 TR E VO BGNH D = &
DENHINTND 19, LoD, Zhb - HORRETIL, =i -
KEHF LW T Ho DHEIIT DB AP CE . ZVE
T, Hex DFFERGE & SN LTz & W o 7372 <, Z0JFIA
ETRLICHED R, ZOH LWBGORFMRT Shiud,

M GRS A 1] RSB0 LOTIEAMEZRE TE A ATREMD B 5.

2 2 CANIZE CIEERIR - KETIZBIT D He OHNEREROJFK %
Y, URREEET VRN TH I LR AL L.
FTVIDICEZONDFRE LT, REESERE L2 &l
K OHBIOBH DO TREMEE B 2, (RO N L 2%
Tz FEe, BRI OEMNED, Hex BRSBTS 5
AT, ZOREND He IS A DA TE % Mn OHLRE
TN EBR LT, Mn OREHES HIA~OILAERGET 5725

20

NG5 2 2 B e L.
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Fig. 1 Structure of exchange coupled film.

Transaction of the Magnetics Society of Japan (Special Issues) Vol.1, No.1, 2017

INDEX



Table 1 Deposition conditions.

Value Unit
Base pressure 8.0X 10 *or under Pa
Ar gas pressure 2.00 Pa
Sputtering power 50 W
Pre-sputtering time 10 Min
Applied field 120 Oe
Table 2 Target composition.
CogoCrrao (at%)
Mnsolry (at%)
NisoCrao (at%)

Ho BN ST B R R D 10, Fig. 1 OFAMER OREHE,
FEBGRIE 50°C 3L 0% 100°C CfER Lizakkl 2 s Uiz, o
EEA TR G TR 23°C TOIERIL 72 5.
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TN —90°735 90°DFETH T Hex DFASEAFIEZIE LT, 2
ORIELE TR VERE S5 2 AR E TIEL, HxDf
JERAA A b A fER LTz

PERL U7 CORBIOE R E SRR 5 (VSM) ©
HE Lz, —HosHI XA XRD) 2 My v Citiditdit
DT EAT Tz,

3. RERER

3.1 H,DENE L UVREROFE - B - HHOEWVIZEK
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HRZE VRED Hex DRERFZE LA Fig. 2 IR T. IR THDHICH
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BB Lo C Hex D3 & HUTHEIMN L7z & 9 ATREMEC
DNTIIRD T, RO SO B 28 % Tkl R L,
Wl U7z, Fig. 31 PtAEREOA RS JOVE S 222 TRl L7
BB SRR IR LT2BE0D Hex DI s ARBIRDE X,
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HIBERLOFI IO U L D b O TIIRW EHEN SN 5.

728, Fig. 2, Fig. 3 &R0 L, EHOESIZE T HxOfE
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WZKIFT 5 b0 T e, BEHFERD He DIEHNEH DT
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Fig. 2 Time dependence of Hex for films with
Ta capping layer of different thickness.
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Fig. 3 Time dependence of Hex for films with
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#%, SR CRAFT 5 & Mnly/CoCr Siiilrf50D Mnlr fEbhiRic
PR LT He\ZBE5- L QU o72 Mn 23, FiROEE CoCr 5#
Wl 6 OB A 52T, Mnslr #fiiB0> Mn 23R 2 L7255 2
DIAEND Z EIZH Y HaDSBEINLTZ B2 Q0D ZHUT LY,
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Fig. 5 Model of Mn diffusion
in exchange coupled films
without substrate heating.
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Fig. 6 Model of Mn diffusion
in exchange coupled films deposited
at substrate temperature of 50°C.
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Fig. 7 Magnetization curve of exchange
coupled films deposited without substrate heating.
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Fig. 8 Magnetization curve of exchange
coupled films deposited at
substrate temperature of 50°C.
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Fig. 9 TOF-SIMS profile of exchange coupled
film without substrate heating.
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Fig. 10 TOF-SIMS profile of exchange
coupled film with substrate heating of 100 °C.
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Fig. 11 Enlarged view of TOF-SIMS profile.
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Size dependence of magnetic properties for
L1o-MnGa circular dots

H. Makuta, Y. Takahashi, T. Shima, and M. Doi

Graduate School of Engineering, Tohoku Gakuin University, 1-13-1 Chuo, Tagajo-shi, Miyagi 985-8537, Japan

L1o-MnGa circular dot arrays have been microfabricated from continuous films. The thin films were prepared
using an alternate deposition method with a magnetron sputtering system. Improvement of degree of long-range
order (9 and saturation magnetization (Ms), for the L1o0-MnGa thin film was confirmed when repetition number ()
was increased to 10. The thin film with n = 10 exhibited Ms = 439 kA/m and Ku= 1.1 MdJ/m?3. The film with n= 10 was
microfabricated into circular dot arrays by electron beam (EB) lithography and Ar ion milling. The critical
single-domain size was determined to be 140 nm® by observation of magnetic domain using a magnetic force
microscope, and the exchange stiffness constant (Aconst) was then estimated to be 1.1 x 10711 J/m from the critical

single-domain size.

Keywords: Llo-MnGa thin film, circular dot arrays, microfabrication, critical single-domain size, exchange stiffness

constant

1. Introduction

L10-MnGa alloy attracts much attention as one of
material exhibiting high uniaxial crystalline magnet
anisotropy without including rare earth elements or
noble metals. The Llo structure is corresponding to y1
and yz2 -phase in the Mn-Ga binary phase diagram?, it is
thermodynamically stable in range of approximately 64
~ 67 (yi-phase) and 58 ~ 61 (y2-phase) at. % Mn. In thin
film case, saturation magnetization Ms= 600 kA/m and
uniaxial magnetic anisotropy Ku =~ 1.5 X 106 J/m3 have
been reported in MnssGaus (at. %) sputtered thin film?.
Such high Ky of L1o-MnGa above 1 MdJ/m is satisfying
requirement to maintain the magnetization direction
even in a nanoscale magnet. Therefore, a lot of studies
about the L1o-MnGa and the application such as the thin
films on various substrates®®, microparticles with
nanocrystal?, spintronics devises®?, and a bit patterned
medial® have been performed. However, there are few
reports about magnetic properties for the Llo-MnGa in
Understanding of nanoscale magnetic
properties should be required for the design guidelines

nanoscale.

for the various applications.

In this study, L1o-MnGa circular dot arrays have been
microfabricated from the thin films. A relation between
the magnetic properties and the diameter of the dots has
also been investigated. The critical single-domain size
was determined by observation of magnetic domain
using a magnetic force microscope; exchange stiffness
constant (Aconst) Was then estimated from the critical
single-domain size.

2. Experimental procedure

The Llo-MnGa thin films were prepared by alternate
deposition method with radio-frequency magnetron
sputtering system. Base pressure of the deposition
chamber was less than 1 X 10% Pa. [Mn/MnGal, (n:
repetition number) multilayers were deposited on a Cr

26

(5 nm) buffered MgO (001) single crystal substrate. The
stacks were then capped by a Cr layer (10 nm). n was
varied as followed: n = 5, 10, and 15, whereas total
thickness of the [Mn/MnGal, multilayer was fixed at 20
nm. The Cr buffer layer was deposited at room
temperature (R.T.), and annealed at 700°C for 30 min.
The [Mn/MnGal, multilayers were deposited at 100°C by
using a Mn and Mn4oGaeo alloy target for the Mn and
MnGa layer respectively, and then post-annealing were
applied at 400°C for 60 min to promote crystallization
L1y ordering of the [Mn/MnGal, multilayers.
Composition of the Llo-MnGa film can be controlled by
change of thickness ratio for the Mn and MnGa layer in
the multilayer. The composition was fixed at MnssGaasz
(at. %), in this case thicknesses of the Mn and MnGa
layer were approximately [Mn (0.97 nm)/MnGa (3.0
nm)ls, [Mn (0.49 nm)/MnGa (1.5 nm)lio, and [Mn (0.32
nm)/MnGa (1.0 nm)lis. The Llo-MnGa dots were
microfabricated from the continuous films through the
use of electron beam (EB) lithography with a
negative-type EB resist and Ar ion milling. After the
milling process, the dots were capped by an Au layer (5
nm) without exposure to atmosphere to protect side of
the dots from oxidation. Diameter of the dot (D) was
reduced from 1000 nm® to 140 nm®. The crystalline
structures of the thin films were identified by 26-6 scans
of xray diffraction (XRD) with Cu-Ka radiation. The
magnetic properties for the films were measured with a
super conducting quantum interference device (SQUID)
magnetometer. The shapes of the dots were observed
using an atomic force microscope (AFM). The magnetic
properties for the dots were characterized using the
magneto-optical Kerr effect (i-MOKE) measurement
system with the polar configuration. Magnetic domain
structures were observed using a magnetic force
microscope (MFM). All the measurements were
performed at R.T..
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Fig. 1 XRD patterns for L1o-MnGa thin films with
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Fig. 2 Magnetization curves for L1,-MnGa thin films
with repetition number (n) = (a) 5, (b) 10, and (c)
15. Solid circles and dashed lines denote
out-of-plane and in-plane curves respectively.

3. Results and discussion

First, in order to find optimum n of the [Mn/MnGalx
multilayer, investigate the effect of n on crystalline
structure and magnetic properties for the thin film. Fig.
1 shows XRD patterns for the L1o-MnGa films with n=5
(a), 10 (b), and 15 (¢). Fundamental (002) peaks and
superlattice (001), (003) peaks of Llo-MnGa were
observed in n = 5 ~ 15. It indicating that the L1o-MnGa
films were successfully obtained from the [Mn/MnGal,
multilayer after post-annealing. A (112) peak was also
clearly observed in n = 5. It implies incomplete
orientation along [001] direction (i.e., easy axis of
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Fig. 3 AFM plane view and cross-sectional images
for L1o-MnGa dots with D =(a) 1000 nme®,
(b) 500 nm®, and (c) 140 nme.

magnetization) of the MnGa layer. In case of n = 10 and
15, the (112) peak intensity was reduced compared to the
film with n =5, indicating improve of [001] orientation of
the MnGa layer with n increase. The degree of
long-range order (S) was estimated from following Eq.
(D:

S = Vloon/ Ioop]meas/ oon/ oo cae., (1)
where Ioon and ooz are integrated intensity of (001) and
(002) peaks and [T001/T002]meas. and [Loon/ Loop]cale. are the
measured and calculated peak intensity ratio,
respectively. When n was increased to 10 from 5, S was
slightly increased to 0.75 from 0.71. It can be interpreted
as a result that increase of interfaces between the Mn
and MnGa layers in the multilayer allowed easy
crystallization and Lloordering.

Fig. 2 shows magnetization curves for the Llo-MnGa
films with n =5 (a), 10 (b), and 15 (c). Solid circles and
dashed lines denote the out-of-plane and in-plane curves
respectively. Ku was estimated from estimated Eq. (2):

Ku= poMs X Hy/2 + poMs2/2, (2

INDEX

where pois space permeability, and Hkis anisotropy field.

1oMs2/2 is correction of the demagnetizing energy. Hk of
the films were estimated to be 5.2 MA/m for n = 5, 3.5
MA/m for n = 10 and 15. Ms was increased to Ms = 439
kA/m from 364 kA/m, K. was decreased to 1.1 MdJ/m3
from 1.3 MdJ/m3 when n was increased to 10 from 5. In
case of n = 15, remarkable changes in Ms and K, were
not observed.

The L1o-MnGa film of n = 10 with maximum S and M;
was microfabricated into the Llo-MnGa circular dot
arrays. Fig. 3 shows representative AFM plane view and
cross-sectional images for the Llo-MnGa dots with D =
1000 nm® (a), 500 nm® (b), and 140 nm® (¢). The dots with
well-defined circular shapes were observed for each D in
the AFM images.

Fig. 4 shows MOKE curves for the as-deposited
L1o-MnGa continuous film (a) and the as-patterned dots
with D = 1000 nm® (b), 700 nm¢ (c), 500 nm® (d), 300 nm®
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Fig. 4 MOKE curves for L1,-MnGa (a) continuous film
and dots with D = (b) 1000 nm?, (c) 700 nm®, (d)
500 nm?, (e) 300 nm?, (f) 200 nm®, and (g) 140
nm?. (h) Coercivity (H.) as a function of diameter

(D) for the dots.

(e), 200 nme (f), and 140 nm? (g); coercivity (H) as a
function of D for the dots is shown in (h). When the
continuous film with Hc.= 255 kA/m was microfabricated
into the dots with D = 1000 nm®, it exhibits H. = 326
kA/m. H.was more increased with decrease of D, H. =
589 kA/m was confirmed in D = 140 nm®.

In order to determine the critical single-domain size of
the Llo-MnGa thin film, observation of the magnetic
domain by using a MFM was carried out. Fig. 5 shows
MFM images of the as-deposited Llo-MnGa continuous
film (a) and the as-patterned dots which were
magnetically initial state with D = 1000 nm¢ (b), 500
nme (c), 200 nm? (d), and 140 nm® (e). The bright and
dark contrast denotes the upward and downward

magnetization state respectively. Multiple-domain
structure was observed for the continuous film and the
dots with D = 300 nm® whereas few dots with

single-domain structure was observed among the dots
with double-domain structure in D = 200 nm¢. When D
was decreased to 140 nm¢, single-domain structure was
observed for most of the dots. It suggests that critical
single-domain size of the L1o-MnGa dot is D = 140 nm®.
Aconst. of the L1o-MnGa dot was estimated using the
critical single-domain size. Here, domain wall energy
and magnetostatic energy in a dot with critical diameter
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Fig. 5 MFM images of L1,-MnGa (a) continuous film
and dots with D = (b) 1000 nm?, (c) 500 nm®, (d)
200 nm®, and (e) 140 nm*® in initial state. Bright
and dark contrast denotes the upward and
downward magnetization state, respectively.

i
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Fig. 6 Schematic illustration of a circular dot with
double-domain structure.

is discussed. Fig. 6 is a schematic illustration of a
circular dot with double-domain structure. Domain wall
energy of the dot (y) is given by

Y = 2retmVAconst Ku, ®)
where rcis the critical single-domain radius and ¢ is
thickness of the dot. On the other hand, if the dot has
single-domain structure, magnetostatic energy of the dot
(Uw) is given by

Un = noNmr2tM:2/2, (4)
where N is demagnetizing factor of the out-of-plane
direction. In the critical case,

y = Un. ®)
Therefor, the following Eq. (6) is satisfied:
2retmVAeonst Ku =poNmre2t Ms2/2. 6
From Eq. (6), Aconst. is described as
Aconst. = FC2N?}102M4/16K11. (7)

Using the re = 70 nm, N=0.81, Ms = 439 kA/m, and Ky =
1.1 MJ/m3, Aconst. is estimated to be 1.1 x 101! J/m.
Magnetic properties for the representative
ferromagnetic materials including the Llo-MnGa is
summarized in Table 1. The Aconst. of the Llo-MnGa is
comparable to that of the other listed materials.
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Table 1 Magnetic properties for the representative ferromagnetic materials.

Material oM (T) K. J/m?3  2r.(am)  Aconst. (J/m) Ref.
Fe 2.15 ~ 4.2 x 104 12 2.0 x 1011 11)
Co 1.80 ~ 5.3 X 10° 70 1.3 x 101 11)
Llo-FePt 1.45 =~6.6x 106 340 1L6x 101 12)-14)
Nd-Fe-B 1.60 ~ 4.5 x 106 210 0.8 x 1011 15)
L1o-MnGa 0.55 ~1.1x106 140 1.1x 101 —
As presented above, H., critical single-domain size, References

and Aconst. of the Llo-MnGa dots were demonstrated.
However, it must be note that the dots were
as-patterned; consequently, deterioration of the
magnetic properties due to the damage of the dots
during the milling process must be considered.
Post-annealing of the dots and investigation of magnetic
properties for the dots are should be required.

4. Summary

In this study, L1o-MnGa circular dot arrays have been
microfabricated from the thin films. A relation between
the magnetic properties and the diameter of the dots has
also been investigated. The Llo-MnGa thin films were
prepared by alternate deposition method. Improvement
of S, and M;s for the L1o-MnGa thin film was confirmed
when n of the [Mn/MnGal, multilayer before
post-annealing was increased to 10 from 5. The film with
n = 10 exhibits Ms = 439 kA/m and Ku= 1.1 MJ/m3. The
film with n = 10 was microfabricated into the circular
dot arrays. The critical single-domain
determined to be 140 nm¢® by observation of magnetic

size was

domain using a magnetic force microscope, and Aconst.
was then estimated to be 1.1 X 1011 J/m from the critical
single-domain size.
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Fabrication and magnetic properties of L1o-MnGa highly
oriented thin films

Y. Takahashi, H. Makuta, T. Shima and M. Doi
Graduate School of Engineering, Tohoku Gakuin University, Tagajo 980-8573, Japan

L1o-Mn-Ga highly oriented thin films were prepared on MgO (100) single crystalline substrates with a Cr buffer

layer using an ultra-high-vacuum electron beam vapor deposition system. All growths are monitored in real-time
using reflection high-energy electron diffraction (RHEED). The RHEED pattern shows clear oriented growth. In

addition, XRD patterns for a fundamental (002) peak and (001) and (003) superlattice peaks were clearly observed.
Large magnetic anisotropy (Ku) of 10.5 Merg/cm3 and saturation magnetization (Ms) of 470 emu/cm3 were observed
for L1o-Mn-Ga film (100 nm) at 7% = 300 °C. When the thickness of L1o-Mn-Ga decreased from 100nm to 5nm, K. (=
6.01 Merg/cm?), Ms (= 302 emu/cm?) and Ra (= 1.45 nm) were decreased, respectively.

Keywords: Llo-Mn-Ga, magnetic anisotropy, saturation magnetization, electron beam evaporation method, thin

film

1. Introduction

Mn-Ga alloy thin film is known to exhibit a
saturation magnetization; Ms ~ 200-600 emu/cm3 [1, 2,
5], a high magnetic anisotropy; Ku~ 10-23.5 Merg/cm3
[1], a high spin polarization; P ~ 88 % (it was
theoretically predicted to be a half-metallic-like
ferrimagnet) [3] and 58 % experimentally [4], and a low
Gilbert damping constant; a ~ 0.008-0.015 [1]. It has
been attractive attention as a new material for spin
electronics device [5-12]. Recently, thin films of ordered
Mn-Ga alloy is one of the most intensively studied
materials for a magnetic tunnel junction (MTJ) for the
super gigabit (Gbit) class magnetic random access
memory operated by spin transfer torque (STT-MRAM)
[14-20]. The primary issue to be addressed in MRAM
applications is to reduce the critical current (I) required
for STT-induced magnetization switching. Therefore,
MTJ films should have a low Ms ~ 100 emu/cm3, a low a
= 0.01, a high Ku = 10 Merg/cm?, and a high P =
70 %, Mn-Ga alloy thin film is very attractive to satisfy
these required properties [13]. In addition, the thickness
of the magnetic free layer in such STT device is required
to be below 5nm in general [10]. At the moment, little
has been reported on Llo-MnGa thin film having a high
perpendicular magnetic anisotropy (PMA) oriented
perpendicular to the substrate by using an ultra high
vacuum electron beam (UHV-EB) vapor deposition
system.

In this paper, Llo-MnGa highly oriented thin films
have been fabricated by using an UHV-EB vapor
deposition system and their magnetic properties ware
investigated.

2. Experimental procedure

Prior to film deposition, Mn1.0Ga target alloys were
prepared from high purity manganese (99.999 %) and
gallium (99.9999 %) by arc melting method in argon
atmosphere. The base pressure of arc melting was less

than 103 Pa. Mn-Ga thin films were prepared on MgO
(100) single crystalline substrates with a Cr buffer layer
using an ultra-high-vacuum electron beam evaporation
system with a base pressure below 8.9x107 Pa. The
stacking structure of sample was follows: MgO (100)
substrate/ Cr (5 nm)/ Mn-Ga (100-5 nm)/ Cr (10 nm).
The substrate was heated to 7. = 300 °C during
deposition and annealed at 300 °C (3 h) for improve the
quality of crystal. The compositions of the films were
determined by an energy dispersive X-ray spectroscopy
(EDX) and X = 77.8 (1st depo.), 71.5 (2nd depo.), 62.0
(3rd depo.), 69.9 (4th depo.), 59.3 (5th depo.) and 44.6
(6th depo.) for MnxGaioo-x (at. %) are confirmed. All
growths are monitored in real-time using reflection
high-energy electron diffraction (RHEED). The crystal
structure of the samples was characterized by X-ray
diffraction (XRD) with the Cu Ka radiation line
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[11] azimuth

‘l‘c

[11] azimuth

n

[11] azimuth

(a) MgO (100) sub.
)
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Fig. 1. RHEED patterns for the substrate, buffer
and MnxGaioo-x thin films at 75 = 300 C. (a) MgO
(100) sub., (b) Cr buffer, (c) 77.8, (d) 71.5, (e) 69.9, ()
62.0, (g) 59.3, (h) 44.6 with the electron beam azimuth
[10] and [11] of MgO (100) substrate.
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Fig. 2. XRD patterns for MnGa thin films
prepared on MgO (100) substrate at Ts = 300 °C.
The Mn content X for MnxGaioo-x films (100 nm) are
(a) 77.8, (b) 71.5, (c) 69.9, (d) 62.0, (e) 59.3 and (f)
44.6 (at. %).

The
roughness of the film was investigated by atomic force
microscopy (AFM). The magnetic properties were

(wavelength equal to 0.15418 nm). surface

measured by wusing a superconducting quantum
interference device (SQUID) magnetometer in the field
up to £70 kOe, and M;s and K, for each thin film were
evaluated from magnetization curves.

3. Results and discussion

RHEED patterns of Cr buffer and the growth of
MnxGaioo-x films (100 nm) with various Mn content
prepared on MgO (100) substrate are shown in Fig.1.
The Mn content was varied as follows: X = (a) 77.8, (b)
71.5, (c) 69.9, (d) 62.0, (e) 59.3 and (f) 44.6 (at. %). The
MnxGaioo-x films were fabricated from only Mni1.oGa
target alloy. The RHEED pattern shows clear oriented
growth in c-plane, and the surface reconstruction
structure in Mn-Ga layer was clearly observed. It
should be noted that this oriented thin film exhibits a
flat surface at the atomic level.

Since the composition is different by number of
deposition by vapor pressure difference, Mn-Ga films
were confirmed that it is a Llo structure by using XRD.
XRD patterns for MnxGaioo-x films with various Mn
content prepared on MgO (100) substrate are shown in
Fig. 2. The Mn content was varied as follows: X = (a)
77.8, (b) 71.5, (c) 69.9, (d) 62.0, () 59.3 and (f) 44.6
(at. %). The intense peak from Cr buffer layer and MgO
substrate ware clearly observed for all sample. In
addition, a fundamental (002) peak, (001) and (003)
superlattice peaks of the Llo-MnGa phase were clearly
observed for X = 62.0 (at. %) (d) and X = 59.3 (at. %) (e).
Furthermore, both fundamental (004) and superlattice
(002) and (006) peaks of the D02o-MnsGa phase were
confirmed at the X = 71.5 (at. %) (b). The chemical order
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Fig. 3. Magnetization curves for MnGa thin films
prepared on MgO (100) substrate at 75 = 300 °C. The
Mn content X for MnxGaioo-x films (100 nm) are (a)
77.8, (b) 71.5, (c) 69.9, (d) 62.0, (e) 59.3 and (f) 44.6
(at. %).

parameter S of X = 62.0 (at. %) (d) and X = 59.3 (at. %)
(e) were shown S = 0.79 and 0.86. However, Mn-Ga thin
film of X = 59.3 (at. %) (e) show decrease of (003)
superlattice peak of the L1o-MnGa phase. Therefore, the
Mn-Ga thin film of X = 62.0 (at. %) (d) shows best
preferred orientation of Llo structure.

Magnetization for the MnxGaioox films
prepared on MgO (100) substrate are shown in Fig. 3.

curves

INDEX

All measurements were preformed at room temperature.

A magnetic field was applied perpendicular to the film
plane direction for the curves indicated by L, and it was
applied along the in-plane direction for those indicated
by //. Magnetization curve for X = 71.5 (at. %) (b) shows
the curve of the case of a typical DOs2 structure [2,12].
Moreover, Mn-Ga films of X = 62.0 (at. %) (d) and X =
59.3 (at. %) (e) had relatively high Ms and low H.. To
evaluate the PMA properties quantitatively, the Ku was
(a) MgO (100) sub.

i ‘ i

[11] azimuth

[10] azimuth
| 4 ‘ '

(b) Cr buffer
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(d) t=20nm
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[11] azimuth
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[10] azimuth

Fig. 4. RHEED patterns for the substrate, buffer

[11] azimuth

and Mne2oGasso (at %) thin films of different
thickness (fMn-Ga nm) at Ts = 300 °C. (a) MgO (100)
sub., (b) Cr buffer, (c) 100, (1)20, (e)10, ()5 with the
electron beam azimuth [10] and [11] of MgO (100)
substrate.
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Fig. 5. XRD patterns for Mne2.0Gasso (at %)
thin films of different thickness (fMn-Ga 1nm)
prepared on MgO (100) substrate. tmn-Ga of (a) 100,
() 20, (c) 10 and (d) 5 at Tz = 300 °C and Ti =
300 C (3 h).

estimated using the relations Ku = MsXx Hyeff / 2 + 2nM:2.
Here, the effective anisotropy field (Hieff) was defined as
the extrapolated intersection of the in-plane M-H curves
with the saturation magnetization value of out-of-plane
M-H curves. In Mn-Ga films of X = 71.5 (at. %) (b), X=
62.0 (at. %) (d) and X = 59.3 (at. %) (e), Mn-Ga films
with high Ku = 10 Merg/cm? were obtained. Highest
Ms of 470 emu/cm?® and Ku of 10.5 Merg/cm?® were
confirmed by epitaxial Mn-Ga film of X = 62.0 (at. %)
(d).

RHEED patterns of Cr buffer and the growth of
Mne20Gasso (at %) films of different thickness (fym-Ga
nm) on MgO (100) substrate are shown in Fig.4, tMn-Ga is
(¢) 100, (b) 20, (c) 10 and (d) 5. The observed RHEED
patterns remain somehow bright and streaky. This
indicates that the films are highly crystalline and have
rough surfaces except surfaces of tMn-Ga = 5 nm.

XRD patterns for Mnez.oGasso (at %) film of different
thickness (tMn-Ga nm) on MgO (100) substrate are shown
in Fig.5. A fundamental peak, and superlattice peaks of
the L1o-MnGa phase were clearly observed for the tMn-Ga
= 100 nm. The tMnGa = 20 nm film shows clear
L10MnGa (001), (002), (110) and (112) peaks (not
shown (003)). The fMn-ca = 10 and 5 nm films show
relatively small Mn-Ga (002), (110) and (112) peaks (not
shown (001)). With decreasing thickness (100-5 nm), the
Mn-Ga films show shift of diffraction angle (superlattice
peaks are small). In addition, the chemical order
parameter S of the tMn-Ga = 20 nm film was shown S =
0.57, it shows a significant decrease in the S compared
to the tMn-Ga = 100 nm (S=0.78).

Magnetization curves for Mne2.0Gass.o (at %) thin films
of different thickness (tMn-Ga nm) prepared on MgO (100)
substrate are shown in Fig. 6. All measurements were
preformed at room temperature. The magnetic field was

INDEX
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Fig. 6. Magnetization curves for Mne2.0Gass.o

(at %) thin films of different thickness (tMn-Ga nm)

prepared on MgO (100) substrate. tmn-ca of (a) 100,

() 20, () 10 and (d) 5 at Tx = 300 C and Ta =

300 C (3 h).

Fig. 7.

AFM images for Mne2.0Gasso (at %) thin
films of different thickness (fMn-Ga nm) prepared on
MgO (100) substrate. tmm-Ga of (a) 100, (b) 20, (c) 10
and (d) 5 at T- = 300 C and Ta =300 ‘C (3 h).
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Fig. 8. M, Ku and Ra as function of tyn-Ga (nm)
for Mne2.0Gasso (at %) thin films prepared on MgO
(100) substrate at Ts = 300 C, Ta = 300 °C (3 h).
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applied in the perpendicular (L) and in-plane (/)
directions to the film. The easy magnetization axis is
aligned perpendicular to the film plane for all the
samples. With decreasing thickness (100-5 nm), M; (=
520-302 emu/cm3) and Ku (10.0-6.01 Merg/cm3) were
decreased. It can be considered that decreasing Ms and
Ku originated primary from the decreased of chemical
order parameter S. Furthermore, AFM images for
Mne2.0Gasso (at %) thin films of different thickness
(tMn-Ga nm) prepared on MgO (100) substrate are shown
in Fig. 7. The average roughness (R.) for the Mn-Ga
surfaces (tvm-ca = 100, 20, 10 and 5 nm) was found to be
Ra = 5.25, 4.74, 2.52 and 1.33 nm, respectively. With
decreasing thickness (100-5 nm), Ra. (= 5.25-1.33 nm)
was decreased. The M;, K, and Ra as function of tMn-Ga
(nm) for Mn-Ga thin films are summarized in Fig.8.
Considering that the growth temperature of PMA film
should be as low possible for practical applications in
spintronic devices, the Llo-Mn-Ga highly oriented thin
film is very promising because high PMA can be
obtained at relative low growth temperature at Ts =
300 C and T2 =300 C in this study.

4. Summary

Mn-Ga thin films have been fabricated by using
UHV-EB vapor deposition and their magnetic properties
were investigated. Variation of Mn composition has
been confirmed by number of deposition. The clear
oriented growth of Mn-Ga films has been confirmed on
MgO (001) substrate by using RHEED in real time.
Large Ms of 470 emu/cm?3 and Ku of 10.5 Merg/cm? were
obtained for Llo-Mn-Ga highly oriented thin film. With
decreasing the thickness (100-5 nm), Ms (= 302
emu/cm?), Ku (= 6.01 Merg/cm?3) and Ra (= 1.45 nm) were
decreased. The Llo-Mn-Ga highly oriented thin film is
considered to be promising because relative high K. and
low Ms can be obtained at relatively low growth
temperature at Ts = Ta = 300 C.
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B QRF A 5952 AREEILE S CIP/Epoxy &M EODERRET

Basic examination of composite magnetic core with surface-oxidized
carbonyl-iron powder (CIP)/epoxy for high @-factor RF-inductor

AR - BB - PR

BMRFAC T AL AT 7 Juo—kr¥—, ERREWTAAER4-17-1 (T380-8553)

M. Sonehara’, Y. Miyajima, and T. Sato
Spin Device Technology Center, Shinshu University, 4-17-1 Wakasato, Nagano 380-8553, Japan

The carbonyl-iron powder (CIP) was annealed in the air for the composite core of high @-factor RF-inductor
to see if an oxidized film would be formed on CIP surface. Results showed that not only the surface-oxidized film
thickness but also the crystallite diameter and coecivity increased when increasing the annealing temperature and
time. The most suitable annealing conditions were found to be 240°C and 6 h: about 40 nm of Fe3O4 and Fez03 were
formed on the CIP surface under these conditions. A magnetic composite with the surface-oxidized film on magnetic
particles was fabricated and its permeability measured. The inductance and resistance were calculated by a 3D
full-model electromagnetic analyzer on the basis of measured permeability and the ¢-factor was then estimated using
these characteristics. The highest @factor, 33, was observed at 1.8 GHz, which was higher than that of the air-core

from 0.1 to 1.8 GHz.

Key words: RF spiral inductor, surface-oxidized film, carbonyl-iron-powder/epoxy composite, ¢factor
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Fig. 1 Schematic cross section of the planar spiral inductors.
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Fig. 2 (a) The XRD patterns and (b) the annealing temperature Ta
dependence of mean grain size D in the CIPs with/without the
surface-oxidized film.
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Table 1 DC resistivity in the CIPs with/without the surface-oxidized
film / epoxy composites.

Composites DC resistivity [Q2-m]
As-made-CIP,Epoxy 263
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240°C-CIP,/ Epoxy 732
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Fig. 8 Schematic top view and cross-section of 2-turn spiral

inductor with composite magnetic core.

Table 2 Analysis conditions of 2-turn spiral inductor with
composite magnetic core.
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Center

Convergence condition determination
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with composite magnetic core and air-core inductor.
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RNA [2& % 100 kVA i Era &R 3HH—AKAIEA V50 2 DREHME

Design and Prototyping of 100 kVA Concentric-Winding type Three-Phase
Variable Inductor based on Reluctance Network Analysis
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(i B - - hNEREZY - —f B
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K. Nakamura ¥, Y. Yamada ¥, T. Ohinata *, K. Arimatsu

M. Yamada *, M. Takiguchi ¥, T. Kojima ”, and O. Ichinokura
* Tohoku University, Graduate School of Engineering, 6-6-05 Aoba Aramaki, Aoba-ku, Sendai, Mivagi 980-8579, Japan
® Tohoku Electric Power Co., Inc., 1-7-1 Honcho, Aoba-ku, Sendai, Miyagi 980-8550, Japan
° Fuji Electric Co., Ltd., 1-11-2 Osaki, Shinagawa-ku, Tokyo 141-0032, Japan

Variable inductors consist of a magnetic core and primary dc and secondary ac windings. The effective
inductance of the secondary ac winding can be controlled quickly and continuously by the primary dc current due to a
magnetic saturation effect. Thus, the variable inductors can be applied as a reactive power compensator in electric
power systems. The variable inductors have several desirable features including a simple and robust structure, low
cost, and high reliability. In a previous paper, a concentric-winding type three-phase variable inductor was proposed,
and it was demonstrated that the proposed variable inductor had good controllability and a low distortion current.
This paper describes the design of a 6.6 kV-100 kVA concentric-winding type three-phase variable inductor based on
reluctance network analysis (RNA) and reports the results of prototype testing.

Keywords: variable inductor, line voltage stabilization, electric power systems, reluctance network analysis (RNA)
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Fig. 1 Basic configuration of a concentric-winding type
three-phase variable inductor.
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(b) Three-dimensional unit magnetic circuit.
Fig. 2 Three-dimensional RNA model of the concentric-
winding type three-phase variable inductor.
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Fig. 4 Electric- and magnetic-coupled model of the concentric-
winding type three-phase variable inductor.
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Fig. 5 Shape and dimensions of 6.6 kV-100 kVA concentric-
winding type three-phase variable inductor.

Table 1 Specifications of 100 kVA concentric-winding

type three-phase variable inductor.
Primary dec winding : M
Secondary ac winding :
Nu, Ny, Nw

560 turns, 2.16 Q
1300 turns, 9.8 Q

Non-oriented silicon steel

Core material Thickness: 0.35 mm

Rated capacity 115 kVA
Rated line voltage 6.6 kV
Frequency 50 Hz
Primary dc current 0-33.3A
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Fig. 6 Calculated reactive power characteristics of the 6.6 kV—

100 kVA concentric-winding type three-phase variable inductor.
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Fig. 10 Photograph of experimental scene.
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Fig. 11 Measured reactive power characteristics of the
prototype 6.6 kV-100 kVA variable inductor.
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WANT, EIERBRCIL, FXEHE D O BAT 2R HE RS K
MREREAFENG DN Z ERENTZ. iz, 2D
O REERRERICONTY, RNAICEL Y 72k ET
REARETH H Z ENHLMNT R T, Sk, EMLIC
BT 72Et a2 S HICED TV PETH S.

BE AW IST AR RE 3 A-STEP O X {24 %%
PERREY

References

1) T Hayashi and T Sakurai 7' JEE Japan, 117-B, 901 (1997) (n
Japanese).

2 S.Irokawa: 7' IEE Japan, 115-B, 1019 (1995) (in Japanese).

3) FIchikawa: 7' IEE Japan, 112-B, 461 (1992) (in Japanese).

4) 0. Ichinokura , T. Tajima, and T. Jinzenji: JEEE Trans. Magn., 29, 3225
(1999).

5 M. Maeda, S. Akatsuka, T Tto, and O. Ichinokura: /. Magn. Soc. Jpn., 23,
1787 (1999) (in Japanese).

6) K Nakamura, K. Tajima, M. Kawakami, M. Maeda, T. Tto, and O.
Ichinokura: o/, Magn. Soc. Jpn., 23, 1497 (1999) (in Japanese).

7 K Nakamura, S. Akatsuka, T. Ohinata, M. Kawakami, M. Maeda, H.
Sato, and O. Ichinokura: 7" IEE Japan, 122-B, 295 (2002) (in Japanese).

8) M. Maeda, T. Ohinata, T. Aoki, S. Akatsuka, M. Kawakami, H. Sato, and
0. Ichinokura: 7! IEE Japan, 122-B, 561 (2002) (in Japanese).

9) K Nakamura, S. Hisada, K. Arimatsu, T. Ohinata, K. Sakamoto, and O.
Ichinokura: JEEE Trans. Magn., 44, 4107 (2008).

100 K Nakamura, K Honma, T. Ohinata, K. Arimatsu, T. Kojima, M.
Yamada, R. Matsumoto, M. Takiguchi, and O. Ichinokura: /EEE Trans.
Magn., 51, 8402104 (2015).

11) K Tajima, A. Kaga, Y. Anazawa, and O. Ichinokura: /EEE Trans. Magn.,
29, 3219 (1993).

20164E9 A27TH23, 20164E11 22 BiRER

Transaction of the Magnetics Society of Japan (Special Issues) Vol.1, No.1, 2017 43

INDEX



T. Magn. Soc. Jpn. (Special Issues)., 1, 44-52 (2017)

FREEIEDILAR

<Paper>

ZILERIR AR LAV ROV MNEIDN SO ADEEE

i AN = DA RN ) 1Y

Fabrication of metal composite magnetic core transformer
with surface-oxidized carbonyl-iron powder
and its application to the flyback-type dc-dc converter
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K. Sato ¥'”*, K. Sugimura ” , T. Sato  , M. Sonehara ”

, and H. Takeuchi ¥

@ Nagano Prefecture General Industrial Technology Center, 7-3-1 Osachi-katamacho, Okaya, Nagano 394—0084, Japan
R Faculty of Engineering, Shinshu Univ., 4-18-1 Wakasato, Nagano, Nagano 380—8553, Japan

The fabrication and evaluation of a flyback-type dc-dc converter with a metal composite magnetic core
transformer consisting of surface-oxidized carbonyl-iron powder and epoxy resin is described. The windings of the
transformer consisted of a copper-clad polyimide tape. Two windings with a different arrangement of primary and
secondary windings were fabricated and disposed in the composite magnetic core. The flyback-type converter with
fabricated transformer demonstrated a power conversion efficiency of 91%.

Key words: surface oxidized carbonyl-iron powder, metal composite magnetic core, transformer, coupling coefficient,

flyback-type converter, power conversion efficiency
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Fig. 1 Electromagnetic properties of metal composite
magnetic core material consisting of surface-oxidized
carbonyl-iron powder and epoxy resin.
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Fig. 3 Winding structure of fabricated transformer.
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Table 1 Electromagnetic field analysis conditions for metal composite core transformer.

Part Material

Constant

Magnetic core | Metal composite material

Complex permeability: shown in Fig. 1(b).

Complex permittivity: shown in Fig. 1(c).

AC conductivity: calculated by Equation (2).
Thickness: 10 mm, External dimensions: 40x40 mm?

Windings Cu Conductivity: 5.8x107 S/m
Thickness: 70 um, Width: 5 mm
Number of turns: primary 16turn, secondary 8 turn
Insulator layer | Polyimide Complex permittivity: & =3.5 (const.), & =0 (const.)

Conductivity: 0 S/m
Thickness: 100 um, Width: 5.2 mm
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Fig. 4 Frequency dependence of inductance, resistance,
and coupling coefficient of “type-A” transformer, where
plots are measured results and solid and dashed lines
are calculated ones.

Transaction of the Magnetics Society of Japan (Special Issues) Vol.1, No.1, 2017 47

INDEX



=
3

,_,
=< -
°

¢ ]
w

h

. ]
= ]
o 7
N ) ]
© Primary ]
Q 7
c ] 1
ol Secondary E
o -
=) ]
© ]
£ ]
0 O @ :Meas. ]
——----:Calc. b

1 -1

-5+ T —

Primary
(Ao =71.1mQ)
v,

PRI BRI

ol Secondari/_—
(Abc = 36.8 Q)

O @ :Meas.fi
—---=:Calc. H

.
0.01 - rerm—r =

Resistance A, [Q]

Tl o 400 bds

1.00
type-B3
x ]
5 ]
s 0.99 -
© ]
o ]
o ]
o ]
g) ]
5 0.98 -
g ]
[e) ]
®] O :Meas. | 3]
—: Calc. |1
0.97 1

10k 100k M i0M  100M

Frequency 7[Hz]
Fig. 5 Frequency dependence of inductance, resistance,
and coupling coefficient of “type-B” transformer, where
plots are measured results and solid and dashed lines
are calculated ones.

RIEICRERENEL D, PRI, BRMEDEN B
Bl i OE) IZ L DERDMAOLICRRNTE D EE %
B, ZIUCOW TR TEET .
42 BREETHhORE

ATEIORER DS, ARGWICTH D b T 2 AT N OB
PETIIC L DR T RE SN2, Fig. 2 1SR L2t
TE O WL T M OB E TS KD BT/ hEneE
265, LvL, JEEJFI OB A1 S S i i A
DIAENREL, FT o ZAOREIZ G 2 DN R E L
LI ENEEESND. £Z T, Fig. 6 IR T X9 ICiLF
P & BRI O BB d 2 2 S E RO EKRHED
Pl BRI 2 —2a kO ELE. d=0
[mmDEEBRABLL PR ICEE SN TN D L&, d=25
[m] (A0 T & BHR T —E L CWAIREETH 5. 7

Magnetic core Winding

t-——T--—-—-—-—-—- ——————Ldmmm
"___|§| _______ ®____%_

Fig. 6 Analysis model of the winding position shift.

30 +—+————1———7———1———1——735
=1MHz | @ A :type-A|F
25 5 O A :typeB -3
—_ o E _
el ° 5 t._ G
~ 20 ® o 2.5 @
< o9 P OO F
8 15 ®e,0 2 8
S A A ° G
© A @
S 10 15 &
: o 04
= 5 A 4, A A NN 1
0+ T T T T —0.5
1OOOEL----I----,....,...., T
© 00 O ]
x ] Oooop
- o}
% - g
:§0.995— -
E f=1MHz |
o @ :type-A | 1
2 4 O :type-B | 4
5 0.990+ ® oo =
3 ® o, :
8 *
] ([
0.985 4+ T

T T T |
0 05 1 15 2 25
Position shift @ [mm]
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Fig. 8 Analysis results of electric field distribution. (a) type-A. (b) type-B.
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Fig. 11 Circuit diagram of the flyback-type dc-dc converter.

Fig. 12 Photograph of fabricated converter.

Table 2 Specifications of the converter.

Input voltage 48V
Output voltage 12V
Maximum output power | 60 W

Switching frequency
Control system

400 kHz, 1 MHz
PWM control (Open loop)
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Fig. 18 Power conversion efficiency versus output power.
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Fig. 14 Waveforms of converter, where switching
frequency is 400 kHz and converter output power is 60 W.
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Fig. 15 Waveforms of converter, where switching
frequency is 1 MHz and converter output power is 60 W.
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Fig. 16 Waveforms of converter, where switching
frequency is 400 kHz and converter output power is 15 W.
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Eddy Current Loss Analysis for Soft Magnetic Composite Considering
Magnetic Particles

W W, A R, B B
ALK KRB LAErsedt G i 28 X B 5 F % 6-6-05 980-8579
Izuru Masui, Kenji Nakamura, Osamu Ichinokura
Graduate School of Engineering, Tohoku Univ., 6-6-05 Aoba Aramaki Aoba-ku, Sendai 980-8579, Japan

Soft magnetic composite (SMC) is an artificial aggregate of magnetic particles that are electrically isolated
by resin coating on the particles. This isolation enables it to suppress eddy current flowing inter-particles, and
thereby its iron loss at high frequency is very low compared with that of conventional silicon steel. This paper
presents an analysis model of the SMC including the magnetic particles in order to accurately predict the SMC
performance. Experimental results show that the calculation accuracy of the iron loss of the SMC is improved by
considering the magnetic particles with its isolated coating. Moreover, the proposed model clarifies that the
inter-particle eddy current loss becomes dominant when the particle size is gradually decreased; that is, the effect of
reducing iron loss by finer particle size is basically limited.

Key words: soft magnetic composite (SMC), magnetic particle, inner-particle eddy current, inter-particle eddy current
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Fig. 1 Schematic diagram of SMC.
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Outer diameter 55 mm
Inner diameter 45 mm
Height 5 mm

Resistivity of core 235 nQQ*m

Ring core
Fig. 2 Specifications of a ring core made of SMC.
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Fig. 3 Configuration of experimental system.
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Fig. 4 Exciting coil and search coil.
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Fig. 7 Electric circuit model of one particle of SMC.
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Table 1 Specifications of each analysis model

INDEX

Model A Model B Model C Model D Model E
Particle size [jim] 140 120 80 60 40
Thickness of isolated coating [pml] 0.7 0.6 0.4 0.3 0.2
Resistivity of isolated coating 23.2 mQ-m
Space factor 98 %
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Control of Linear Generator for Wave Power Generation
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D. Kamiyat, H. Goto , and O. Ichinokura
Graduate School of Engineering, Tohoku University, 6-6-05 Aoba Aramaki Aoba-ku, Sendai 980-8579, Japan

In recent years, with the growing concerns about renewable energy, wave power generation is gaining
interest as a potential source of next-generation energy. However, wave power generation equipment has not yet
been commercialized due to its need for high maintainability and its expensive cost compared to other power
generation methods. Although wave power generation consists of several methods,here we focus on the point absorber
—type wave power device using a linear generator. This method is advantageous in terms of high output and
miniaturization compared to other methods because it can use the wave energy directly. Moreover, it is highly
maintainable because using the linear generator means there is no need for a mechanical converter is unnecessary by
using the linear generator. Nevertheless, there is a need for further high output density for practical use. This paper
focuses on a control method for high power density and presents the results of an experimental comparisons of two
control methods.

Key words: wave power generation, linear generator, point absorber, control systems, renewable energy
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An estimation method of eddy current loss for transformer windings based on reluctance network analysis
(RNA) is proposed. As the initial stage of study, the authors focus on eddy current loss occurring in the transformer

windings and configured a simple evaluation model to estimate eddy current loss in prism copper wires simulating
transformer windings. The validity of the proposed method is demonstrated by comparing 3D-FEA and experimental

results.

Keywords: DC-DC converter, reluctance network analysis (RNA), eddy current loss, transformer winding

1. Introduction

DC-DC converters have been used mainly as the
DC-power sources of electronic equipment. With the
growing demand for compact, high-efficiency electric
equipment, DC-DC converters are now also required to
be compact and high-efficiency. Magnetic devices occupy
a large volume in DC-DC converters, and the size of
these devices has been reduced by higher switching
frequency. However, higher switching frequency
increases the switching loss. A common method for
switching loss reduction is zero voltage switching (ZVS).
Further, it is well known that transformer cores have a
gap in some cases, and leakage fluxes have increased
due to gaps in the transformer core?. The leakage of
magnetic fluxes interlinking with the transformer
winding is what causes the eddy current flow and loss
inside the windings. For the transformer, in order to
design based on complex high-frequency magnetic flux
distribution and current density distribution, a
simulation technique having high accuracy and
requiring a short period of time for calculation is
needed.

Reluctance network analysis (RNA) has proven
effective for the design of magnetic devices such as
motors and inductors?-?. In addition, since it is possible
to perform calculations by general circuit simulation
software such as SPICE, coupled analysis of the electric
circuit and magnetic devices such as a DC-DC converter
is possible and can be expected to serve as a highly
practical design technique.

The authors previously studied how to estimate
eddy current loss caused by the leakage magnetic flux

for transformer windings based on simple assumptions?.

In this paper, as the initial stage of study, the authors
focus on eddy current loss occurring in the transformer
windings and configured a simple evaluation model to
estimate eddy current loss in prism copper wires
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simulating the transformer windings. The validity of
the proposed model is demonstrated by comparing
3D-FEA and experimental results.

2. Analysis model

2.1 Specifications of the analysis object

Figure 1 shows the shape and specifications of the
analytical and experimental object used in the
consideration. The exciting coils are wound around
U-shape cores. A total of six prism copper wires sized
2.0 mm x 2.0 mm x20 mm are sandwiched by the
ferrite cores. The number of winding turns of the
exciting coils per leg and the depth of the cores and
prism copper wires are five turns and 20 mm,
respectively.

2.2 Derivation of the RNA model

The schematics of the three dimensional (3D) RNA
model are shown in Fig. 2. Figure 2(a) gives an
overview of the magnetic circuit. N7 are magnetomotive
forces (MMF), Rmcore are the magnetic reluctances of the
core, and HRumrecoi and FRmrgap are the reluctances of
leakage magnetic flux path in the exciting coils and the
gaps. The gaps are divided, as shown in Fig. 2(b). The
air gaps between the core and a prism copper wire are
divided into fine elements with a size of 0.2 mm x 0.2
mm and the other area around the air gap is divided
with a size of 2.0 mm x 0.2 mm or 2.0 mm x 0.25 mm. In
order to accurately represent the flow of the magnetic
flux of the gaps, prism copper wires are divided into fine
elements with a size of 0.2 mm x 0.25 mm. The skin
effect is considered in this division. Generally, skin
depth 6 of the conductor is obtained from

5o F : )
ou

where p is resistivity of the conductor, @ is angular
frequency, and uis permeability of the conductor. Skin
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Fig. 2 Schematics of 3D-RNA model.

Fig. 3 Unit magnetic circuit.

depth of a prism copper wire is about 0.65 mm in
frequency at 10 kHz and p = 1.673x10% Qm (at 20
degrees Celsius), so prism copper wires are assumed to
be affected by the skin effect. Therefore, the prism
copper wires are divided by 0.2 mm in the xaxis
direction and by 0.25 mm in the y~axis direction.

Each divided element is expressed in a 3D unit
magnetic circuit. Figure 3 shows the unit magnetic
circuit of the prism copper wire and the air region. In
the figure, I, 4, and Z are the lengths of the element.
The reluctance Am in the unit magnetic circuit is
obtained from

Riy IR R 2

Zﬂoﬂr(lx X Iz)
where o is permeability of the vacuum and s is
relative permeability. By connecting all unit magnetic
circuits together, the RNA model is obtained.
In the proposed model, the relative permeability of the
core, the prism copper wires, and the air region are set
to 2300, 1, and 1, respectively.

Figure 4 shows the magnetic circuit of a prism
copper wire and MMFs. Figure 4(a) shows the front
view of a prism copper wire and (b) shows the dotted
frame part of Fig. 4(a). When magnetic flux ¢, flows to
one element of a prism copper wire, the electromotive
force by Faraday’s law causes eddy current 711 occur.
Eddy current 711 produces an MMF in the magnetic
circuit, as shown in Fig. 4(b). Similarly, ¢, affected by
the MMF flows to the element below. Thus, the skin
effect can be taken into account by placing the MMF's in
the y~axis direction.

Figure 5 shows the division of the z-axis direction of
a prism copper wire. In order to consider the eddy
current distribution accurately, a prism copper wire is
divided into 10 splits in the zaxis direction. The tip of
the wire is divided by 0.2 mm.

Figure 6(a) shows the electric circuits of a prism
copper wire. Eddy currents calculated by the four-layer
independent electric circuit can be converted into the
MMFs in the magnetic circuit, as shown in Fig. 4. When
the magnetic flux in the electrical circuit of a certain
element flows, the electromotive force d¢/dt occurs due
to Faraday’s law. Eddy current 7 is calculated by the
electromotive force and the electric resistances of the
elements. Each divided element is expressed in a unit
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electric circuit, as shown in Fig. 6(b). The resistances rx
and rz in the unit electric circuit are obtained from

=2 3
=P AyAz
20z (4)
r, = >
2 =P AXAY

INDEX

(b) Electric resistances of circuit
Fig. 6 Electric circuit of a prism copper wire and the
electric resistances.

~ Runtcoil

Fig. 7 Setting method of the reluctance of leakage magnetic flux
path in exciting coil and the gap.

where Ax is the element length in the x-axis direction,
Ay is the element length in the zaxis direction, and Az
is the element length in the zaxis direction,
respectively. If there is an adjacent element, the
resistance in the circuit becomes halved because the
two adjacent resistances are connected in parallel.
Figure 7 shows the setting method of the
reluctances of leakage flux paths in the exciting coils
and the gaps. At high frequency, the quantity of leakage
of the magnetic flux is expected to be greater than at by
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Fig. 8 Photographs of experimental apparatus.

low frequency. In this paper, the leakage magnetic
paths in the x-axis direction and the zaxis direction are
approximated straight lines (gap length) and arcs to
represent the leakage magnetic flux. The leakage
magnetic flux paths around the exciting coils are
approximated by only arcs. Further, reluctances are
connected in parallel with the magnetic flux path flow
to the main magnetic flux such that the leakage
magnetic flux paths are combined into a single path, as
shown in Fig. 2(a).

3. Comparison with experimental results

To verify the calculation accuracy of the RNA model,
the calculated values were compared to the measured
ones. Figure 8 shows a photograph of the experimental
apparatus, where (a) is an exposed view. U-shaped
cores are made of ferrite (PC40, TDK). Supporters (PLA
resin) are sandwiched between the cores to fix the
positions of the cores and the prism copper wires.
Figure 8(b) shows the assembled experimental set-up
and Fig. 9 shows the configuration of experimental
set-up. Bipolar power supply (PBZ40-10, KIKUSUI) was
used for the power supply. Excited voltage v and
current i are measured with a power meter (2533E,
YOKOGAWA). The sum of iron loss in the core, copper
loss in the exiting coils, and eddy current loss in the
prism copper wires Wiotal is given by

1T .
Wtotal =?J.1Ve|edt . (5)

To extract eddy current loss occurring in the prism
copper wires, the method shown in Fig. 10 was adopted.

INDEX

Ferrite
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coil

Prism
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YOKOGAWA|
2533E

Fig. 9 Configuration of experimental set-up.

Core

Prism
copper wires

Supporter

Fig. 10 Extraction methods of eddy current loss
occurring in the prism copper wires: (a) case of prism
copper wires being sandwiched and (b) case of only the
supporter being sandwiched.

Figure 10(a) shows the case of prism copper wires being
sandwiched. In this case, occurring total loss Wa is
given by

W, =W, +W, +W,, (6)
where W is iron loss in the core, W:is copper loss of the
exciting coil, and We is eddy current loss of the prism
copper wires. Figure 10(b) shows a case without the
prism copper wires, where occurring loss Wa is given by

Wg =W, +W, " (7
For both loss measurements, the exciting current was
sine wave at 4.0 A root-mean-square value constant and
same frequency. Therefore, copper loss We and W' were
equal. Iron loss Wi was not equal to Wi because the
prism copper wires were sandwiched. However, since
the ferrite core was used, the iron loss itself was
smaller than the eddy current loss of the prism copper
wires, so the difference between Wiand Wi was ignored
in this paper. Thus, eddy current loss We in the prism
copper wires is given by

W, =W, ~Wg . ®

Figure 11 shows the experimental results of loss

measurement and the calculation results in 3D-FEA.
The exciting current was sine wave at 4.0 A
root-mean-square value constant, and the frequencies of
the exciting current were 1, 3, 5, 8, and 10 kHz. Copper
loss of the exciting coil in the experiment was obtained
from the product of the square of effective value of
excited current and DC resistance (Epc = 0.086 Q) in
the exciting coil. Since the excited current was constant
for each frequency, copper loss was almost constant.
Iron loss in the core obtained by 3D-FEA tended to
increase with frequency. Since there was almost no
difference in iron loss with and without the prism
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Fig. 12 Comparison of eddy current loss in prism copper
wires obtained from proposed model, experiment, and
3D-FEA.

copper wires, the validity of the experimental method
was confirmed. Measured values and calculation values
of iron loss showed similar tendencies, but there were
some  discrepancies. These discrepancies were
considered to be due to experimental error. Since the
eddy current loss occurring in the prism copper wires is
subtracted the sum of iron loss and copper loss from
total loss as determined from equation (8), it is
considered that the measurement error of iron loss
directly affected the difference in eddy current loss.

Figure 12 shows the relationship between eddy
current loss of the prism copper wires and frequency.
Calculating conditions were the same as those in Fig.
11. As seen in the figure, the calculated values obtained
from the proposed RNA model were in almost perfect
agreement with the ones obtained from the experiment
and 3D-FEA.

The validity of the division of a prism copper wire
was confirmed by current density distribution. Figure
13 shows the current distributions of RNA and 3D-FEA
in the exciting current at maximum and frequency at 10
kHz.
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Fig. 13 Comparison of current density distribution in a
prism copper wire in exciting current at maximum and
frequency at 10 kHz.

The prism copper wire was chosen to be sandwiched in
the middle of the right leg in Fig. 1. Both current
density distributions show a similar tendency, which
demonstrates that skin effect can be considered in the
proposed model.

4. Conclusion

An estimation method of eddy current loss in prism
copper wires based on RNA was proposed. The
usefulness of the proposed method was demonstrated by
comparisons with the FEA and an experiment. Further
studies will attempt to estimate eddy current loss for
transformer windings in a DC-DC converter by using
the proposed method.
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A method for analyzing the demagnetization of a surface permanent magnet (SPM) motor based on reluctance
network analysis (RNA) is presented. The validity of the proposed RNA model is demonstrated by comparing the
calculated results with 2D-FEA calculation results. The characteristics of the SPM motor determined by the RNA
model were in almost complete agreement with the corresponding two-dimensional (2D) finite element analysis

(FEA) calculation.

Keywords: reluctance network analysis, ferrite magnet, demagnetization analysis, two-line approximation

1. Introduction

In recent years, high-performance permanent
magnet (PM) motors based on powerful rare-earth
magnets have emerged, and demand is consequently
expanding in various applications. However, rare-earth
magnets may be subject to price rises as the production
of such metals tends to be concentrated in a single
country. Therefore, the development of
high-performance PM motors without rare-earth
magnets is required.

Although the maximum magnetic energy product of
ferrite magnets is one tenth that of rare-earth magnets
D, high-efficiency ferrite magnet motors have been
reported ?. Ferrite magnets in motors are exposed to a
large reverse magnetic field to obtain performance
equivalent to that of rare-earth magnet motors.
Therefore, ferrite magnets are at risk of
demagnetization because of their low coercive force.
This makes it necessary to consider the
demagnetization of ferrite magnets for ferrite magnet
motor design.

Reluctance network analysis (RNA) is a useful
method to save calculation time in the estimation of the
characteristics of PM motors, as reported in previous
studies 6. In a previous paper, we proposed a
demagnetization analysis method using RNA 7. In that
study, we presented an RNA model for determining the
operating points of ferrite magnets taking account of a
magnet’s demagnetization. We demonstrated the
calculation accuracy of this model, which used a
two-line approximation of the demagnetization curve,
by experiments and a comparison with two-dimensional
(2D) finite element analysis (FEA). Therefore, in the
present work, we apply this method to the
demagnetization analysis of a surface permanent
magnet (SPM) motor. To verify the accuracy of the
proposed model, the calculated results are compared to
values obtained from 2D FEA.

2. RNA model of SPM motor

Figure 1 shows the shape and specifications of the
SPM motor under consideration. Stator and rotor core
material is non-oriented electromagnetic steel sheet and
the relative permeability of 3000 is used to calculate the
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Ferrite magnet

Stator core

100 mm

Rotor core

Number of slots 24

Number of poles 4

Non-oriented electromagnetic steel sheet
(Relative permeability p, = 3000)

Ferrite magnet (SSR-420)

Core materials

Permanent magnet materials

Number of winding turns per slot 100
Stack length 30 mm
Gap length 1.1mm

Fig. 1 Shape and specifications of the SPM motor.

reluctance in the RNA model. The material of the
permanent magnet is ferrite (SSR-420).

Figure 2 shows a part of the RNA model of the SPM
motor. The SPM motor is divided into multiple
elements taking into consideration the motor shapes
and flux flow. Each element in the air gap is divided in
one-degree intervals in the circumferential direction
and the magnets are divided into three in the radial
direction. The stator tooth tip is divided into three
regions and reluctances in these regions are directly
connected with air gap reluctances, as shown in the
figure.

Figure 3 illustrates the demagnetization curve of
SSR-420 at 20 °C used for the RNA model, which is
approximated by two lines. In the figure, B, B/}, H., and
H! are the residual magnetic flux density before
demagnetization, residual magnetic flux density after
demagnetization, coercive force before demagnetization,
and coercive force after demagnetization, respectively.
Since the demagnetization curve of the magnet is
approximated by two lines, there is a slight error
around the knee point.

The elements of a ferrite magnet of the RNA model
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Stator 3. Demagnetization analysis of SPM motor

Using the derived RNA model, the characteristics of
the SPM motor are calculated taking demagnetization
into account. To verify the calculation accuracy of the
Air gap RNA model, the calculated values were compared to the

ones obtained from 2D-FEA (JMAG-Designer Ver.15).
Magnet Figure 5 shows the 2D-FEA model of the SPM as a
3" layer (3.5 mm) comparison object. Figure 6 shows the comparison of
T TS T T T T AT the calculated waveforms of flux linkage. It is clear that
I Rotor core the calculated values obtained from the proposed RNA

= model are in good agreement with the ones obtained
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Fig. 2 A part of the RNA model.
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Magnetic field (A/m) Fig. 5 2D FEA model of the SPM motor.
Fig. 3 Demagnetization curve of SSR-420 at 20 °C.
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Fig. 4 Unit magnetic circuit of magnet element. Fig. 6 Comparison of the flux linkage calculated by proposed
model and 2D-FEA.
can be expressed as the reluctance and magnetomotive
forces (MMFSs), Fi, shown in Fig. 4. The reluctance of a 12 U phase
ferrite magnet, Rmag, is expressed by g L —V-phase
= % s (1) 4 —W-phase
mag ~ —~ -
Zﬂrﬂo (I X Is) $
where - is the magnet’s recoil. If there is no 3 0 ‘ f
demagnetization in a ferrite magnet element, Fp, is 3 4l
given by
-8
_ B, . )
m
2:urlu0 -12

0 001 002 0.03 004 005 0.06

When an operating point of a ferrite magnet is changed Time (5)

by an external magnetic field and becomes less than the

knee point, the MMF after demagnetization, i, can be Fig. 7 Input current wave forms for calculating induced voltage
of the SPM motor.
expressed as
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Fig. 9 Comparison of U-phase induced voltage before and after
demagnetization.

Next, the induced voltages of the SPM motor before
and after demagnetization are calculated. Figure 7
shows the three periods of input current wave forms. In
the first and third periods, the rotor rotates at the rotor
speed of 1500 rpm without supplying current. In the
second period (0.02 seconds to 0.04 seconds), the
overcurrent at the amplitude of 9.5 A is applied; rated
current amplitude of this SPM motor is 4.0 A.

Figure 8(a) and (b) shows the comparison of
calculated induced voltage before and after
demagnetization between RNA and FEA, respectively.
In these figures, the calculated values obtained from
the proposed RNA model are in good agreement with
the ones obtained from 2D FEA. Figure 9 shows the
comparison of calculated induced voltage by RNA before
and after demagnetization. The amplitude of the

fundamental wave of the induce voltage after
demagnetization is decreased by 5.7 % and the phase of
the fundamental wave 1is shifted by 5.5 degrees
compared to the induced voltage before
demagnetization.

To compare the torque of the SPM motor before and

after demagnetization, three periods of input current

12
—U-phase
8 + —V-phase
— W-phase
4l p

Current (A)
o

-12
0 001 002 003 004 005 0.06
Time (s)

Fig. 10 Input current wave forms for calculating torque of the
SPM motor.
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Fig. 11 Comparison of torque waveform of the SPM motor.
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Table 1 Comparison of average torque.

RNA (Nm) 2D-FEA (Nm) | Error (%)
Before 1.30 1.32 151
After 1.22 1.23 0.813
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Fig. 13 Demagnetization factor of the ferrite magnet calculated
by RNA (a) and 2D-FEA (b).

wave forms are used, as shown in Fig. 10. In the first
period, the current amplitude of 4.0 A is applied to the
motor to calculate the rated torque before
demagnetization. To demagnetize the rotor magnets,
the overcurrent more than double the rated current (9.5
A) is supplied in the second period. Then, the current at
the amplitude of 4.0 A is applied again to calculate the
rated torque after demagnetization in the last period.

Figure 11 shows the comparison of the torque wave
forms of the SPM motor calculated by the proposed
RNA model and 2D-FEA. In the figures, the calculated
values obtained from the proposed RNA model are in
almost complete agreement with the ones obtained from
2D-FEA.

INDEX

Table 1 lists the average torque before and after
demagnetization. The average torque calculated by the
RNA model is decreased by 6.2 % compared to before
demagnetization. The errors of the average torque
between the RNA model and 2D FEA are less than 2 %.

Figure 12(a) shows the cogging torque waveform
before demagnetization and Fig. 12(b) shows the
cogging torque after demagnetization
calculated using the input current waveforms shown in
Fig. 7. After demagnetization, there is a bit of a
discrepancy in the cogging torque waveforms between
RNA and 2D-FEA. Figure 13 shows the
demagnetization factor calculated by RNA and 2D-FEA,
where the demagnetization factor, D, is defined as

D =(1— Ef ]xlOO' @

r

waveform

Comparing these results, the demagnetization factor
of the surface of the magnet calculated by the RNA is
larger than the one obtained from 2D-FEA. We conclude
that the discrepancy in the distribution of the
demagnetization factor affects the cogging torque
waveforms.

4. Conclusion

This study presented a method for demagnetization
of the SPM motor based on RNA. The validity of the
proposed RNA model was demonstrated by comparing
the calculated results with 2D-FEA calculation results.
It is concluded that the characteristics of the SPM
motor determined by the RNA model are in almost
complete agreement with the corresponding 2D-FEM
calculated. Further studies will attempt to perform
demagnetization analysis considering the effect of the
distorted current waveform by voltage input.

This work was supported by JSPS KAKENHI Grant
Number 26820093.
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BHERREROEEE— FEEFR LEETILICHT 5iF L 1EREET

Evaluation of Levitation Performance of Bending Flexible Steel Plate Considering Elastic Mode

SR Y - KIRIE Y - UARZR Y - ALY T - D
DRUEI, AZS)IRSEE T R4 R 4-1-1 (T 259-1292)

M. Tada ?, H. Yonezawa ¥, H. Marumori ¥, T. Narita *, and H. Kato *
? Tokai University, 4-1-1 Kitakaname, Hiratsuka-shi, Kanagawa 259-1292, Japan

In the conveyance system of a thin steel plate production line, there is a problem that the quality of the
plate surface deteriorates over time because the plate is always in contact with rollers. To solve this problem,
electromagnetic levitation technologies have been studied. We propose a levitation of an ultrathin steel plate that is
suppressed and levitation performance is improved by doing this. In this study, in order to examine the levitation
stability and to compare the levitation performance, bending levitation experiments were carried out using the 1-DOF
model and a continuous model using a thin steel plate with thicknesses of 0.18 mm, 0.24 mm, 0.27 mm and 0.30 mm.
Result showed that using the continuous model, as opposed to the 1-DOF model, resulted in a constant levitation
performance regardless of the tilt angle of electromagnets. This demonstrates the benefit of using the continuous

model for a bending electromagnetic levitation system.

Key words: magnetic levitation, vibration control, bending levitation control, optimal control, continuous system
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Fig. 2 Photograph of electromagnet unit.
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Fig. 3 Schematic illustration of experimental

apparatus.
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Fig. 5 Mode shape of the levitated steel plate.
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Table 1 Symbols and values.

Symbols Values
Z 5.00x103 m
R ~Rs 21.0Q
VY 7.50x103 kg/m3
E 206 GPa
v 0.30
Letr 2.55x10* Hm
Liea 9.00x102H
Ts 1.00x103 s

Table 2 Position of sensors and electromagnets.

Unit Sensor Electromagnet 1 Electromagnet 2
No. Xsn Ysn Xaln Yain Xazn Yazn
2 | [mm] | (mm] | [mm] | [mml | [mm] | [mm]
1 155 85 115 85 195 85
2 645 85 605 85 685 85
3 155 515 115 515 195 515
4 645 515 605 515 685 515
5 400 300 360 300 440 300
T T 1.7
—-@ Mr(rd +I MI"T I Mo (20)
v=-Fyz (21)
T 1 oT
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Table 3 Weighting coefficients for 1-DOF model.

h Lo -

[mm] Weighting coefficients

. Q=diag(7.2 x 10, 1.0 X 101, 2.0 X 10°)
: 7=5.0 X 103

-~ Q=diag(1.5 x 105, 5.0 x 102, 1.0 X 10?)
' r3=1.0 x 101

0.97 Q=diag(1.5 x 105, 5.0 x 102, 5.5 X 101)
' r3=1.0 x 101

0.30 Qu=diag(1.4 x 105, 1.0 X 10', 2.0 x 109)
' r=1.5x 101

Table 4 Weighting coefficients for continuous model.

h L -
[mm] Weighting coefficients
Qu=diag(1.4 x 105, 1.4 x 105, 1.4 X 105, 1.4 x 10%, 1.4 x 10%)
0.18 Qu=diag(1.0 x 107, 1.0 x 107, 1.0 x 10, 1.0 x 10}, 1.0 x 101
: Qus=diag(2.0 x 109, 2.0 x 10°, 2.0 x 109, 2.0 X 10°, 2.0 X 10)
7a=3.0 X 103
Qui=diag(1.0x 102, 1.0x 102, 1.0x 102, 1.0x 102, 1.0x 102)
0.94 Qi=diag(1.0 x 103, 1.0 x 10?, 1.0 X 103, 1.0 x 103, 1.0 x 103)
’ Qus=diag(1.0x 101, 1.0x 101, 1.0x 101, 1.0x 10, 1.0x 101)
ra=1.3 x 102
Qu=diag(1.0x 102, 1.0x 102, 1.0x 102, 1.0x 102, 1.0x 102)
0.27 Qu=diag(1.0 x 103, 1.0 x 103, 1.0 x 103, 1.0 X 103, 1.0 X 103)
’ Qus=diag(1.0x 107, 1.0x 101, 1.0x 10, 1.0x 10!, 1.0x 10!)
7a=3.8 X 102
Qu=diag(1.0x 102, 1.0x 102, 1.0x 102, 1.0x 102, 1.0x 102)
0.30 Qu=diag(1.0 x 103, 1.0 x 103, 1.0 x 103, 1.0 X 103, 1.0 x 103)

Qus=diag(1.0x 101, 1.0x 101, 1.0x 101, 1.0x 101, 1.0x 101)
3=2.0 X 101
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Fig. 6 Time histories of displacement and amplitude
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Fig. 7 Time histories of displacement and amplitude
spectrums (0= 15°, A= 0.18mm ).
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Fig. 8 Standard deviation of displacement and levitation probability on different control theory.
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Effects on Levitation Characteristics by Plate Thickness of Thin
Steel Plate on Magnetic Levitation Transport System
Using Horizontal Positioning Control

AR @« SRR « NEEW Y« g TR YT - I Y - ARl
VHYERZE, MENFSEETILER 4-1-1 (T259-1292)

M. Kida ¥, T. Suzuki ®, Y. Oda ¥, T. Narita  , H. Kato ®, and H. Moriyama
a) Tokai Univ., 4-1-1 Kitakaname, Hiratsuka-shi, Kanagawa 259-1292, Japan

Thin steel plates are widely used in various industrial products. However, there are problems with
deterioration of surface quality and metal plating that occur during transport. As a solution to these problems, the
non-contact transport of steel plates by using electromagnetic force has been proposed. However, there is a risk that
side slipping or dropping of the plate may occur. We propose the addition of electromagnetic actuators to control the
horizontal motion of levitated steel plates. In this study, we examine the change in levitation stability during
non-contact transport with the addition of positioning control in the horizontal direction in the case of changed
thickness of the steel plate. Results, show that the application of a magnetic field in the horizontal direction improves

the levitation stability of transported thin steel plates with different thicknesses of the plate.

Keywords: electromagnetic levitation control, thin steel plate, vibration control, magnetic field, transportation
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Fig. 8 Theoretical model of horizontal positioning
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Non-Contact Guide for Traveling Elastic Steel Plate Using Electromagnets:
Fundamental Consideration of Electromagnet Placement Using FEM

Jlllﬂﬂ%&it c BREIERL 2T - INEE R Y - AL E
DR, AREE LA 4-1-1 (T 259-1292)

K. Kawasaki ®, T. Narita ® ', H. Kato ¥ , and H. Moriyama®
% Tokai University, Kitakaname, Hiratsuka-shi, Kanagawa 259-1292, Japan

These days, users of products manufactured by the continuous steel plates process demand high quality,
and high added value as well as high grade products. In the factory, a continuous thin steel plate subjected to iron and
steel processes is supported by rollers during processes such as rolling, where; the thin steel plate moves along the
rollers at a speed of 10 m/s or more. In the plating process, the steel plate is conveyed 20-50 m in the vertical direction
for drying, during which time it is negligibly supported by rollers or other mechanisms. This results in plating non-
uniformity due to the generation of vibration and other factors, which ultimately degrades productivity. We have
developed a non-contact guide system for a high-speed traveling elastic steel plate in which electromagnetic forces are
applied by actuators at the edges of the plate to control its position. In this work, we focus on the stress static
structure of the traveling steel plate, and designed the optimal non-contact guide in the loop-shaping part on the basis
of analytical results.

Key-words: steel plate, electromagnet, travelling, noncontact guide
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Table 1 Symbols and values.

Symbol Value Symbol Value
M, 0.042 kg L, 2.3x10-2H
Fo, 17N %q., 14.5x10°m™
Ly, 5.0x10° N %G 16.7x10° s*/m”
I,, 0.5A r, 1.0x10* V2
R, 20 Q

(n=1,2,3)

Table 2 Tension on the steel sheet during travel.
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T, 55 N 84 N 118 N
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A Fixing
B * Loose side tension
C : Tight side tension

e

Fig. 5 Analysis model.
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Fig. 6 von Mises stress of continuous steel plate.
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Fig. 7 Arrangement of electromagnets.
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