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<Paper>

SRS EHNEIC X AMMEMI Pt/FeER Ky D L1, Bl &1L

L1o ordering of microfabricated Pt/Fe stacked dots
by rapid thermal annealing

mARER Dt ZEHES D - HIIRED - FEARH D
O HARKZRZEEL LAGeR, FRERAMGTEEHA 7-24-1 (T) 274-8501
D H AR T, THERMETTEER S 7-24-1 (T) 274-8501

T. Naeki®+, K. Miyoshi ® , H. Yoshikawa P, A. Tsukamoto?
a) Graduate School of Science and Technology, Nihon University., 7-24-1, Narashinodai, Funabashi, Chiba 274-8501, Japan
R College of Science and Technology, Nihon University., 7-24-1, Narashinodai, Funabashi, Chiba 274-8501, Japan

Bit patterned media is a possible candidate for developing next-generation ultra-high-density data storage,
therefore, the importance of shape, of techniques for fabricating magnetically monodisperse dots, and of research on
materials that have high uniaxial magnetocrystalline anisotropy energy such as Llo-FePt is increasing. Furthermore,
although the magnetic characterization of each isolated patterned dot is a crucial matter, there is a fundamental
difficulty in measuring infinitesimal magnetic moments. On the basis of the idea of estimating the magnetic properties
of a single dot by measuring several hundred million monodisperse dots, we investigated a process for fabricating
monodisperse FePt dots and a magnetization process. In this report, we propose a novel fabrication procedure that
consists of a combination of pre-patterning Pt/Fe film and post-annealing with rapid thermal annealing. Pt/Fe dots
with a pitch of 100 nm and thickness of 3.75 nm were pre-patterned by using an electron beam lithography technique
and rapidly heated up to 800°C, which lead to a lower dispersal of dots that was promoted by a hard-magnetic property.
Under a Fe-rich composition condition for FeeoPts0, 90% of the FePt dots showed a coercive force of over 15 kOe.

Key words: Bit patterned media, Electron beam lithography, Rapid thermal annealing, Llo-FePt, Monodisperse

nanoparticles.
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T GEMBARDFOERE E OB BRI T 2022 4F1Z 4 Thit / inch?,
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X 2b, BT VA MERGET D 0w A 7 T VA MR
FRAR Y, By ho3F—2 RAF 47 (Bit Patterned Media:
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BPM 1% 1 Ry hOREMRAIC 1 €y SOFB SRz HDES
FUEAT e, T SN FEAASD Z ESERETH Y, 1 Ky

NN CITERRAIE 2 TS 5. D72 1 By hOHHEEEED
BRI T RECHER SNDRERD VT = 2 T — AL ey, VR
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RGP EDO BN N E T RICEE D Z &b, HKT
FHET 5 1 Ry MOBKURIEZ IR0 2 & bEETH L.
ZIETIZEER— VIR AE AN T A— b A ROH
—® FePt Ry NOBALSFAENEOWE DY W, HikoT
R ORFEE I DN DI HHED DIV TS 12219 SR
FREHERC CYER L 7o Tk LRI T ORECE— A o M A HIE
T HEE EEE5nm D LloFePt Kid-ClEk 7X 1077 emu Ofy Vg

T A Z AT L 72 A, ZHUY, BUTOBRE &1 TR
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SQUID-VSM # N CREMERE 25 M il T2 Z & THE— Ry bR
SHRPEE RS D L0 D BRI S & ASHSCCIIEEE Oy
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REEDIFFEIM TN TS 9. 2 BAETifgEn % I3 RE 2
LloFePt FEBAWBEAERIL, = F 0 ZREHT TN Ry MK
\INT95 by 720 4T % . LloFePt #gaEo i T AL
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1, PRI TR £ 0 A U A RSIEE~D Z A — V& RET 572
OIZ FePt HIHARHA (RZBHMIN L « /35 — AL UT-AR I CENLER
1T LLoHHIA T 2 FEE M Uiz, EBIC, 4RELEI X
DINENRF S A Va2 A V-, Box 1o
TIZ Pt/Fe H55e i KO SRR (Rapid Thermal
Annealing : RTA) %4 = 2125 5,40k0e LI L)1 (H)
T B LT FePt B FREOI A HE LT D, Z Bl
PRE IR RO IRRE 1 HiR-C RS i A AV 91, B
b Si Febi -~ (001) 20 L7hr PR M ERATRE CH 5 1019
Fig. 1 (Z2\EE{L Si H:Al b Pt/Fe Hfiixo> RTA ALELIC LV
PERL LU 7= FePt ki T-REO—F & L CHmME T M
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Fig. 1 TEM planar view of FePt particles fabricated by RTA,
average diameter (Da), standard deviation of D, (StD), relative
StD (RSD), and histogram of particle diameter.
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eI i2
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H L, B2 Pt/Fe R R 37— OfERZRAT-. Fig. 2 12E
BITFROME AR~ Eierp & U CBRL Si Eefid 71 b
T 5min. A Y 7O AT T 5 min. MR L,
170 ‘COFEIEMT 10 min. B, #ESE72. (@) LUA M
A BUERE Si H (2 anisol I CAIRLIZARIHIL- P A Ml
(ZEP520A: ZEP - A=1:5) % F L, 500 rpm T 5 sec., 6000
rpm C 60sec. AL 21— hEI 170°COEEMET 10 min. [
DOFMUBIZ L0 PRIEA7F L, JEX 35 nm D LU A MEZF L
7. (b) TR © FE RS 2 FA V-, IBEFEIE 50 kV, i
fi£ 100 pA, F—AE: 140 uC/ ecm2(Z T34 50 nm DIEHE/H
—U A L7z, Hmitg, (o) B - SR M TSR ZED - N50
1260 sec. 2L, v AZ E—2mAERILT- (d) Bl DC ~ 7%
ha 2Ry 2RI L1o M FePt DA A A A N 72D
FePt Offkkl (Fe Jii 744 - Pt 74k =50:50) ZEIXIL Pt(2.11
nm) / Fe (1.64 nm) %788 L7-. %3 Ar 5 35 scem, Ar A

Electron baam [ithography

(b} Exposure {c} Developing

(a) Resist coat

—

Focused

Heating Bmi: Frow,
P1/ Fa double g

laryew dot Larms light g FalPt particles
[ L |f e
S H%",H' = ﬂ‘i'_. § o
- - Process time iFox
RTA

) Lift-off () Rapéd thermal annealing

Fig. 2 Schematic diagram of fabrication process. (a) Resist
coat, (b) electron beam exposure, (c) developing exposed mask,
(d) deposition of Pt/Fe by DC magnetron sputter, (e) Lift-off,
and (® RTA performed for Pt/Fe dots.

100 nm

T

Fig. 3 SEM planar view of Pt/Fe dots fabricated by Lift-
off method, average diameter (D), standard deviation
of Dy (StD), and relative StD (RSD).

J£ 2X 101 Pa ICRRE LTz, Z0%, () V7 b4~ @ HIEEIR
ZDMAC |T%4 2 £ TLUA M EBREL, AINE L7- PYFe GRlBIE
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Fig. 3 12V 7 b4 71D PFe R h3%— OAEATIE 1A
%5 (Scanning Electron Microscope : SEM) % FUNCHEIEL L7-3%
A% %159, Dol 64 nm, StD1E2.9 nm TH Y, RSD )3 4.4%0D
Pt/Fe Ry b2 — O AMER LT, ARFHIBEL, (F R

EIIBH EEIETHIV S SQUID-VSM Ofi NG 108 emu (25t
L 100 fEOSE—A Y Mavk 725 Z L& AHEL, 1.6 mm U570
FEIC 2 {8 5600 FHfHE L. F7- 150 @ ~ (@) OFMHTTrER
T2 EICEY, 1.6 mm MUFORE A ORIV CAHEIC Iz Y
FIEEDRZ = DR LTS Z & ZHER LT

4. REFRPBOEEICK MMM Pt/Fe Ky b L1,
Al

3 HTHA Ry b7 — 1% RTA 2kt 5
T, F9° PyFe il s TG L7Z RTA SRV TERA.
Por BTV ETHE L7- RTA SRIIFZEHTAS IS T, #5E LIk
IMRT e RS LR SOV 5 A TH 1, Ll
KD NENRHILC CREER L OHIHE AT T> T 5. 120~ 150°C / sec.
DOAEHE T2 HETHE, IHE 8.75 nm O Pt/Fe mifadiisi g,
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SRR D& FHl 4T - 72, Fig. 4 [ ZEMUERRTES L OY BV
(@), M), © OFEL FhehoZkm SEM % L0, D, StD,
RSD %773, Fig. 5 \ZIXJR 1-f ) B 8% (Atomic Force
Microscope : AFM) (24 Uéﬁ?‘ﬁ‘bf: FePt Ny ho\Z—2 DT A
VAR ¥ ERA T ISR 10 nm OA T
Lox—% iz, F72, Fig. 6 (2 SEM - AFM (2 X 0 #IEL L7- 20K
B BART MR — 2 1S &, BT TR -AREAMRT
ENDEDIED Y EAERL LI IR TR E T V23T,
RTA %D Ry MEIIE, Thax DHIR E & BITT 4 A7 TGRDNHER
RIS D Z EBH BN E 2otz Fie, WTOFRFTHW
Tt FePt Ky MEIKEZESIOEIUIAE LT, RTA RO
BB 207 L, RSD S A%FHECTH D Z & Z B Uiz, @Hilk
WAL L7a (Fig. 1), RSDHS 22.9% Cih A D L i L 10, 5 4y
D 1FEEEAZE TR LTI, SN LA WS Z & T, KIRIThE
BB AR TTRE T 5 Z & R LT, Fig. 712 SQUID-VSM (2
FVEET (B00K) (& CRmmEE 1A, MmN A2 =70 kOe
OFEIRCRESZ N URE U7 LA~ W noficil K
v ho3&— U BRBHEER LT, B - RO HssRE N 5372
ERTE— AL M (~ 10 emw) [ THHLRBRANIIE FIRECH 5
Z L AHER LT U EHEORHEZ IR ~%. 306 () 1% RTA #
b Ry FOIREEE A SZEET, Dy 2356 62.5 nm, & E#£75.0
nm OF 4 AZIRTH Y, BT EE R Uiz, E7- Fig.
7 (a) 21279 +10 kOe FIVIMRBESAFADR LR L 0, /R 72

M TENBERE G2 R 2 E v, #E b) 13 RTA
ﬁé FePt N D> DAy 42%i0b L, i S HIANZ 270%HR L7z, &
PR L 0 FH - HED DAEMERIR &L, BVERRTOER) 5
ER(L St LI-BIA 2R L7 R X 80% S Th 5. &
BIZ He 3 5k0e &7 0 2 LWy HOEEREMES LT, 7=
LT TR D M| My (M FRamsE b, M- fafiiss{b) 130.66

e

Lift-off (bafors RTA)

INDEX

(0) Thosing = 3.6 30c., T, = 450°C

0 : 825 nm SE0: 3.0 nm BSL

500 mm

Fig. 4 SEM planar view of FePt dots before annealing
(Lift-off) and with annealing of (a) Theating = 3.6 sec.
and Zhax = 450°C, (b) Theating = 5.1 sec. and Thax =
630°C, and (c) Theating = 6.7 sec. and Ziax = 800°C.

Lk oft 15 nm
m——
(b) “ml.!nm
AAAAAAAAI

akianac I
ALALLLL L

Fig. 5 Line scan profile of AFM imaging along FePt dot
array for various annealing conditions (a)—(c).

Mol g4py 1) 625mm 35om & 2670m
Hlmr. 5.159('. B,'l'un.
T o 630°C pure

Fig. 6 Average shape models of FePt dot estimated
from SEM and AFM images.
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Fig. 7 In-plane and out-of-plane magnetization
curves of FePt dots measured at 300 K for various

annealing conditions (a)—(c).
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Fig. 8 AFM and MFM images and line scan profiles
of those images along FePt dot array of sample (c).
Magnetization was initialized at +70 kOe.
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Fig. 9 SEM planar view of FePt dots for different
composition ratios of FexPtioo-x. (x=50, 55, 57, 60 at. %)
average diameter (D), and relative StD (RSD).
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EHT 5. AlElb RE e He & M43 x=60 at. %0alkl4 A
W, Bt~ 7 a i EERAS KO8, B -0 Rk g s
D 2 FEOTEH B, Wi FREOBH ATy OB 2 Lz,
A TS ORI T T R & N LIEE U4 bl s Fig.
11 (@) (2’9 Fig. 11 (a) 2R3 Bb#i#R 2 0, B s
~HUNBER 28 KT Do, BBl K& 2Bz 4T
HEH (B2 TR e 2T U A—F 0% 2 RR) 12T,
— BRI %Z 0kOe ISR TIBEOBALEH 21T 5 2 & TEIZ
FHREALICE KT D & B 2 B D s Bk sy ORbR %
Kb, BENSERLS Z & CIEATHIISE RS DHDE 2T Y
o AR A RO - A Fig11 () 1R T. 72, MFM %
FAWTERBE AL AR T D R G 2 B Ui, ik
5 AR & 70 kOe EIUIN L 7214, MERGSENNERE T CTo
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Fig. 10 In-plane and out-of-plane magnetic
irreversible hysteresis loops of FePt dots with

different composition rations measured at 300 K.
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Fig. 11 (a) In-plane and out-of-plane magnetization
curves of FePt dots measured at 300 K for x=60 at.%.
(b) Magnetic irreversible component of (a).

(a) Top view
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Fig. 12 AFM and MFM images and line scan profiles
of those images along FePt dot array of of sample (x
=60 at. %). Magnetization was initialized at +70 kOe.
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PN SN, x = 60 at. %ORERCIETE S LTy ik
DR SHUIZ. x= 50 at. % OYa L L L, FRRIGORIE &7
TG OBIAEOFENZENOMEOZETTFE UL, BTt
T ONE CONABES, FEETHDHZ LD, BHbDmE M-
WHHEDEFZ D, 5, IR - MG EOAET o=
kZ A hDZFEMNE L L TSR b EEER T, BUEA S
SRR E T TR B IIRE LTS 5 2 EAVR
ENDH, Fig 11 D OARSNAFETII RV, 202 Ebatkhic
A Dl A BRI N G AN S 2 SR O A LD TR S D A3,
Fe 182 0fERkEL & 32 Z & CIEmERE ST A R HRIED MR
FFSNDRIT %2 BT 2 & & HITBY LS OB LD 5y
O FTRE CIH D = EAVRENT-

ELITHEIII T2 W CTIERL L 72 Ry b7 — B0, R
HRRAMED AR LT, b RAERE IR NSV x= 55 at. %D
FREOBHALIIERE S5, 2k0e DRI AT 7 AH OB
P& AM, SaFEl M 3 JORRI 4005, AH fEOB s
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Fig. 13 Histogram of estimated number of reversed
FePt dots for x =55 at. % sample.

Table 1 Comparison of shape and magnetic dispersion of

FePt particles.
Initial structure of Continuous film  Microfabricated
Pt/Fe before RTA dots
Dy (nm) 22.4 26.4
StD (nm) 5.13 1.1
RSD (%) 22.9 4.2
Average Hsw (kOe) 46.7 28.3
StD of Hy (kOe) 26.3 7.7
RSD of Hsy (kOe) 56.2 27.2

T Pt/Fe i#ifli~RTA ZfiidZ Lo K W /ER L, PRiE e
TRV EERUE TSR, U TR RO RIS S O bR SRt
L 10 A0 x=55 at. % CERILTZ Ry 37— 88D D, StD,
RSD B X OIS LA (Average Hew) & WAVERRES YR
7 (StDof Haw), FERIH SR 2 (RSDof He) Z 2 A N
T L X0 R LT RA 7w ERTRE CN, R LA AR
74E 56.2% Th v, SEIDFELZHND Z & THHLUTIZE T
D UT-, WEINT.O%% RTA JBRA 9 ERYEIC &> CRE y8r=
VG2 < B UBERE R B bR ATRE T D = & A BN Lz
Fio, ACHEMERY ~—&2H\Wie ¥ — o FERERD
RAZBNT (Fy MERE 8nm, fR£E/ 6k0e d K v kX
B =) WA R B 21% & OWE 1 L H 0, &
EERL L 72 x =55 D/ % — 2 L [RIFRE OR b HRRER 45 ik
Thb.

6. &

SRS TR DR ORI T REA SRR L, ~ 7 ol
EEHINZ LD 1 Ry MO T DRSS EE JAED D L0 ) E1E
\ZHSE, HUEIEOES L Lo FePt Bl FiEERI - > S )
EAToT. BT V7T 7 4 AR TE—IZ PYFe Ry k
VR, Lo A ATmT 7= RTA 450, BEEERE, AR08
IZOXETEAT T, BRI TIZ L W /B L 7= P/Fe R =%
— AT 6.7 sec. T 800°CE TAugEd % RTA A=
LT, KNS 26.7 nm, RSD AN 4 A%FREE & 45800 NS\ ORiRER
TERR LTz, BRI T2 AV Vil el kb L7560 RSD
LHHRL 5 0 1 FEECE TR Uiz, F BB o8NS
FOY IR BRI H 13216 kOe ICE THER L, LloFHRIFADE
WAMEESILTND Z L &7R LT, L L7Zein s, MEM X 5 JRiFT

FHANC &0, B EESHOBAF AU EAE T2 Z & A 57
LR, Y TR ot

ZHUTKT L, Fe il ORI T Pt/Fe By Fa/EiIL RTA %
™2 &, RT- OB LA S ORERITEE T~ O LA
Frie. Fe % O&RENT Dy 2% 26 nm, BSD 73 4%FEORL1-
REDERR LT=. F72 Fe MR & & B2, K 7HE0D HeOBERAEH
EIASE BIVZ. x= 60 at. % ORI IBTHTRE T 0 ORI b &
FRIRITEIPN T T OFR BB LA Mey: My =171 TH DT, &
R 38— D) 3 53D 2 D IEE T R LA Shilha A L,
90% RT3 15 kOe LA FOBH VR AR LIZ b D EFZ 5.
E5IZ MFM L5 BRI X 0, slBkpicid b S isamim
WNTNCAT S BRI NE SN D08, Fe i@BZ O/ &4
% 2 & ORI IEE ST TR IREED MR S VDR A2 <
TR 5 & & BT LA S OBL AL O RO ATHE T H
DT LRSI

PERTHECER U7k e i L, RTA I T2 VW2 Z &
G, FRH VRS 2 A RIS & Tl Lz, SN Lo
% RTA QB Jiti 9~V EREE K - CREEOERT T T < W binhs
RO WERTTHE T D Z LA LN L

R ARTIEO —EITIE A b L— DR HEERAE O Bk
B L OSCERR 248 FLNT K “F MR IS AT 20 S S 3
(S1311020) OHIRLIZ X W T-7~.
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Proposal of network-shaped upheaval structure
using grain boundary diffusion in underlayer
for L1o FePt-based granular media with columnar nanostructure

<Paper>

THAREEBLT « HFERE - IR - F
FALRFRFBE T ERFERE T T8k, A T E RS 7738 6-6-05 (T 980-8579)

A. Shimizu', S. Hinata, S. Jo, and S. Saito
Department of Electronic Engineering, Graduate School of Engineering, Tohoku Univ.,
6-6-05, Aza—Aoba, Aramaki, Aoba—ku, Sendai 980-8579, Japan

In this study, we analyzed the surface morphology for the samples with thermal insulation layer (fcc(002)-MgO) /
orientation control layer (bcc(002)-CrMn) / orientation inducing layer (amorphous CoW, NiTa, CrTi), especially
focusing on atomic diffusion during the high-temperature process used to create the samples. Furthermore, we
proposed a new design to realize a granular medium with the columnar nanostructure. Observation of the surface
morphology of the MgO layer revealed that only when CrMn was used, a topological surface structure like a network
(inverse opal structure) with a period of 10 - 20 nm and a height of about 2 nm was formed. Regarding this structure,
1) a CrMn grain boundary existed below where an upheaval structure was formed on the surface, 2) the elements
constituting the amorphous layer exist in the grain boundary of the CrMn layer. These results suggest that the
network-shaped upheaval structure on the surface of the MgO layer is brought by boundary diffusion of the elements
constituting the amorphous layer from the amorphous layer into grain boundaries of the CrMn layer. Based on the
above results, we have newly proposed a schematic model of HAMR media. First, to form isolated nuclei, a pure-FePt
island-like layer with Lo ordered structure is deposited on the network-shaped upheaval structure of the MgO layer.
Next, to realize a columnar nanostructure, a two-phase precipitated FePt-oxide layer is sputtered.

Key words: HAMR media, columnar nanostructure, MgO layer, grain boundary diffusion

1. FCHI= W, e TRLI Ru T 00 2 H 1 s % A 5 L C RS
RESRRBEIRIE 2025 4% TIC 10 Thithn? b ook 0h- PBIRCT A PRI L, R ) &
BLASRD N THEY D, CREERT Akl oy OIS ETND B BRI O T B = By Y
K& LTEAT VR MEAFH (Heat Assisted Magnetic PR & ARt Lo DREAAINLAL L 72 RERAS dl D Atk &
Recording, HAMR) 737EH ST 5. HAMR Tiaggk 0T 270, TR ORI, RimkiR, R
BB 5 A LIRS E 5720, /5= FRias B O THREREREEM > TNS.
DISTRAERE BRI DX = ) —RIES F ORERR O s S EEBEXRIPRTE, —RaLRIERR > HAMR 4
P S T LR BTG 9. T oM AR 5 HO THOANT Bm S L VR OFRRETHET S
HITIE, FePt BERMMOBIL A LS 9  DEIDDLEL, THREOBRBER, LEPE, M

AL U ReMEREBE D ¢ Bt 5 = b ERERICERA L.
RAIRTHD. ZD 25 cliDAEFBUIIER T 5 &, FePt 2. =EERAZE
TS B T T BT o 2 X v L BT 5720,
T HUE ) B REMEE IR DRSO THETH D, Bl
Wit S Tvd HAMR RO — 72 FE AL, 5
WA S, BRI Z2FFE ST 720D T E/NL7 7 AJE (Texture
inducing layer, TIL), ~7 0=t ¥ & ¥ v )LalR 2 i5iE 4
L= ® (002) B AL T (bee)-Cr v — N &
(Seed layer, SL), FLdkFEOWIEA G S (002) oIk L7 )7
i (fe)-MgO 8, T LT/ 7= TMMETHDH. Liz
235 MgO J85 L O Cr 3 bee EIZE1F 5 (002) #E i
DELFH 45 25N 2 b DEORI TOIEAT n =
XXX VR EOIHIARD D L&D 6,
—FTBUTEREEN TS CoPt-F{b 7 7 == 7 Bl
B GGLER IR T, BRERREIERS S bz R L o Bl 2 B <72

HEHIEFE THWOND A T A ANy AR L3I
R TH D XY 2 o7 3L C3010 (7 F + > 7 SHERK,
Frimipi) CIERLL 72 Bt @Al MgO(Ar 4 A JE 4.0
Pa, %2 5 nm)/ SL(bce—CrsoMnso) (0.6 Pa, 30 nm)/ TIL(7
E /L7 7 A-CosoWao, NisoTaso, CrsoTiso) (0.6 Pa, 50 nm)/
M e Uiz, Z 2 CHARMIER /3y —k > N TR LTz, 72
BUTTETENLNT 7 A% a-LBEFEL, FRICHI 520 [R
Y i%a-TIL & LT CoW ZHW\TWwWb. MgO X RF =7 %
rarzxXy &Y 7k SLEXIOTILIZDC w7 %k
0 ANy 2 T ER D THUEE L7z IR £ 0.8
mm D 2.5 A VT T AT 4 27 % iz, Fig. 11
FERNZ AR, BRI R A & o 72 3UBHER 7 v — & 7R
7.
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Fig. 1 Process flow of MgO/CrMn/TIL films.

Bl il 0> 7= 8 TIL ORkE% 620 °C ~IIELL, Z D% 20
Tyl aTHYOmBERB LML Y, Tt (25 -
305 °C) 7°6 SL 2R L7, FDOH%=IRITH O > Th
5 MgO J& % i U 7 1%, 3UBHZ 630 °C ~DINEAZAT > 72,
e 1 DINEMIRENERE O R ERT O MEAEARE L2 b D Th
5. fEdmtEdE L Cu Kotz v 7= Out—of-plane 35 LY
In—plane X Al #r (XRD) 7 5 QN % 4 & 1 TR &5
(TEM), KEZREITIE 7 BEE (AFM), 458 OfRL sy
il L AEBERFEEE M (STEM) O & A BRI R H ST
K HREGEHE (HAADF) 72 b QN =k L F—4800 X
o8t (EDX) % Z 42 H AV CTRET L7z,

3. EBERBLUEER

3.1 ZEILZ7ATIL & U bec—CrMn A%
Me0 BOREMEICRIFTHE

ETRE O TR & RSB & MR L. Fig. 2 1
MgO/ CrMn/ CoW #H[ED (a) Out—of-plane B L (b)
In-plane XRD 710 7 7 A V&7 T. BEDT-O EERICIE
fee-MgO 3 X Ubee-Cr D REHT 7' 1 7 7 A L bR L7z,
Out-of-plane 7' & 7 7 A /L ClL 42.8°, 64.7°¥1i01Z,
In-plane 7’1 7 7 A /LTl 43.0°, 44.2°, 62.5°, 64.4° T
I EHR BB STV 5.

[§ .| fee-mgo[[Z.
‘ bce-Cr

Intensity (a.u.)
—

40 50 60 70 40 50 60 70
Diffraction angle, 20 (deg) Diffraction angle, 26, (deg)

Tig. 2 (a) Out-of-plane and (b) in—plane XRD profiles for
MgO/CrMn/CoW film. Upper profiles show powder
diffraction patterns of fecc-MgO and bee-Cr,
respectively.

Fig.3 AFM topography image of MgO/CrMn/CoW film at
Tea®M0 of 305 °C.

MARRBHT 72 7 7 A VESRT D E 2 ORITRIL,
Out—of-plane <% MgO (002), CrMn (002), In—plane T
i% MgO (200), CrMn (110) £ XY (200) 25 OEIFTHRT
HDHZEMbND. Lz TAEECIE, bee—CrMn 723
(002) Fr L7 LIl fee-MgO @23 (002) Bl LTV 5
CENHRETED.

wIZ MgO B0 EHIEEZ B L. Fig. 312 CrMn O
JRIEIRE % 305°C & L7340 MgO/ CrMn/ CoW D
500 nm X 500 nm HEF D AFM 144573, —8 L TR
22 ODOREENTFEL TND I ENMRTES. 1o
IIHRBENICH R SN S E S 3 nm, TEE 10 nm O 2EEHEE
THY, b 1 2FRE 2ROz CTHllE D &S 2
nm, [#fE 10-20 nm O BREEME CH 5. %R ITIEHR
LIERIG A 24 108 b &2 & 24, CrMn & O REIR
JELMVBN S D Z E Do 7. Fig. 4121% CrMn 5%
IEBRAATRE (Thn®™M0) % (a) 350°C, (b) 305°C, (c) 200°C,
(d) 25°C & L7z & & MgO BRmEiEEZ <. R RE
EAEE ORI B ~HEIXEN 2, 60, 48, 30, 156 nm T
bol=. 2oL 512 MgO E3kim oM B k&% EL CrMn
JEOfEE AR H 5 Z E N RIBEND.

— g
'Tsubchn (O,C): 350
- @)

Fig.4 AFM topography images of MgO/CrMn/CoW film
at TiwC™Mn (°C) of (a) 350, (b) 305, (c) 200,
and (d) 25, respectively.
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Hr 2 A TR G (T O IR 5 e iR AT 21T > 72 Fig.

512 CrMn OREIEIRFE & 305°C & L7284 @ MgO/ CrMn/
CoW M Wi TEM %% /59", MgO J& # 1 o e i
X AFM BHIZ R O 7/ BARFEERE O HE L s LT
W5, MEEEALO FENCIE CrMn BICAIRIC = h T A b
WEIRDHNNFAEL TNWD Z ENbnd. £/, MgO Jg
R W TIRERTE T T (002) B /AR E /2o T
WL ZERNbs (AMNFHWED. WIZFEEO RO
STEM-HAADF 4% Fig. 6 (a) (2, Co, W, Mn OH#E X #t
IZ k5 EDX % 2 eib), (), (@ (2T, BP0
K, LiZZEnEi K#R, LD ORHE X #a AV CREl
L2 L% EWT 5. HAADF 12 L % & CrMn Bl
THWa Y b T A M DIEE S RIS AR S 41T
%. EDX #4255 &, HAADF %0 QWA siE LT
Co, WRMFELTWND Z XD, Zd Co & Wik CrMn
JBOR FEIC B BIRICHEE L TWD Z L BB TE D, —
757, RN OE Lo MgO JE$ X O a-TIL & & o Rt
FTIE Mn DFEELTWS Z & b8 S iz, Fig. 5 B &
O Fig. 6 £ v, MgO @i OM B IRMERHBAIX, CrMn &
PUZIRIE G M ARIZ R BN DEAL E JHE LT D 2 b
CrMn JEOfEERINCH D LB 2 i, TIL k3 5T
H#ThD Cok WA CrMn bR & PLfE LT D 2 & AR
ENhb.

Fig.5 Cross-sectional TEM images of
MgO/CrMn/CoW film.

S R St
@) Cross sectlonal STEM- HAADF image and
(), (©, (d STEM-EDX images by mapping of
characteristic X- ray intensity of Mn K line, Co K
line, and W L line.

Fig. 6

F72 Mn 2B LTI, a-TIL i & (3FH AL, MgO Jg~1%
KRR (RFAVED) LTWA Z EARIEENS. TEM
FBHZITE T HRO AK T AN 10 nm B2 OFRENE N H D =
LEEESTL L, Fig. 5 ® MgO EREGE I\ T
ST S AR B S T 7RSI, TEM B0 BAT 5

Z (002) Fdralfs il & LB L2 Mn BEET 27 €V
77 ARIRENEE L TVWAH I ERIBLTNS., T4bb
MgO B2k DB E FCik, Mg, O, Mn JE-125R(E
THTENT 7 ARADPERLENTND EEZBND.

CrMn & OfESKI TO MgO J8 DFEHE AL 72 5 TNT T
ENT 7 AJERERKEFED CrMn BRI R~OILEICER L,
i CoW IZRAE DBRZZOMNHEND D12, o
a-TIL M EHZ DWW CRER DT 21T > 7=, Fig. 71213 TIL
& LT (a) CoW, (b) NiTa, (c) CrTi &% M\, CrMn Dk
R 2 %21 305°C, 190°C, 300°C & L7214 9 MgO
JEZE 1 @ 500 nm X 500 nm 1% > AFM 4%, Fig. 8 (a),
®), (@) (XN B O—ZEHEK LT 200 nm X200 nm £
L L7z AFM 44757, (a) CoW & bt L TR CIT
HBHHO®, TIL & LT) NiTa, (¢) CrTi Z AV 72854 T
t MgO JE#EmICITiE B REEfE Bl S Tns 2 b
WOMND.

Fig. 7 AFM toporphy iagesof aMgO/CrMn/CoW film,
(b) MgO/CrMn/NiTa film, and (¢) MgO/CrMn/CrTi
film.

TIL COW

'5(3)]

T 46 (EC 1305

Fig. 8 Enlarged AFM topography images of
(a) MgO/CrMn/CoW film, (b) MgO/CrMn/NiTa film,
and (c) MgO/CrMn/CrTi film.
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Fig. 9, Fig. 102X Fig. 7, Fig. 8 (Z5k L=#kt o lrim
TEM {4 & STEM i k% EDX 44 ~4. Fig. 10 ® EDX
BIZOWTIE, EBEAS Mn, TE TIL 2457 505E T
H% (@W,(b)Ta,()Ti TH5H. a—TIL & LT NiTa, CrTi
ZRWESATY, MEEES O CeMn BIZHikic= v
k7 A NS BEAE B S A, OIS TIL MRkt
FBOFAENHER ST, E MR REEE TSR %k iAE
&b CoW THuUgEZ HWehHa L RRICBII SN, L
A>T CrMn J& O SR T MgO & D E mkEL,
RN T N7 7 AR T O CrMn BRI ~OIEH
1L, Co®W 27 ENLT 7 ApELE LTHWEGEORA
DOHBTIHRL, MOTEALT 7 AMETHAEL DTSR T
HBHZENDND.

Fig. 1012k % &, CrMn OFEJEHIZT €L 7 7 AT
FEREECFELTWAZ L LR TE 5. ZOFRILIR
IZOWTHRZ5 5720, MgO J& % s L2 iz -
ToWimm TEM 4% Fig. 11 (@) (2, CrMn O R %
JERL7Zb D% (b) oz hord. Fig 10 (@ £V
CrMn BHEEIZITE FHEEOKWEABI S, () LY
FORBDOERXL 2 nm THDHZ ENHBAL., 612D
BHZ oW T, Fig. 12 (a) 1 STEM-HAADF %%, (b) |
O oW T EDX %% 7~7.

Fig. 9 Cross-sectional TEM images of
(a) MgO/CrMn/CoW film, (b) MgO/CrMn/NiTa film,
and (c) MgO/CrMn/CrTi film.

TIL: CoW NiTa

CrTi

(c)

A & -
-

Cross-sectional STEM-EDX images by mapping of
characteristic X-ray intensity of (%lpper) Mn K line,
(lower) W L line, Ta L line, and Ti K line for
MgO/CrMn/TIL [(a) CoW, (b) NiTa, (c) CrTi] films,
respectively.

Fig. 10 ‘

F——5 nm

Fig. 11 (a) Cross-sectional TEM ‘image and (b) enlarged image
around film surface for CrMn/CrTi film.

Fig.12 (a) STEM-HAADF image and (b) STEM-EDX map of
O of CrMn/CrTi film.

(@), ) OxPIGIZE Y, CrMn BHRIIZH T O 23EIRIC
FIELTWAZ ERbNrS. ZRHLDRENSTELT 7
A AT F 1T CrMn B OINEAIZ X > T CrMn RS
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Fig. 18 Schematic of grain boundary diffusion of
amorphous elements and network-shaped
upheaval structure.
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Local strain dependence of uniaxial magnetic anisotropy
in M—type ferrites
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We study the magnetic anisotropy (MA) of magnetoplumbite (M)-type ferrites by calculating the electronic
structure of clusters formed with an Fe3* ion and O? ions. Spin—orbit interaction (ZS coupling) is taken into account.
It is shown that the p—d mixing between the Fe and O ions and local lattice distortion are crucial to understand the
MA of M-type ferrites. Calculations of MA for M—type ferrites doped with Fe?* or Co?" ions demonstrate the im-
portance of local lattice distortion on MA. It is shown that Fe?* ions doped into 2a—site produce metamagnetic char-
acter when a compressive deformation along c¢-axis is introduced. It is also shown that the Co?* ions doped onto 4f:
site may enhance the uniaxial MA when a compressive deformation is introduced.

Key words : hexagonal ferrite, uniaxial magnetic anisotropy, local lattice distortion, cluster model

1. Introduction

Development of high performance permanent mag-
nets is one of the important technological challenges for
the energy-conserving society. Hexagonal ferrite mag-
nets V2 are used most widely on a commercial basis.
Even a 10 percent increase in the performance of ferrite
magnets makes a great contribution towards ener-
gy—saving. It was recently found that doping of divalent
Co ions into magnetoplumbite (M)-type ferrites in-
creases magnetic anisotropy (MA).?-% However, relation
between the increase in MA and preferential sites for
Co?* ions has not been clarified 99 and hence, no sys-
tematic development of high—performance ferrite mag-
nets has been successful.

Requirements for large MA in permanent magnets
are large value of magnetization, strong spin—orbit in-
teraction (SOI), and low crystal symmetry. It is well
known that rare—earth Fe (Co) compounds have te-
tragonal or hexagonal lattice symmetry. Recently, it was
reported that thin films of tetragonally distorted spinel
ferrites, Fe(Fe-Co)204, on suitable substrates produce
extremely high uniaxial MA.!® The mechanism of this
high MA has been elucidated by both a phenomenolog-
ical theory and an electron theory for an octahedral
cluster containing a single Co ion and surrounding six O
ions.1,12)

M-type ferrites, AFe12019 with A = Ba, Sr, or La,
have a hexagonal lattice structure and their unit cell
contains two formula units (fu's).)? There are five
nonequivalent sites for Fe ions called 2a, 2b, 4f1, 4f2, and
12k sites. Fe ions are trivalent in M—type ferrites with
divalent A (Ba2* and Sr2*) ion. On the other hand, one
Fe ion in LaFe12019 is divalent because La ions are tri-
valent. Magnetic moments of Fe ions at 2a, 2b, and 12k
sites are parallel to the bulk moment, while those at 4f1

and 4f> sites are antiparallel to the bulk moment. An
important point is the shape of the clusters formed by a
single Fe 1ion and surrounding O ions. Clusters for 2a—,
4fs—, and 12k—Fe ions are of six—coordinate (octahedral),
and the clusters for 2b— and 4fi-Fe ions are of
five—coordinate (hexahedral) and four—coordinate (tet-
rahedral), respectively, as shown in Fig. 1. It is noted
that the octahedral and tetrahedral clusters are slightly
distorted compared to the regular clusters existing in a
cubic spinel ferrite.

In this work, using the electron theory for Fe-O
clusters with SOI (LS coupling), we will show that the
small lattice distortion of the clusters is crucial to the
magnitude of MA in M-type ferrites and that the MA
produced by Co?* ions doped into M—type ferrite is also
affected by the cluster distortion. To begin with, we first
explain how the trivalent Fe ions produce MA of M-type
ferrites in the present cluster model. This is nontrivial
because 3d® electron configuration of Fe3* gives rise to
null orbital angular momentum resulting in no LS cou-
pling. We show that the p—d mixing of wave functions on
O and Fe ions is essential to understand the MA in oxide

magnets.
(@) (b) (c)
T™™iwon ® &
©

Fig. 1 Types of clusters formed by a TM ion (Fe or Co)
and surrounding O ions. (a) Six—coordinate (octahedral)
cluster, (b) four—coordinate (tetrahedral) cluster, and (c)
five—fold (hexahedral) cluster. Direction of c-axis of the

c-anas

M-type ferrite is shown by an arrow.
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In next section we explain a model (cluster model)
for the electron theory to calculate MA. In section III,
we will provide the calculated results of MA for undoped
M-type ferrites, followed by those produced for Fe?* and
Co?* ions in M-type ferrites. To clarify the effect of
cluster distortion on MA of doped ferrites, the MA en-
ergy is calculated as a function of cluster distortion.
Implications of the calculated results will be discussed,
and conclusions are given in section I'V.

2. Method of calculation

We perform numerical calculations for clusters with
a single Fe3*, Fe2*, or Co2* ion surrounded by six (octa-
hedral cluster), five (hexahedral cluster), and four (tet-
rahedral cluster) 02 ions wusing full orbital
tight-binding (TB) model with SOI (LS coupling) on Fe
and Co ions. The 3d-orbitals of the transition metal
(TM) ions are spin—polarized and the ions have local
moments. The clusters are simplified ones but satisfy
the local symmetry.

Parameters of the inter—site p—d hopping between
five 3d-orbitals on a TM ion and three 2p—orbitals on
oxygen ions are determined from Harrison's text-
book.13:14 Inter-site p—p hopping between O ions is also
taken into consideration. The atomic energy levels of
2p— and 3d-orbitals and the magnitude of the exchange
splitting are fixed by considering the results of the
electronic states of the spinel ferrites calculated using
first—principles.1®: 1® Number of electrons on 3d states
of Fe3*, Fe?*, and Co?* are five, six, and seven per ion,
respectively, and that of O%" is six per ion. The ground
state energy is calculated by diagonalizing the Hamil-
tonian matrix as a function of magnetization direction.
It is noted that the mixing of p— and d-orbitals repro-
duces the correct symmetry—dependence of energy lev-
els as in the crystal field potentials.

The values of the SOI of Fe3*, Fe2t, and Co?* ions are
fixed as 0.057, 0.050, and 0.063 eV per ion, respective-
1y.1” The values are consistent with the dependence of
SOI on Zr3, where Z and r are the atomic number and
ionic radius of the TM ion, respectively.

In the following, "positive uniaxial MA" of the cluster
is defined in such a way that the easy—direction of the
cluster magnetization coincides with the c-axis shown
in Fig. 1.

3. Calculated results and discussions

3.1 Magnetic anisotropy of AFe12019

Figure 2 shows the calculated results of MA energy
(K for each cluster in M-type ferrites with A = Ba, Sr,
and La. Positive K indicates the uniaxial MA. The
shapes of the clusters used in the calculations are the
same as those in the lattices observed for A = Ba, Sr, and
La.'®-20 Two sets of parameter values are used, among
which, one includes no p—p hopping and the other in-
cludes p—p hopping with a weighing factor of 0.5. Alt-
hough the La—ferrite includes one Fe?* ion in fu because

20 & Real Structure —m—Ba pp'0.0
j o ‘0.5
151 & S¢
:g '.n'I R\ - ff La
; 10 '," /‘\\\w\ X
2 // :
= 5 g \\1-: - A =t
2 "
01 -— h
n
_5 _—— e - —
2a 2b 4N 4f2 12k av.

Fig. 2 Calculated results of MA energy, Ku for Fe3* on
each nonequivalent site in M-type ferrites. Closed
symbols are for those without p—p hopping in the cluster
model, and open symbols are for those with p—p hopping
and a weighing factor of 0.5. "av" indicates the averaged
value over the K. values calculated for five nonequiva-
lent sites. 0.1 meV/ion corresponds to 5.6 Merg/cm3.

La ion is trivalent, we neglected the existence of Fe2*
assuming that all the Fe ions are trivalent, in order to
study the dependence of Ku on the small local lattice
distortion

As shown in Fig. 2, the 2b site contributes most
dominantly to the uniaxial MA because of its lowest
cluster symmetry. Nevertheless, the other sites, espe-
cially 12k site, may contribute to the total MA because
of the abundance of the 12k site. The tendency has al-
ready been discussed,” and is consistent with that ob-
tained in the theoretical analysis using crystal field
model 2V and with that in the first-principle calcula-
tions.22)

The calculated and experimental results of MA en-
ergy per unit volume are presented in Table 1. The cal-
culated results are obtained by summing up the con-
tribution of each cluster. We find that the results are in
good agreement with the experimental ones. The result
calculated by the first—principles is nearly half of the
experimental values.?? The tendency observed in our
calculation suggests the validity of our cluster model. It
is noted that the calculated values shown in Table 1
include the effect of p—p hopping and that the inclusion
of p—p hopping enhances the magnitude of Ku values.

Table 1 Experimental and calculated values of Ky in
Merg/cm3 for A = Ba, Sr, and La. The result calculated
using first—principles is also presented. The value of Ky
of La—ferrite includes a contribution from Fe?" and is
larger than those of Ba— and Sr—ferrites by a factor 1~ 2.

A Ba Sr La
Exp. 29 325 357 -
Present cal. 2.45 2.60 2381
First—principles 22 - 1.8 -
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Fig. 3 A schematic diagram of the energy levels of a
cluster formed by a TM ion at the center and O ions
surrounding the TM ion. Shaded boxes represent the
unhybridized levels and open boxes indicate the bonding
and antibonding states after p—d mixing. Vior' ‘and
Vsor* ' denote up—down spin and down—down spin com-
ponents of the LS coupling.

To study the effect of the local lattice distortion in
AFe12019 on the MA, we performed similar cluster cal-
culations for an ideal M—type ferrite in which the octa-
hedral and tetrahedral clusters are regular octahedrons
and tetrahedrons, respectively. The A u value is 1.6
Merg/ecm3, which is much smaller than those calculated
for AFe12019. The result indicates the importance of the
local lattice distortion on MA.

The appearance of the MA in Fe?* ions is explained
in terms of p—d mixing between the spin—polarized 3d
states of an Fe ion and 2p states of O ions. Figure 3 is a
schematic presentation of the energy levels for the
spin—polarized 3d states and unpolarized 2p states.
Shaded boxes represent the energy levels of unhybrid-
ized states and white boxes indicate the bonding and
antibonding states after p—d mixing. The down-spin
bonding states include 3d-orbital components; conse-
quently, the LS coupling becomes active between both
up—down and down—down spin components, resulting in
a weak MA in Fe3* ions.

Some discussions on the validity of the present cal-
culations are ready. The bulk Ku of Ba—ferrite was cal-
culated to be 0.6 Merg/cm? by using the crystal field
model,2V in which the local K. values were reported to
be 17.4 X and -2 ~ 6 X107 eV/ion for 2b—Fe and the
other Fe ions, respectively. Although the tendency of the
local Ky values agrees with the present results, the bulk
K i1s smaller than that in the present model. The
result may be attributed to the negative value of local
K for the abundant 12k-site Fe ions.

The first principles calculation of the local K. for
Sr—ferrite in the Wien2K with GGA+U formalism?2?
gives 24 X and -1 ~ 2 X 1075 eV/ion for 2b—Fe and the
other Fe ions, respectively. Although the bulk Ky value
shown in Table 1 is consistent with the present result,
the local Ku values except for 2b—Fe are not necessarily
consistent with ours. We attribute the difference to the
long-range effect neglected in our cluster model. Re-
sultant numerical error inherent to the present model
seems be of the order of 10> eV/ion, because the accu-

nod oM - . -
(a] F&” inrenl Lo® ferte i (b) Co™ 0 el La™ Seotn
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Fig. 4 MA energy, calculated in the cluster model, as a
function of angle @ of the magnetization direction
measured from c-axis shown in Fig. 1 for (a) Fe?* and
(b) Co2* ions in the nonequivalent sites of La—ferrite.

racy in the numerical calculation is better than 1077
eV/ion.

3.2 MA of divalent Fe and Co ions

To clarify the sites occupied by Co?" in M—-type fer-
rites is crucial in the fabrication of high performance
ferrite magnets, however, the experimental results are
controversial:0.7.29-20  Mgsshbauer and Raman meas-
urements suggest 4fs site as the occupied site, while
Neutron diffraction and Extended X-ray Absorption
Fine Structure (EXAFS) measurements suggest 4fi
site. As for the occupation of Fe?* ions, on the other
hand, both experimental and theoretical results suggest
2a site as the most preferential site.22:2® In addition, a
metamagnetic transition observed in the magnetization
process for Fe?+ doped (Ca-La)Fe12019 might be a clue to
identify the occupation sites of Fe2* ions.2®

To examine the effects of Fe?" and Co?* ions on MA,
we perform numerical calculation of MA energy for
clusters which contain Fe2?* or Co?*. The shape of the
cluster is assumed to be the same as that in La—ferrite.
Calculated results for Fe2* and Co2* ions as a function of
magnetization direction 6, the angle measured from
c-axis, are presented in Fig. 4(a) and 4(b), respectively.

As shown in figure 4(a), Fe?* ions on 2a, 2b, and
4f1 sites enhance the uniaxial K., while those on 4f2 and
12k sites suppress it. However, no such tendency has
been observed in experiments. Furthermore, the
f-dependence of MA energy on 2a—Fe shows no ten-
dency of a metamagnetic transition. As for Co?" ions in
La—ferrite, they, except for those on 2a site, suppress
the uniaxial MA as shown in Fig. 4(b). The characteris-
tic feature shown in Fig. 4(b) has been found to be un-

INDEX

changed for Co%* ions doped in the other M—type ferrites.

The MA energy thus calculated for Co%* ion doped into
any site in M-type ferrites would not explain the ob-
served increase in the uniaxial Ku.

As mentioned, the shape of the clusters used in the
calculations is assumed to be the same as that in the
lattice  structure of La-ferrite. However, in
(La-Ca)—ferrite for example, random distribution of Fe3*
and Fe?" ions may give rise to additional lattice distor-
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Fig. 5 Types of cluster distortions denoted by the shift
(small red arrows) of O and Fe ions for (a) 2a, (b) 2b, (c)
4f1, (d) 4fz, and (e) 12k sites. Right and left panels of
each figure are the projections of the cluster onto the
c—plane and a plane along the c-axis, respectively. Two
distances rx and r. are defined as the in—plane O-O
distance and inter—plane one, respectively.

tion because of different ionic radii between Fe3* and
Fe?* ions. Distribution of La and Ca ions may also lead
to a similar effect. As shown in the previous subsection,
the MA of M-type ferrite is sensitive to the lattice dis-
tortion of clusters, and therefore, it is expected that the
calculated results shown in Fig. 4 might be altered by
lattice distortion of the clusters. In the following, we
perform cluster calculations by introducing cluster dis-
tortions.

As the details of local lattice distortion in
(La-Ca)—ferrite are unknown, we first survey the char-
acteristic feature of the local lattice distortion of Fe—O
clusters in Ba—, Sr—, and La—ferrites.1®20 Results are
depicted in Fig. 5, where small arrows denote the shifts
of O and Fe ions from the potions of ideal clusters. The
shifts for 2a-site cluster, for example, are depicted in
Fig. 5(a). The left figure is a projection of the cluster on
the c—plane, and shows that the O ions on both upper
and lower triangles shrink, that is, the distance ra
shown in the figure becomes smaller than that of the
regular octahedron in the cubic spinel ferrite. The right
figure is a projection on to a plane along c-axis. It shows
that O ions on the upper triangle shift upward and
those on the lower triangle shift downward, resulting in
an increase in the distance r. Figures for the other
clusters should be understood similarly, except for the
shift of the Fe ions along the c-axis. It is notable that
result for the 12k—cluster exhibits complicated lattice
distortion as depicted in Fig. 5(e).

The O-ion position is shifted from the position of
the regular octahedron or tetrahedron by a small
amount of (6xo, 8y, 6z0), which may be estimated by
using the X-ray diffraction data for Ba, Sr, and
La—ferrites.!®29 The estimated values are §xo = —0.01 ~
0.015 A, 6y0 =-0.02 ~ 0.01 A, and 6z0 < 0.04 A for 2a, 4f;

Table 2. Estimated magnitude of cluster distortion in
M-type ferrites, normalized r/r., and shift of Fe ion
|8z . Values for 12k-site cluster are omitted because of
the complexity of the cluster distortion.

Normalized r/ra  Shift of Fe ion |6z| A)

2a 1.08 ~1.12 0

2b 0.87~0.90 0.006 ~ 0.007
4fy 1.06 ~ 1.07 0.002 ~ 0.003
4fy 1.10 ~ 1.17 0.009 ~ 0.011
12k - -

and 4fs site clusters. By using these values, the range of
1. and re values defined in Fig. 5 have been evaluated.

The cluster distortion may be characterized by two
quantities, a ratio r./ra where r. and ra are the in—plane
and inter—plane distances between two O ions, respec-
tively, and &z is the shift of Fe ion as defined in Fig. 5.
Here, we introduce a normalized ratio (z/72)n that is the
value of r/ra normalized by that for regular octahedron
or tetrahedron. The (z/ra)n value for 2b-site cluster is
determined using 2b-site cluster in the ideal M-type
ferrite in which regular octahedrons and tetrahedrons
are included. Table 2 shows values of normalized ration
(ze/r)n and [8z| for clusters with the nonequivalent
Fe sites. In the following, we use these values as a
measure of lattice distortion to calculate the dependence
of Ku on the local lattice distortion in M-type ferrite
doped with Fe2* or Co%* ions.

Now, we study the dependence of Ku values on local
lattice distortion for Fe?* and Co?" ions doped in
Sr—ferrite. We focus our attention on the Fe2* ion on
2a site, which may be responsible for the metamagnetic
behavior, and on the Co2* ion on 4f; and 4fs sites, which
are suggested to be plausible for Co?" occupation.

Figure 6(a) shows calculated values of K u of Sr
—ferrite in which 20 % Fe2* ions are doped into 2a sites.
The range of the lattice distortion is 0.9 < (z/ra)n < 1.0
and —0.01 < 6z < 0.01. The value of &z is zero because of
the lattice symmetry, however, we have introduced it
virtually for comparison with results obtained for the
other clusters. The Ky value on Fe?* ion and that of the
bulk Sr—ferrite calculated in the previous subsection,
have been averaged over. Red region shows positive Ku
and blue and green regions indicate negative Ku. The
linear dependence of Ku on (z/rn is the same as the
tetragonality dependence of Ky given by the relation
K = B(c/a-1) in cubic lattices, where Bis the magne-
toelastic constant. The dependence of Ky on 6z is sym-
metrical because of the symmetry of the 2a—site cluster
along the c—axis.

Because 6-dependence of K is given as Ku ~ Ki
sin?f + Kz sin*6, several magnetic states may appear
depending on the signs and magnitudes of K1 and K.
Therefore, we have approximately fitted the calculated
results of Ku () using the equation above, and have
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Fig. 6 Calculated results of K. (in Merg/cm?) of
Sr—ferrite with 20 % doping of Fe2" or Co?* ions. Results
are plotted as a function of normalized ro/ra ratio, (ze/ra)n
(see text), and 8z (in A), which characterize the cluster
distortion and the shift of Fe or Co ions. (a) Fe2* doping
on 2a site, (b) Co?* doping on 4f; site, and (c) Co?* dop-
ing on 4f> site.

obtained values of A1 and Az. These values are useful to
semi-quantitatively discuss the dependence of the
magnetic state on lattice distortion. Combination of the
signs of Ki, Kz, and Ku is plotted in Fig. 7(a) as a func-
tion of (ze/r)n and 8z. For (ze/ra)n > 0.925 with 8z = 0, all
values are positive, while states with A1 > 0, A2< 0, and
Ku > 0 appear with decreasing (z/ra)n . In these states
the metamagnetic transition may occur when an
in—plane external magnetic field is applied. =~ The most
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Fig. 7 Signs of Ki, Ko, and Ku calculated as a function of
normalized r/r. ratio and 8z (in A) to characterize the
magnetic states of Sr—ferrites with 20 % doping of Fe2*
or Co?* ions. (a) Fe?t ion on 2a site, (b) Co2* ion on 4f;
site, and (c) Co?* ion on 4f site.

notable result shown in Fig. 6(a) and Fig. 7(a) is that the
sign of MA is altered by a very small change in the in-
ter—atomic distance.

Figure 6(b) shows the results for K. of Sr—ferrite
with 20 % doping of Co?* on 4f; site. The red and blue
regions indicate positive and negative K., respectively.
The magnitude of the local distortion of the cluster
containing 4f1 site in the undoped Sr—ferrite corre-
sponds to that in the blue region. With decreasing
(ze/12)n, which implies increasing the compression along
the c-axis, Ku values increase and become positive as
shown in the figure. Similarly, Ku value becomes posi-
tive as 8z turns to be negative.

Combination of the signs of K1, Az, and Ku is plotted
in Fig. 7(b) as a function of (z/r)n and 8z. We find the
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blue region with negative Ky changes to be positive with
decreasing (z/r2)n. Similar change occurs in case of sign
change in 6z from positive to negative. We see that the
combination of signs of Ki, Kz, and K. is altered by a
few % change in (z/ra)n, as well as by a small shift §z of
Co ion.

Similar plots for Sr—ferrite with 20 % doping of Co2*
on 4fs site are presented in Fig. 6(c) and Fig. 7(c). It is
noted that color presentation in Fig. 6(c) is different
from that in figure 6(b): zero of Ku resides in the blue
region in Fig. 6(b), while it is in the red region in Fig.
6(c). As shown in Table 2, values of (zz/r2)n and &z for 4fs
site cluster in the undoped ferrite are close to 1.1 and
~0.01 A, respectively. Therefore, 20 % doping of Co?" on
4fs site makes Ku strongly negative. The plot in Fig. 7(c)
shows that the negative sign of Ky would not be altered
by weak distortion of the cluster.

We have thus investigated the overall feature of the
effects of the local lattice distortion, that is, the cluster
deformation, on Ay values as well as on the signs of KA,
Kz, and Ku. The possible magnitude of the local lattice
distortion after Fe2* or Co2* doping was estimated by
comparing the distortions in Ba—, Sr—, and La—ferrites
with those in the ideal structure. The results may be
summarized in the following manner.

Because the MA induced by Fe2* and Co2* ions is
much larger than that induced by Fe3* ion, dopant of
small amount of Fe?* and Co?* ions may change the
character of MA of M-type ferrites. When the lattice
structure of doped ferrites is assumed to be the same as
that of undoped ferrite, the change in Ku values for Fe2+
doping depends on the doped site of Fe?*, while K. for
Co2* ion is negative and independent of the doped site.
However, such change in MA of doped ferrites strongly
depends on the local lattice distortion, a very small
change in (z/rn of the cluster and/or a small shift in
the position of Fe2* (Co?*) ions. Furthermore, such MA
change depends on the occupation sites. For Fe2*—doped
2a site, the metamagnetic feature appears under cluster
compression along the c-axis. For Co?*—doped 4f; site,
similar compression makes Ay positive.

The results are consistent with the observed ones,
however, several discussions are possible. First, so far
no explicit observation for the relation of MA change
and local lattice distortion has been reported. Because
the lattice distortion introduced in our calculation is
very small, high-precision local probe is required to
measure the lattice distortion.3?

Secondly, in our calculations, the distortion of each
cluster was treated independently. This treatment may
not always be correct. For example, Fe ions on 4f: sites
form dumbbell structure in M—type ferrites, that is, two
neighboring octahedrons share a triangle face, resulting
in a double—cluster structure. It should be noted that,
for this type of double—cluster structure, Ku value in-
duced by two Co?* ions depends on the distance between
the two Co2* ions. Our preliminary results show that
with decreasing distance, direct overlap of 3d—electron

clouds increases and contributes to make K positive.
The tendency is the same with that in the usual hex-
agonal Co lattices.

Thirdly, we would like to discuss the long-range ef-
fects of crystal field potential on Ky values. The bulk
K values of M-type ferrites doped with 20% Co2* or
Fe?* ions are of the order of 1 meV/fu as shown in Fig. 6,
which corresponds 0.53 eV per Co or Fe ion. The
long-range effects on the local Ku of Co?" have been
investigated in a simple model for tetragonally distorted
spinel ferrites in which a local trigonal symmetry
around TM ions on the so-called B-site is produced due
to characteristic lattice structure in the second nearest
neighbor sites.3V It has been shown that the local trig-
onal symmetry reduces the Ku value of the tetragonally
distorted spinel ferrites.l? Although M-type ferrites
have no such local symmetry, existence of Ba or Sr ions
and distribution of Co2* and/or Fe?* ions may reduce the
bulk K. values. Nevertheless, the local A« values of
Co?* and Fe?' remain sufficiently large as compared
with those of Fe3*, and therefore the semi-quantitative
results shown in Figs. 6 and 7 would be unchanged. It is
noted that such effect is not large for Fe?* ions because
the up and down spin states are already split by the
large exchange field.

Finally, the clusters in ferrites are connected with
one another, and therefore, the distortion of each cluster
is affected by other clusters. Furthermore, such local
lattice distortion is influenced by the distribution of
divalent and trivalent ions in the lattice. One possible
way to clarify such local lattice distortion in a doped
lattice could be the method of lattice relaxation in the
first—principles. In this case, however, highly precise
calculation is also desirable.

4. Conclusions

We explained the MA of M-type ferrites by calcu-
lating the electronic structure of clusters with a single
Fe3* ion and surrounding 02" ions. The SOI (LS cou-
pling) was introduced in the magnetic ion. We found
that the calculated results agree with the experimental
ones fairly well, and attributed the mechanism of MA of
Fe3* ions to the p—d mixing between 2p— and 3d—orbitals
of 02~ and Fe?* ions, respectively. It was pointed out that
a small amount of lattice deformation of the clusters is
crucial for quantitative understanding of the MA.

Our cluster calculations showed that MA of M-type
ferrites doped with Fe2?* or Co?" ions is also strongly
affected by a small amount of lattice distortion. It was
shown that Fe2* ions doped onto 2a-site produce met-
amagnetic character when compressive deformation
along the c-axis is introduced. It was also shown that
the Co?* ions doped onto 4f1 site may increase the uni-
axial MA when the compressive deformation is intro-
duced.

For material design of ferrite magnets, however,
precise measurements of local lattice distortion and
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detailed first—principles calculations of MA with local
lattice relaxation are required.
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(Sm,Y)(Fe, CO)I2'XrI‘ix I: B '-J- 6 Eﬁﬁ*ﬁ t mﬁﬁ’l’i
Structural and magnetic properties of (Sm,Y)(Fe,Co)12Tix

FRIFUAT « RIS - AT
MR HCE DA BERE 2 —, ) IR IR INATEENT | (T212-8582)

M. Hagiwara®, N. Sanada, and S. Sakurada
Corporate Research & Development Center, Research & Development Division, Toshiba Corporation.
1 Komukai-Tbshiba-cho, Saiwai-ku, Kawasaki 212-85682, Japan

The structural and magnetic properties of (Sm,Y)(Fe,Co)12«Tix (x = 0.5, 0.6) prepared by arc melting and rapid quenching are
investigated. The formation of the ThCurtype phase were facilitated with decreasing amount of Ti concentrations, and many
amount of ThCur-type phase was observed for arc melted alloy at low Ti concentrations (x = 0.5). In the contrast, the volume fraction
of TbCurtype phase was reduced remarkably for rapidly quenched alloy. This shows that the formation of the ThMniz2 structure was
facilitated by rapid quenching at low Ti concentrations. When compared with the same amount of Ti concentrations (x = 0.5), the
value of saturation magnetization of rapidly quenched alloy which was 1.55 T was higher than that of arc melted alloy.

Key words: ThMn12 structure, permanent magnet materials, structure, saturation magnetization
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Fig. 1 XRD patterns of (SmosYo2)(FeosCoo2)12+Tix (x = 0.5, 0.6)
prepared by arc melting.

Fig. 2 SEM-BEI of (SmosYo02)(FeosCoo2)115Ti05 prepared by arc

melting.
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Fig. 3 Magnetization curves of (SmosYo2)(FeogCooie~Tix (x =
0.6 (a), 0.5 (b)) prepared by arc melting for oriented powder.
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Fig. 4 XRD patterns of (SmosYo2)(FeosCoo212+Tix (x = 0.5, 0.6)
prepared by rapid quenching.
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(a) Arc-melted alloys

(b) Rapidly quenched alloys

Fig. 5 SEM-BEIs of (SmosYo2)(FeogCoo2115Tios prepared by arc
melting (a) and rapid quenching (b).
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Table 1 The saturation magnetization of (SmosYo2)(FeosCoo2)12+Tix (x = 0.5, 0.6).

Arc-melted alloys Rapidly quenched alloys
Composition of each alloy Oriented powder Non-oriented powder Non-oriented powder
(SmosYo2)(FeogCoo2)11.4Tios 1.50T 1.50T 1.52T
(SmosYo2)(FeogCoo2)115Tios 149T 1.50T 1.55T
(a) Arc-melted alloys 16
1.4 A
x=0.6 1.2 4
~ 1.0 -
e
a-(Fé,Co) EO 0.8 1
~0.6 A
x=05 1-12 phase 0.4 A
0.2 A
! ! ! 1 0.0 T T T T
0 20 40 60 80 100 0 2 4 6 8 10
Vol. % 1o H (T)
(b) Rapidly quenched alloys 1.6 |
«— M,
1.5 A
x=0.6 1.4 A
€
a(Fe,Co) go 1.3 1
=
1.2 4
x=0.5 1-12 11 -
1 1 1 1 ].O T
0 20 40 60 80 100 0 0.05 0.1
Vol. % /(o H)? (1/T?)

Fig. 6 The volume fraction of (SmosY02)(FeosCoo2)12+Tix (x = 0.5,
0.6) prepared by arc melting (a) and rapid quenching (b).
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Fig. 7 Magnetization curves of (SmosYo2)(FeosCoo2115Tios
prepared by rapid quenching for non-oriented powder.
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Fig. 8 Ti concentration dependence of the saturation
magnetization of (SmosYo2)(FeosCoo22+Tix (x = 0.5, 0.6).
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ERISNARREBOERBAFHEICRITIRE

Effect of Winding Stress on DC Magnetic Properties of Ring Sample

R 1 BNT PE SE AR AR SET, #0731 W4T N4 % 705-1 (T 243-0435)

Y.Baba
Kanagawa Institute of Industrial Science and Technology, 705-1 Shimo-imaizumi Ebina, Kanagawa 243-0435, Japan

Ring samples are often used for measuring the DC magnetic characteristics of magnetic material. In this
measuring method, stress and strain are induced into a specimen by winding coils on the ring samples. The magnetic
characteristics of the samples might be affected by the inverse-magnetostriction phenomenon, which is caused by
compressive stress on the ring samples. Hence, by using ring sample of a material with a positive magnetostriction
constant, DC magnetic characteristics were measured both with and without the polymer case in order to prevent
winding stress. As a result, it was confirmed that the magnetic characteristics of the ring samples were changed by
the inverse-magnetostrictive effect induced by compressive stress.

Key words: DC magnetic measurement, ring samples, inverse magnetostriction phenomenon, winding stress
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Fig. 1 Winding coil on ring sample
without polymer case (photo).
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Fig. 8 Characteristics of maximum magnetic flux
density (Bw and residual magnetic flux
density (B) with varied magnetic fields.
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Fig. 4 Characteristics of squareness ratio (5./Bn)
and coercive force (Hs) with varied
magnetic fields.
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Fig. 5 Characteristics of relative error rate of
maximum magnetic flux density (Bn),
residual magnetic flux density (B,
squareness ratio (B:/ Bn), and coercive
force (Hz) with varied magnetic fields.

DR IRESIREDS T0 Alm LT CIIIEDEA7R L, 100 A/m 2A
FCIIADHEE R L. DFY, FETEIE CIEE S DR
TERESINREL 2o TWA, 22T, SRAEEL B TR
WEA ST & & D B-H #fO2bE Figé (ORT. 2O
S CIIRERTRE DD LOHIIIT Ba HFEFIZRE 720, ZHUfE:
ST B & Hap b REIEMUTEY, Ba DR Ho DEIC
RE L FELTODEEFDIND.

TIT, WU IR OB LAy ORI T B RGN OREF
Gy H A TND Z LD, FFMIEREEY L SN & ThH D
LM T ARG Heg DBERRCA T~ IE LR B
IO J ZFH L, SISO CERES IR
FHC JH A RO CEERFREE A U, SRR RED
FEIMZPED B0 He OV AHy & SRR RO BN
D (NHgl ), KO (2) IKTRkedi= Hy DRk B (Hy) 12
N CHITEREIRRE 2 2 b S BT HFORE 1% Fig 7 (9 SRR
SREENIR I Tl Z osIER O (AHe | Ad) DSFEFITRE
<720, MKEZEFFD B (Hy) ERREOBIZ R L, SRR C
EAHG [ N DVNSL Tpntz, 2O L0, 33REREE Cl3RE
RO L OO IEFICR E < 720, FlsESaEk
REE RSN L C BB OB 2N e S 2 5. L2
7C, FHERREII C o\ IR BRI Clabi L7350, B
W) 2 % & NI Ko TERIS ) A2 G- 2 720 4
M BHLSNDDT, EIDEBRC 1% 52700 E & 10 Bk
L RDHEEANEZ B, UK U CHRE AR <30\ C IR UR:
SRRl LT 85A Tl IO RS L DR EEDEIV NS
<Teo T, ZORMENOMINER /NS < 7278, BRI
TEREDREN 2 N LTI 2 S & B RO 0D, &
BUETIE D & E DFHIMMEINI NS Ipol= B2 bD.

SRR I T A ST & Z DURHET) He & PR3
S % Fig8 TR, sBl 2Rk L7 DB RS MR i 73 0.26 T

Magnetic flux density (T)

Magnetic flux density (T)

Fig

150

AH,;/4d ., (Alm/T)
S
o

ot
)

0

Magnetic field (A/m)
a) without stress.

4
T

Magnetic field (A/m)
b) with stress.

. 6 B-H loops with varied magnetic fields.

30 _
2 S
cu
XA, :
[ &
] H <]
L ! \) {1 15 =
u A g
I g
' “
| o©
m =
L 1k 10 é
| A aH lad, I >
(with stress) L\\m\ g
| - aH/Ad, \' o ~ B
(without stress) \g_‘g-\-ﬂ- = J %
I E;(f[q) X, =
1 L1111l L L1 a1l 1 ||m 1 _15
1 10 100 1000
Magnetic field (A/m)

Fig. 7 Characteristics of ratio of increase in

coercive force and increase in magnetic
polarization (4H; /A and relative error
rate of coercive force [ (Hy)], with varied
magnetic fields.

26 Transaction of the Magnetics Society of Japan (Special Issues) Vol.3, No.1, 2019

INDEX



a 1.4 1 70

A ]
E o ]
812 F kB 160 _
+ / E E
] . _m
£10 | ,é/,' 1502
E XS
50.8 o 1408
g /) =
%06 7 1308
E o
0.4 , 12°
g 0 J, (with stress)
s M J, (without stress)
2 0.2 4 Hy (withstress9) ] 10
~ A H,; (without stress) ]

0.0 0

1
Maximum magnetic polarization

(T)

a) Maximum magnetic polarization upto 2.2 (T).

~ 0.4 40
S5} I 6 o, (with stress) 1
=] [ # J, (without stress) A
.8 | & H,; (with stress) )
| A H_ (without stress) =
fo03 [ * 5 {1 30 E
5 //’3/ ] 3
& g 5 I
o 7
£02 | S 271 90 =
VA . i )
£ G J >
. / 2R
£ A & 1 2
g01 A i 1 10%°
< | M :
& H =l E
B éf '
0'0 IR N TN N NN T N TN TN TN TN N T N NN 1 0
0.0 0.1 0.2 0.3 0.4
Maximum magnetic polarization
(T)

b) Expansion of region with lower
maximum magnetic polarization.

Fig. 8 Characteristics of residual magnetic
polarization () and coercive force (H) with
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—F U BRIEEW SroCrFeAsOs-s D EFHSHEHE

Electronic and magnetic phase diagram of mixed anion layered compound
SroCrFeAsOs-5
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M. Yamaguchi®, H. Fujioka ®, T. Otsuka ®, M. Seto?, S. Kitao®, M. Matoba ®, and Y. Kamihara &t
a) Department of Applied Physics and Physico-Informatics, Faculty of Science and Technology, Keio Univ., 3-14-1 Hiyoshi,
Kohoku-ku, Yokohama-shi, Kanagawa 223-8522, Japan
b) Institute for Integrated Radiation and Nuclear Science, Kyoto Univ., 2-1010 Asashiro-Nishi, Kumatori-cho, Sennan-gun, Osaka
590-0494, Japan

An electronic and magnetic phase diagram of a mixed anion layered compound, SrsCrFeAsOs-5, is demonstrated.
Sr2CrFeAsOs-s is composed by a carrier conducting FeAs layer and carrier blocking Sr2CrOs-s layer. Polycrystalline
SroCrFeAsOs-s samples were prepared by solid-state reaction. The oxygen deficiency (9) of the samples was
determined using an assumption of a linear relation between ¢ and lattice volume (V). The J-V relation was based on
the 7 of several nominal compositions of polycrystalline samples with a smaller second phase. An electronic and
magnetic phase diagram of Sr2CrFeAsOs-s that considers § and temperature (7) was created on the basis of electrical
resistivity measurements and °%"Fe Mossbauer spectroscopy measurements. A magnetic Fe sublattice of
SroCrFeAsOs-s exhibited a stripe-type antiferromagnetic (AFM-s) phase for 0.124 < § < 0.210 at 7 < 60 K and an
internal magnetic field (Hix) distributed antiferromagnetic (AFM-DH) phase for 0.247 <6 < 0.256 at T< 53 K.

Keywords: mixed anion layered compounds, oxygen deficiency, antiferromagnetism, phase diagram, SraCrFeAsOs-s
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Fig. 1 Crystallographic structure in Ae2TmFePnQOs-s, so
called “21113 system” with perovskite-type layers such
as AesTmOs-s, where Ae denotes alkaline earth metal (Ca,
Sr), Tm denotes transition metal (Sc, V, Cr) and Pn
denotes pnictogen (P, As).

8 > 0.267 THBMEMNSHNEMEES (magnetic hyperfine field,
F 7213 internal magnetic field) (25341 O & % < 5@ LML
(Antiferromagnetic phase with distributed magnetic hyperfine
field: AFM-DH) ~&:AHiIEf 32510 2 L 2 L7

V % Cr |[ZE# L7z Sr2CrFeAsOs-; | TSRS 4 7R E 7
W9 Zha 51, Cr A b~ T B L0 T=292K
OB AR AR O i LT, 72, Tegel B, Fe fl
BT OB 20 K LLF CHRIES A~ 9 Z Lol Lz, =

28

DI I, Sr2VFeAsOs-s & SraCrFeAsOs-s BRI E
DACFHIERED B2 2 2 LITAD TR Y, FEaORE VD, L
L7 5, SraCrFeAsOs—s D § DEAV AR, B -
SARRBOZA A NI~ TS L7, 58 0maRy | 17
FEL72. —F, SreVFeAsOs-s 1%, AR LR LT 7' —F
2 K AR KB ROFMIC X AP R S, £ Ok
R, BB REFHE ORI A RICARRE 2 £ 2 & 238
Ll s,

Transaction of the Magnetics Society of Japan (Special Issues) Vol.3, No.1, 2019

INDEX



P ld, BEFRRIEREDOR 25 SroCrFeAsOs-s #6HkL, f4541
TR DB KHRH IR R AN & Jrise 072 Fe OREKIE T
% 5Fe Mbssbauer 73 AY MVEFEHT L, SraCrFeAsOs—s
DS+ BERRREFAX 2B 2N LTz,

2. [RE

2.1 %Fe Mossbauer 43327

Méssbauer 7361, KBk R/ —%209 Z L7, JFERY
MAERE L, &5 ORI URTENRZD v #a 25
4:Cdh D Mossbaver 1322 #FH L=k cd s,
Méssbauer ZHRDMEHI SV TW DRI HAL5.

5TFe Mossbauer 7356 Cld, FIAD Fe lZE £D 2.2%0D 5Fe 713,
R E LTS 57Co 7B S 415 14.4 keV O y it SHIK
3%, BRSO END v R THEI T 57280, FHREEE)
S5 Z & T, Doppler Z1HZ L 0 y O 3L — | THE AR -
%. Dy MEFRENZ I L, il L C< 5 y e fitas el
5 Z & T, Méssbauer A7 hLEFG:D. 20 Moéssbauer A7
FUC R, FBHICEEND Fe & -0 FIRIER S, B
M, N2 £330 5 . FEERRH ISR S Hinus.
2.2 Mossbauer AR kL

—BAZ, AEE T-ORIEIC K D RFE D EMERT 7~ (S(7) (32
TAY<—7 bk (1S) & “Doppler 7 I (Sson(T) DF1E L
T () DXoIcEBND.

IS(T) = IS1 + ISson(7) (1)
ISt 1, WA & BURO - ONLETO s BHEE (p.2(0)),
[ 2O IIKTFL, Q) DX HicRENA.
181 = ZnZe2(Re — RAlly(0) = [y 2(0)P] @)

Z T, Re, R I3 OBEEIRAE L FIRIEDO AR TH Y, 1S
I IEEFEETEORRIE L 72 5. ISsod(T)VE, ¥4 T-H=EN0 Debye il
£, X @D X 5 Debye iR (@) THEINS.

. 3 % .3
ISson(7) = = Ev[é%[g% +3 (é) o #- ldx]} ®

DUk 75324 (QS) 1IEZIMR-E—A > b (Q) L IERIFRESL O
L@ oLHicERsn.

1 1
QS = Ze0V.1+ %U) = 2e240(1 + ”—;] o
I CVu(=eq) 13TV NEE (x,y, 2) COzfiba i ROES2)
Blodim e Uiz & X0z oA TH Y, 2oL X pidxilily
OB LS Vi, Viy & LT (B) TEFRSND.

_ PV
}7 Vz

()
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Fig. 2 XRD patterns of SroCrFeAsOs-s samples with § =
0.124, 0.158, 0.247, 0.256, 0.277 and 0.370. Vertical bars at
bottom represent angles of diffraction for Sr2CrFeAsOs. Arrows
represent Bragg diffractions assigned to second phases:
unknown (black), FeAs (dark blue), FesAs (blue), FeAss (pink),
Sr4Cr30s (green), SrO (orange), and SH(OH)2Ha0 (purple).
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Thotz. AL LT, FeAs, FesAs, FeAss, SraCrsOo, SrO,
Sr(OH)2H20 MMFELT=. EAHo 9 B, Sr(OH)2H0 13 SrO 73K
SHCKI EROR U TER SN LB R His.

o XRD ~Z—2 10, b FEAFIH LTS T EER

0.3914 {{a)
E 03913} ° =
£ 03912 o
= 0.3911} © i

1.5820 :
E 15780} ] -
T Y8760 G o hOSE

024200 T8
ﬂE ﬂ.2415 ™ " . = Lt
f’ 0.2410} = '

(b)

am
)
L

0.2 0.4 02 04
o o

Fig. 3 Lattice constants (a, ¢, ¥) of Sr2CrFeAsOs-;
samples at room temperature as functions of (a) nominal
oxygen deficiency (d) and (b) oxygen deficiency () under
the assumption of a linear relationship between V and 4.
Small black lines in red circles show statistical errors.
Other errors such as temperature fluctuation (< 1 K)

should be considered.
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Fig. 4  Electrical resistivity (p) as function of

temperature (7) for Sr2CrFeAsOs-; samples with § =
0.158, 0.185, 0.195, 0.210, 0.247, and 0.256. Downward
arrows indicate temperatures of anomalous kink (Zunom).
Upward arrows indicate minimum temperatures (Timin).
Insets show expanded view of figures.
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Fig. 5 57Fe Mossbauer spectrum of Sr2CrFeAsOs-s

samples at different temperatures indicated near plots.
(a) 0 =0.158 and (b) 0.247. Red lines are fitted patterns,
which are composed of two absorption lines for
SroCrFeAsQs-s (thick red lines) and FeAs (dashed lines)
for 6 = 0.158 sample.
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Fig. 6 Refined parameters for 5"Fe Mossbauer

spectroscopy measurements of Sr2CrFeAsOs-; samples
with 0 = 0.158 (red open circles) and 0.247 (red closed
circles). IS: isomer shift, QS: quadrupole splitting, LW
line width. QS and LW parameters were fixed at low
temperatures for 6 = 0.247 sample. Small black lines in
red circles show statistical errors. Dashed lines are
fitted patterns.
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6 = 0.158, 0.247 OFELD Fe EIFE 1L HEH AFM-s,
AFM-DH & ¥70 DA E 792 &, Fe Rl OBEIRIEX
SIHEATFT 5.

Fig. 6 ([ZBWC, X UL 12k 7 4 v T 4 v T %S o7 6 =
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Fig. 7 Distributions (%) of internal magnetic fields (Bin)
as function of Bix for Sr2CrFeAsOs-s samples with § =
0.247 at different temperatures indicated near plots.
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Fig. 8 (a) Temperature (7) dependence of internal
magnetic fields (Bin) for Sr2CrFeAsOs-s samples with § =
0.158. Small black lines in red circles show statistical
errors. (b) T dependence of square root of mean squared
amplitude of internal magnetic fields (\/<Bim2>), which is
obtained from distributions of Bin for SreCrFeAsOs-s
samples with 6 = 0.247. Red dashed lines are fitted
patterns.
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Fig. 9 Isomer shift (IS) of Sr2CrFeAsOs-s (red closed
circles), SraVFeAsOs-s (red open circles), LnFeAsO (blue
closed squares), and LnFePO (blue open squares) as function
of inverse of lattice volume at room temperature2?.
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Fig. 10 Electronic and magnetic phase diagram of
Sr2CrFeAsOs-s considering ¢ and 7. Open circles indicate
temperatures of anomalous kink for p-7 curves (Tanom).
Open upward triangles indicate minimum temperatures
for p-T curves (Tmn). Closed circle indicates Néel
temperature of stripe-type antiferromagnetic ordered Fe
(Tarms). Closed upward triangle indicates Néel
temperature of internal magnetic field (Hix) distributed
antiferromagnetic ordered Fe (Tapvnup). Shadow area
denotes region in which crystallographic and/or
compositional disorder exists.
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This paper reports the effect of Ga composition on the static and dynamic magnetic properties of 10-nm-thick Fe-Ga
polycrystalline films. As for the static magnetic properties of these films, the saturation magnetization (4wl%)
decreased as the Ga composition increased. This feature is similar to that of Fe-Ga bulk alloy. The saturation
magnetostriction (1) also increased as the Ga composition increased, but these values were lower than those of Fe-Ga
bulk alloy. As for their dynamic magnetic properties, the damping constant («) decreased from 0.034 to 0.012 as the
Ga composition increased, suggesting that the magnetization of Fe-Ga films with Ga compositions below 25 at.%
switched slowly in the high frequency range. Therefore, the effect of Ga composition on « and /s is opposite between
the two, indicating that this feature differs from those in Ni-Fe and Fe-Si binary alloy films.

Keywords: Feioo-.Gax films, magnetostrictive material, static magnetic property, dynamic magnetic property
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Fig. 1 Typical examples of (a) selected-area
diffraction (SAD) pattern and (b) high angle x-ray
diffraction profile of 10-nm-thick Feioo-Gay film with
x=24.9.
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Fig. 2 (a) A schematic diagram of the broadband
ferromagnetic resonance (B-FMR) measurement
system. (b) The layout drawing of a sample, a CPW,
and a GSG probe. Arrows represent direction of RF
field and DC field.
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Fig. 3 Typical examples of M-H curves in 10-nm-
thick Feioo«Gax films with (a) x = 18.5 and (b) x =
33.4. Black lines denote M-H curve when Hex was
applied along in-plane arbitrary directions of Fe-
Ga films. Gray lines denote M-H curve when Hex
was applied along in-plane lateral directions of Fe-
Ga films.
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Fig. 4 Change in (a) remanence ratio (M:/Ms) and (b)
saturation magnetization (4aMs) of 10-nm-thick
Feio0+Gax films with Ga composition (x). Black circles
indicate M:/Ms when He was applied along in-plane
arbitrary directions of Fe-Ga films. Gray circles
indicate Mi/Ms when Hex was applied along in-plane
lateral directions of Fe-Ga films.
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films.
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Fig. 6 (a) Typical examples of FMR spectrums in 10-
nm-thick Fegi 5Gaissfilms. (b) Relationship between
square of resonance frequency (fres2) and resonance
magnetic field (Hres), (¢) Relationship between full-
width at half maximum (H) and resonance
frequency (fres) in 10-nm-thick Fesi.5Gaiss films. The
solid lines in (b) and (c) represent the fitting curves
by egs (1) and (2), respectively.
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Magnetostriction measurement system of magnetic thin films with
Michelson interference

PEpRERL - RN - SR - mffE

AN - FRZELS 52

IR R EE TS0, (LR CeKIR iR 4 T H 3-16 (T 992-8510)
M. Sato, Y. Yoshida, T. Suzuki, Y. Takahashi, K. Koike, and N. Inaba
Graduate School of Science and Engineering, Yamagata Univ., 4-3 -16 Jhonan, Yonezawa, Yamagata, 992-8510, Japan

We developed a sensitive magnetostriction measurement system of magnetic thin film specimens using a Michelson
interference. When magnetic field is applied parallel to the film plane of the cantilevered specimen, the
magnetostriction of the film makes the specimen slightly bend, and the movement of the interference patterns is

observed depending on the deflection dof the specimen. Variation of d can be detected with the precision of about one
hundredth of wavelength of laser beam. The magnetostriction constant Aiio of Fe(001) single crystal thin film deposited on
MgO(001) single crystal substrate with film thickness of 61 nm was estimated to be (1. 4+0.27)x10- from the deflection of 2.6+0.5 nm.

Key words: magnetic single crystal thin film, magnetostriction, Michelson interferometer
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Fig. 2 Picture of the magnetostriction measurement
system.
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Fig. 3 Pictu;'e of sample holder.
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Fig. 4 (a) Picture of interference patterns. (b)
Averaged intensity of interference fringes as a
function of pattern.
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Tig. 5 Variation of deflection for the Ni (001) single
crystal thin film specimen on magnetic field
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Table 1 Parameter in optical lever method

Film thickness & 254 nm

Film Young’s module £® 200 GPa
Substrate thickness & .0.16 mm
Substrate Young’s module £ 245 GPa
Displacement s 23 um

Laser spot position L .9.0 mm
Distance from sample to detector p 575 mm

Table 2 Parameter in optical interference method

Table 3 Parameter of Fe single crystal sample

Film thickness # 61 nm
Film Young’s module F1? 208 GPa
Substrate Poisson’s ratio v¢'® 0.291
Substrate thickness & 0.18 mm
Laser spot position L 7.9 mm

Film Poisson’s ratio v¢'® 0.31
Substrate Poisson’s ratio vs? 0.19
Laser spot position L 13.0 mm
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Fig. 6 Variation of deflection for the Fe(001) single
crystal thin film specimen on magnetic field
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A—3 —BKABAXEIBREDRE

Design of mangle-type magnetic field source with permanent magnets

YN e
T RFRZBE LFHGER, WA R T = TR 7-1-2 (T 321-8585)

H. Sakuma
Graduate School of Engineering, Utsunomiya Univ., 7-1-2 Yoto, Utsunomiya, Tochigi 321-8585, Japan

The effects of magnet size, separation, and rotation pattern on the strength and uniformity of a magnetic field and
the torque acting on magnets are discussed regarding the design of a mangle-type magnetic field source. A finite-
element simulation revealed that the maximum magnetic field increased as the diameter of the magnets increased or
magnet separation decreased. A uniform magnetic field is possible when the rotation pattern of the magnets adopts a
circular arrangement of magnetization for zero-field while a high torque acts on the magnets. The simulation results
were verified with a prototype, although the maximum field was smaller than the simulation.

Keywords: magnetic field source, permanent magnet, finite-element method, magnetic field distribution, magnetic

torque
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Fig. 1 Mangle-type magnetic field source with six magnets
arranged on corners of regular hexagon. Magnetization
directions shown in (a) and (b) are those generating high
magnetic field and zero field, respectively.
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Fig. 2 Magnetic flux density at center as functions of
magnet diameter J and magnet separation S.
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Fig. 3 Three rotation patterns of magnets.
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Fig. 4 (a) Magnetic flux density at center. (b) Standard
deviation of flux density in 1 cm? region around center. (c)
Torque acting on magnets as function of M1 angle for D= 20
mm, S=30 mm, and pattern 1.
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patterns 1-3.
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Fig. 6 Maximum torque acting on magnets for patterns 1-3.
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Fig. 8 Prototype of magnetic field source with bore d= 30
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Fig. 9 Distribution of lateral component of magnetic flux
density. (a) and (b) are comparison between simulation and
experiment for the identical angles of magnets those generate
maximum flux density (pattern 1). (¢) and (d) are those for
zero field.
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Fig. 10 Simulation and experimental results of magnetic
flux density at center as function of M1 angle for modified
pattern 1.
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Fabrication and Testing of Liquid Cooling System for Laptop PC
Incorporated with Magnetically Driven Micro-pumps

A
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R. Urabe, H. Yamada, and T. Honda?
Kyushu Institute of Technology, Faculty of Engineering, 1-1 Sensuicho,Tobata-ku, Kitakyushu-shi, Fukuoka 804-8550, Japan

A novel built-in CPU liquid cooling system that dispenses with a cooling fan is proposed for a high-end
laptop PCs. This system consists of a liquid cooling jacket adhered to a CPU, a heat radiation flat plate on the back
cover of a monitor, and magnetically driven micro-pumps. First, the size of the plate and the flow rate of coolant were
determined on the basis of a thermal resistance method. Next, a micro-pump that uses a flapping elastic plate was
designed and fabricated to be less than 8 mm in height, which included a drive coil. Last, to increase the load flow rate
to the target value, multiple pumps were serially connected. As a result of a heating test, the liquid cooling system
equipped with the two micro-pumps in series, successfully dissipated heat up to 50 W.

Key words: Liquid cooling system, magnetic field, micro-pump, permanent magnet, series operation
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Fig. 1 Configuration of liquid cooling system.
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Fig. 2 Thermal resistance circuit for estimating
thermal parameters.

7' L— bRl AR OBEST (BN v &7 > N OFEHD)
Ricket, HEWUZBIDO DB Rudiator T 5. AMFIE TIFWEMR
NG I TE RN EE X, FRHIINTEWRIZ B 2 2K
T Rinsutator DIFFNTINZ T2 72385, Readiator & RinsulatortE, HEMR &
WIBMK ODZ BRI, (RSEMIET, HORENETE & A
TABHEHCH D, SEORER, ©—%—RE Tundion, £—%
—7 L— NERHIRE Tase, WENRE Tigud, JEFREE Tembien &
T5%.

Tease % BIEEOD 55 C, Tambient 1R 23 ‘CETIUL, Rinckes,
Riadiator, Rinsuator DETHT (R T AT LOBEHD 13,

Ricieet + 1/ (1 / Ryadiaton) + (1 / Rinsuaton)) = (Tease— Tambient) / @

=(55 — 23)/ 50 =0.64 [‘C/W] 6))

ERIN, ZOMELTIZR2 L OITRNS AT Lasa L
b, 22T, QRO S b, KinY vy RO
P Riacker DIEITRENEOFRTEALT D 7O FEBRINTRD D4
TRH 5.

v /r v NEIROBRIY, b —F#—7L— hEnT vy
o NEEEL, BHIEETHIROX T R 7P TRRSEZLEED
Tease L BENEDIRIENDFEH U2, HEORSE, SHIEOE:
HINEETO< & 60 ml/min F2EEE TIFEMEPTARE <Jlb3%
0, LI EOFRCIIBMEFOBIRIIEETHIC/R 5 2 L 03h
o7, & ZTARSE T, ViiE 70 mlmin (2351 5 SENE Riacket
= 0.18 ‘CW Zf&inT v FOBEFLE UL, Riadiator &
Rinsutattor DG AR 1% 0.46 ‘CIW LIT £ 725 L O ITHEMRORRE %
iToz&E Ll

Redintor & Rinsubator DEHEFIOR I, Fig. 200~ X 51z
AR C BVt AR OBEEBOE 2 AR L 0. $ebb,
MHENR L AR (MR, WER) 232 LCRY, HMHEIROES
WZimE L UMb > TV 2oL &, bk (GHE, 2=
) AR CIIAH R L R EMREE THEEL, SR I
BMAENT Lo TR 5. Table 118, FHETHV-IEHEZ 7
FEEHA LTV =0 MROINKINE T Z 7 T v~ A MT
LDBREMTARL TRY, HiEE% 0.95 & RFES o7z, shiigh
REERIT, KV & BRI DS & D— 7352 AV =, F iz,
WrET OEMmEER1T 0.03 W/mK & L7=.
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Table 1 Thermal properties of radiator and insulator.

Th 1 Convective heat
. Thickness ermal . transfer coefficient Emissivity
Material conductivity 9
[mm] [W/(m K] [W/(m2 K)]
m Outside | Inside | Outside Inside
Radiator | Aluminum 1.5 236 7 1000 0.95 0.7
Insulator EVA foam 3.0 0.03 7 1000 0.7 0.7
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Fig. 7 Micro-pump using flapping elastic plate.

Fig. 8 Actuation principle of micro-pump.
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Reduction of AC Resistance Caused by Proximity Effect Using

Magnetocoated Wire
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» Hitachi Metals, Ltd., 4-10-1 Kawajiri-cho, Hitachi-city, Ibaraki 319-1411, Japan

Miniaturization and high efficiency of electronic device is required. The elements such as inductors
and capacitors used in electronic equipment, are working to miniaturization and high efficiency by
higher frequency. Along with the higher frequency of the driving frequency, AC resistance increases due
to iron loss and copper loss. So, the authors have developed Magnetocoated wire (MCW) that has a
magnetic layer around the copper wire to reduce the AC resistance. MCW reduces AC resistance
because a magnetic layer leads a magnetic flux. As a result AC resistance in coil using MCW was
reduced 32.1% in 1 MHz, 24.7% in 100 kHz, 20 % in 10 kHz.

Key words: magnetitocoated wire, magnetic path control technology, copper wire, AC resistance, proximity effect
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Fig. 3 Flux density vs. magnetic field loop of magnetocoated wire.
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Fig. 5 Resistance vs. Frequency characteristics of coils.
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VE—H AT T A, B X OVEE SRR TR A
7-.
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Fig. 6 Resistance vs. Current characteristics of coils.
(N=69, =20 kHz, T'=50°C)

Transaction of the Magnetics Society of Japan (Special Issues) Vol.3, No.1, 2019

L7210, COW OHEPT & bhls LT, MCW X Z4LEH 4.7 %,
18.5 %K L7-. BRN/KELR2DIZLIEN>TMCW D
PUIm L 7=, 2k, MCW @Em%): DM LT,
R R A FETE AL Rtz 2 bR, F 7 fbdbskmiist

BEOFRANEM L7 Z LITERT 5.
5 HeE
AL TN/ Z LT TOHEHTH S,

(1) BEVEBATRRORE S & WG E

MCW(d = 6 um) DFIFIEREE Bix 125 mT TH Y,
BB e 1% 9.3, REES) He 1% 2.5 KA/Im Th o7z,
MCW( d =19 um) DfIFIREHEE Boix 92 mT Th Y, [k
B 1T 7.5, RG] Ho 1% 2.5 kKA/m Th o7z,
(2) = A VOIS B B

1 MHz, 100 kHz, 10 kHz (25 T MCW O#Hii1Z COW
DB & bl L CENZIRK 32.1 %, 24.7%, 20.0%
TR L 72, 2 AV REPE SRR O T80 B O HNHNC A L T
W% MCW 08 IR\ JE R S P C A iRt 2 AR 3 % .
(3) = A WARBL D B AR

69 %= AL, I=8A, £=20 kHz ® & & MCW O
Piix COW DT & b LTk 18.5 %I L7z Lo L,
MCW (ZEBEMBKE L 2D L= > THRPUAEE M L.
ZUE MCW DR E Rt L C, iR 2758 ¢
ERL IRl 2 &R0, T/ FESRERBEMER B D SRR 3 N L
722 EICRKT 5.

AIRITTATHAN Ch DREMED - T & OBRY,

WA D HL R B 24T 9 .

BLO

MEE ATIEO T, BAEIREE (JST) A — /N — 2
FAL =TT T hAT I T AL — G O K A%
EiL=bOTHD.
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Prototype Tests of Transverse-Flux-type SR Motor and Characteristics Improvement

INRAS KA - OV AR - A

FAERE: REEBE TAbsest, e s s Ts

4 6-6-11 (T 980-8579)

T. Komoriyat, Y. Ito, and K. Nakamura
Tohoku University, Graduate School of Engineering, 6-6-11 Aoba Aramaki Aoba-ku, Sendai 9580-8579, Japan

Switched reluctance (SR) motors have a simple and robust structure, and low cost. However, torque and efficiency of

conventional SR motors are lower than those of rare-earth permanent magnet motors. To improve the disadvantages, several

kinds of special-structured SR motors, including axial-gap-type and permanent-magnet-assisted-type, have been proposed. This

paper investigates a transverse-flux-type SR motor (TFSRM). The TFSRM is designed by using a finite element method (FEM),

and the prototype tests are carried out. In addition, further improvement of the performance of TFSRM is discussed

based on the prototype tests results.

Key words: Switched reluctance (SR) motor, Transverse-flux-type

1. [FEHIC

4R, HERBRBEREOBS DA 2B TEH = RLX
—ERED SN TN D, FHCEAEICBW T, RIBEEE
J10K 6 FIBE—FZ THE SN TV DLERNE, T—4 0
EEAL R RO BN TER Y Y, Eikde 2y LEERcn % H
W KA AT — 2 O DEHIZHEA TS, L L7
B, TR AICRARBRIA T LRV AT r T A
&&@v77 A%, —HOESHIBICHEEL TV D720

WAk G & G AR E L SR TWD 229, AT, #H
EHGI%M®@@L LT T —ADFEEIAS %8
Y ENTREND. ZOLIREENLS, LT T—X
BARETHY 2N, B - & MLy ' — 2 ORHZEN
EENTND

AA v F WY Ty & AE—4 (Switched Reluctance
Motor: SRM) 1, BEXAIE ORRAZEMMEICHRT DY F
IPHA RN ERIA L2 TS, [EET, 5T
T & bl A L, BRIIEE RO ERE S
N5, R IEEL OB TR S, BRRCK AR IR
FECTHDH. LA ->7T, SRM ITHEEAEH TR, 2/
CORREEZATH. —J7, SRM O b 0phRix, A
WAE—2 I3 RIT N ENWHIBERDH L. 207, Z
NETTHF YT v v 7 OKABARBE 578 &,
B It TR 22 &7z SRM AMER SN TV D

T ZTEE DL, i A (Transverse-Flux-
type) 125 H L7z, S MBCREE— % LiX, FEHEST-OM
RSt UC, BRI IS iiAL 5 & — X ORFRT
5. WENRBEE, BEF, FiEToEb 50—,
HDLNIW IR A MEETHLEAENZ V. Fiz,
IAFBRAR Y MIESNDDOTiEe<, baAgxn
RoaAf vk, EHEFEIXREEE I3 LT, SIS

XD BGAENZ. LizR-o T, lEoE—4L
AT, BHRAEEEES TN TED. iz, HE
W&o T, BRUpBHZ Mt 4 Bl 2B TE 57
O, BIEMIEEELZETLHZENTE, MR
M EREfFSND. 20X A MBEREE—21E, 2
N E TITKABIA T —Z ~Ou RIS H 5 23 9.9,
SRM ~O#HFNLH £ 0 72\, Fiz, WL 20D D AT
Ze% HCH 100, YRR 2B < Te oI, [EIE RN A
BN A 2T 272 L, A ARE L5 SRM AR Dk
ENREDONTWHDHINZ.

UK U CARRE T, BAARE ORI SRM

(Transverse-Flux-type SRM: TFSRM) (22T .7, 3
WOLAHRE SR (3D-FEM) % W\ T, fEMT - 83 %4T 9
b, FEREEORIE - MBRAET O THET L.
LT, EFHED VI PULDJRFRIZONWTEET L L L b
12, ZOBERIZOWVWTRHEITSToOTHRET 5.

2. TFSRM OEFER & AFRBRIER

2.1 TFSRM D E AR

Fig. 1 |2, —#% M7 SRM (Radial-Flux-type SRM:
RFSRM) &5 Emé SRM (TFSRM) % Q#ili 7 112 i
BAL7-M%&79. FAX@IY, —fiFH7% RFSRM 054,
[FIEF- DRI ST R & ERROFEAN S T, [ U ofhm T
bLORLNS. —Ji, FROG)O TFSRM 04, [alis1
OIS ST (QHHT1E) Wkt L TR 18 (2 7))
NS ZENTHIND.

Fig. 212, AR ToOLEIZHAV = RFSRM & TFSRM ©
HAMR A7, & TFSRM O&MHOEEF, [HiEFi e
HICREDOD » ba T THERIN, BETTy a7 on
AN FaA XKD AP D LTS, T Z i
Frs 3 BefEAEA D Z & T, 3k L 725, A TFSRM @
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SRR Iz Bk LT, TFSRM D%## 5f%%1% RFSRM
ORI LTI > TWB Z bbb, —F, ¥v v 7RI
DNTIE, TFSRM i3k 7 A v Mz 725 Z EnHINT -
FSIRSIE 222 L, RFSRM L9 A< L.

Fig. 312, TFSRM ® 3D-FEM E7 /L Z5~4. dli7aic
FEENTZSMTEVITMSI TH D EIRET D &, RO
PRik & JE A & TFSRM Ok, RO 1 sy otF
NERMWTRETHIENTES.

Fig. 4 12, EiROET LV EZHWTHE L7 TFSRM &
RFSRM @ b/w;dﬁr“t}?f PEORERREZ T ZOME
% L, TFSRM DL, RFSRM & REEIS, Afif b 21
RGBT 5 THib+ 5 2 & B3bins. Fig. 5 IXERE
M IRHETH D, ZOMER S E, TFSRM @ FL 2%
RFSRM LY b K& W b5,

(a) RFSRM (b) TFSRM
Fig. 1 Comparison of rotational direction and flux
direction of RFSRM and TFSRM.

(a)RFSRM (b) TFSRM
Fig. 2 Basic configuration of RFSRM and TFSRM.

AAME A VR THD Z L b, —fEH7% RFSRM Fig. 3 3D-FEM model of TFSRM for one-pole.
LHART, BREREZRELTLHZ L 75)“6% 5. MAT,
OB BHZF MM A BRI AR TE 5720, BIERR 10000
BILHE< 752 LATE, by OBEOR NS e
R0 == RF5RM
ns. =
Table 112, 3D-FEM % H\\Ca%ak L7z TFSRM Ot E oy
A . E72, Table 2(THE, JEATHFZE TRIE L7z kb - t
Bt o RFSRM DR sc4 3 12, AlalEkEt L7z TFSRM T 4000
I, SEICRIEL 7 RESRM & Bz (75 & 5 1l & E
EIRAEIE LA —» Lo, W4 et 5 &, TFSRM o R
Table 1 Specifications of TFSRM designed by 3D-FEM. 4 o e i 4
Diameter 96 mm Torque (X -mj)
Axial length 90 mm Fig. 4 Calculated torque vs. rotational speed
Air gap 0.3 mm characteristics of RFSRM and TFSRM.
Core material 35G115
Winding space factor 50.1 % L5
Winding turns / phase 75 ’ TFSRM
Stator and rotor pole numbers 5 - RFSRM
Source voltage 60V
1
Table 2 Specifications of the prototype RFSRM. E
Diameter 96 mm Z /
Axial length 90 mm g 05
Air gap 0.2 mm é /
Core material 35A300
Winding space factor 29.0 %
Winding turns / phase 144 0 ‘ ‘ ‘ ‘
0 2 4 6 8 10
Stator pole numbers 6 Current density (A/mm?)
lgotor polel numbers 0 é Fig. 5 Calculated current density vs. torque
ource voltage characteristics of RFSRM and TFSRM.
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Fig. 6 12, TFSRM O O/MEL A 7. Table 3 (17
TLTHDH. ok, BELORAIZEY, BROME%E 35G115
5 23G110 [ZAET L7-AY, Fig. 7TI\R7TEY, WHEO
B-H M ICIE & A EFER T, £72, LISk T Table 1
W RLTEREITLE R —Th 5.

Fig. 812, A{FHD ML 7 ShERHEZ R 20K LY,
FIERRFHE Y OVRENE LN TWD Z ERNbD. —7,
Fig. 9 IXBIRBEX hV I FETH D, ZOXERD &, %
B EI TIERRGHR Y ORIETH 508, A OB RITHE-
THEMNERLTWD Z EB8bhb. Zhix, 3D-FEM i
BWCTERLZ, &y ba7oXEdEeclET A+
DR THORETHDL EBEZLND. WRENLIE, L
7 2 OB E RN & ERIC OV TRFT AT .

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

(¢) Rotor (3-stacks)
Fig. 6 The prototype TFSRM.

Table 3 Specifications of the prototype TFSRM.

Diameter 96 mm
Axial length 90 mm
Air gap 0.3 mm
Core material 23G110
Winding space factor 50.1 %
Winding turns / phase 75
Stator and rotor pole numbers 5
Source voltage 60V

b

[

o
L

350115
— 2310

Magnetic flux density (T)

[ ] 200 Bl L] 000 Liiii)
Magmetizing force {A/m)
Fig. 7 Magnetization characteristics of 35G115 and
23G110.

INDEX

| CaC
=o=TFSRM (| Calculatod)
L o TFSRM (Measured)
E L]
Eum
3 o
o

[ 0.3 | 1.5
Targque (N-m}

Fig. 8 Torque vs. rotational speed characteristics of the
prototype TFSRM.

1.5

-o-TFSRM (Calculated)
-0-RFSRM (Calculated)
o TFSRM (Measured)

é (-]
g o
o
<2
505 °
= W
o
0 ‘ ‘ ‘ ‘
0 2 4 6 8 10

Current density (A/mm?)
Fig. 9 Current density vs. torque characteristics of the
prototype TFSRM.

3. A7 DX FFiEE L HREIOHER TS OB

31 Ay Fa7OXHEEEORESME

Fig. 2027 L= & 912, TFSRM D[ E+3 & ONalfiz+
X, BEOH y FaT THRRENSZ LN, IhbES
—ARY Y 7 MIEET HHERS L. ARIEETIL, Fig.
10 IR T LI, &Hy haT7oFHIIAREHTF, A7
LABOR O TEE Lz, AHiTlE, 3D-FEM %MW\,
F RO HOWTHALT 5.

Fig. 1112, RVROLEEZE LI EBIHEERT bv 7
WaERT. ZOMERL L, XUREBETHZ LT, &
AT b L7 OEIMANH LS DA 23 S, SERIE
LOENNEL o Z LN TIREND.

Fig. 1212, RV REBE LI-5HE L BHE LI-5E OO
BEayX2—%RT. ZORNL, RYRICLS>Th > b
a7 Wi OB AR L CRFTRI 2B a2 £ U Tk
D, TN MIZIRTORKO =225 TWNDEZ ENT
fiRsibd.

Fig. 10 Through holes for fixing the cut-core.

60 Transaction of the Magnetics Society of Japan (Special Issues) Vol.3, No.1, 2019



1.5
o Measured
-o-Without through holes
. -o-With through holes //_
’.E o
3 g °
£
0.5 °
S V,/ﬁg
o
0 ; ; ; r
0 2 4 6 8 10

Current density (A/mm?)

Fig. 11 Current density vs. torque characteristics
considering the through holes.

(b) With through holes
Fig. 12 Comparison of contour diagrams of flux density
with and without through holes.

3.2 HHEOES TS0 EE

Fig. 3 1T/ L= & 912, RIEOMEHTCiX, TFSRM Ol )i
MHCFREE N BAANIE DTN TH D L UEL, 1 o0
FTAERAWE. 2ok L TARBITIE, MoK
EEEITH0, Fig 131 R-TETAEHNS. ok, [
KR T X912, REFTATES v a7 EERDOR VR
HLEELTND.

Fig. 1412, EROETFTNVERNTHRE LT, B Ext
M T R AR R ZORERS L, Fig 10 IR Loy
ROBHEGLIEHEOMELV G, SOITHERSEL
TWHZ ENRbd. Tibh, TFSRM ORH:T 2 HIE L
DERMTHE, FEE2H ST AR ER RIZT 2
ERA LI oT. ek, R VR EMBTWAEER L
FERE IR & 0 BRI L2, ZHUE R PR
DOFBREHFIT 1 & U TR S Lz 2 &0, & 4[H
TORMITE ST MNE L2 Ry, WbhbywbU—2

INDEX

Ny — AT T o7 ThbH EBLZBND.

Fig. 1512, 2 BeH OBEMBIR IR K & 7e o T RO U
o=y, ZORND, 2B HOEEFERICE -
THA LAY, B FORET 2 HORICEREFIZRA L
TWHZ ERNDLMD. ZRERK» LM L1, &
TFSRM Tl D [alls 13 ZE M 2 A O T <, 58
BRI 2DNTWDLTZHTHD. ZD XD, AN
KR & DA R DA T 5 Z L 1%, A ML RED
TR ERDZEDND, WEPLETHD.

PlEXY, a7 okrmEs s MElomE T, b
H MY ERFTEELZEDRT N7z, £ TRE
T, ZALDRROBFE RS,

Fig. 13 3D-FEM model of TFSRM considering magnetic
interference between adjacent phases.

L3
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-o-Meglect through holes
i and interference d
7 <~Consider through holes o
z and interference # @ e
] G
£ os -
=
o
L]
L] 2 4 L] ] 1]
Current density (A'mm?)

Fig. 14 Torque characteristics considering the through
holes and the magnetic interference.

Flux density
(T)

l 20

1.5

Stator

1.0

0.5

Rotor

0

Fig. 15 Contour diagram of flux density when the
winding current of the second phase becomes maximum.
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4. B4k TFSRM Ot48em LIBT3 85

41 Ay FaA7EBORMMESEMOIEICEHT 5485
Fig. 12 2R L7221, By a7y olFHmicr 8ol
DORE®HTHZ LI, BEORABZIZORNY, Ko
JFIRNZ 2%, £ 2 CREICIE, BET27 OFEEIAT,
WAz A dm 0 L, Ferkde 2R A 5. BIRAIZIE, Fig. 16
WART RO, WEFa7ZREBRICTSZ LT, Himo
WrRIFE 2 S0 F 5. 728, [BlfE- 22 722\, Fig. 20) 12
RLEE O, BET A mEEORMEAES, RIBRIZIA
JFoZlikcEianiz, WIEKER ORI E L
Fig. 1712, EEF27 ZBGIZ LT GE OB LT b
NI REOFIEMEE R, ZOKERDE, BEF2T %
BRI L, BRI A L7 2 LIk > T, SAmH
THMEAETSRES N EBNb»n5. 72771, Fig 181IC
T L9, BIBICTE h o kllliEt =7 TR AR
R[EAFBAE L T2, WHEDMRITHE Y KRE V. 4
X, WEZEO L ChiRfa7 bEBICT 2L, &67
LUEERVETHD.
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@ Measured
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1 =0=With theough holes on fan-shape core
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=
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£
=)
L]
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Current density (A'mm?)

Fig. 17 Torque characteristics of the TFSRM with
fan-shape stator core.

Fig. 18 Contour diagram of flux density of TFSRM with
fan-shape stator core.
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Fig. 15 \Z/R L7 £ 918, A TFSRM (&, HFIC&FHD[nl#R

IEZERI 72O TR IES, ERIZ 2 DN TN b Tz
b, BHETAHOBROEELZFTOT V. £ TAHET
m,%m%%ﬁ%t%#_kf,m%*%ﬁE@%Eﬁﬁ

RE R A AT - 72,

Flg 1912, FMOMEHEME%E 1 mm, 3mm, 5mm & L
t&%@lérf.ﬁk,_@ﬁﬁfi,Wﬁ%%Ltﬁ
72, T2 OMEIIELS 2D, BB, ARRTCIERK D
LMD XL, FTVEDHAORIZONTHEFEL WD

Fig. 2012, FdROEFNLZANCHELEE maﬁﬁ%
NIRRT ZORERL L, MHEEIAT 52T,
M7 RUEESNDZE, FFIZ0mm MDD 1 mm lZF v v
THRINFTZBRIZ, b RESBLEINDLZ LD D

Fig. 21 12, fix AHMERAEZ 28 2 7o & & ORIRE L :y&
—% 3. Fig. 15 L3 2 &, MHEIZX v v 7 Z25%1T 5

tﬂl I[::d :EE:

) Phane Sstance | fmmd b} Phase dnlanie § | msw] €1 Phane distance 3 [mm)

Fig. 19 TFSRMs with various distances between the
adjacent phases.

5 fmen)
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== Phase distance 0 {mm)
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Fig. 20 Torque characteristics of the TFSRMs with
various distance between the adjacent phases.

(%) Phase dntance | (mm) (b) Phase Gstance 3 (mm) (<) Phase dissance $ (mm)
Fig. 21 Contour diagram of flux density in various
distance between the adjacent phases.
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Calculation of Eddy Current Loss on Rotor Surface of Field-Winding type
Claw-Pole Motor based on Reluctance Network Analysis

I AT o

DHAL KRS K2R T ZER, (AT HHERTETHHE 6-6-11 (T 980-8579)

Y. Ichikawa ¥ ', K. Nakamura ®
) Tohoku University, Graduate School of Engineering, 6-6-11 Aoba Aramaki, Aoba-ku, Sendai, Miyagi 980-8579, Japan

A field-winding type claw-pole motor has a three-dimensional complicated structure. In addition, its

characteristics depend on not only an armature current but also a field-current. Therefore, to estimate the

characteristics of the field-winding type claw-pole motor, three-dimensional electromagnetic field analysis

combined with its drive circuit is required. In a previous paper, three-dimensional relcutance network

anaysis (RNA) model of the claw-pole motor was proposed and the validity of the proposed model is proved by

comparing with the results of torque characteristics obtained from finite element method (FEM). This paper

presents a method for calculating eddy current loss on the rotor surface of the claw-pole motor based on RNA.

Keywords: Reluctance network analysis (RNA), field-winding type claw-pole motor, eddy current loss
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Fig. 1 Specifications of a claw-pole motor.
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(a) Vector plot of field flux.

(b) Magnetic-pole distribution on the rotor surface.

Fig. 2 Magnetic-pole distribution of the claw-pole motor.
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Fig. 3 Motor division and unit magnetic circuit based
on RNA.
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Fig. 5 Magnetic circuit of the stator considering the
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Fig. 6 Contour plot of eddy current loss density
calculated by FEM.
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Efficiency Improvement of In-Wheel Magnetic-Geared Motor
for Walking Support Machines
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K. Ito’, T. Kadomatsu, and K. Nakamura
Tohoku University, Graduate School of Engineering, 6-6-11 Aoba Aramaki Aoba-ku, Sendai, Miyagi 980-8579, Japan

A magnetic-geared motor that an electric motor and a magnetic gear are magnetically combined has come to
attract attention recently. In previous papers, several magnetic-geared motors were presented, and the feasibility and
usefulness were demonstrated. However, the efficiencies of those prototype motors are not enough high. In this paper,
efficiency improvement of a magnetic-geared motor is investigated from the view point of increasing torque and
reducing losses. A prototype motor is designed by using three-dimensional finite element method (3D-FEM). The test
results indicate that the efficiency is improved and that the prototype motor can be applied to walking support

machines.

Key words: magnetic-geared motor, walking support machines, efficiency improvement
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Fig. 2 Basic configuration of a magnetic-geared motor.
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Fig. 9 Eddy current losses in each rotor structure.
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Inner rotor speed 3162.5 rpm
Outer rotor speed 550 rpm
Number of turns/pole 59 turns
Winding space factor 46.1%

Gap length 1.0 mm X 3
Core material 6.5%Si-Fe

Magnet material Sintered Nd-Fe-B

Fig. 10 Specifications of the improved magnetic-geared motor.
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Fig. 11 Comparison of calculated torque characteristics of
the previous and proposed magnetic-geared motors.
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Fig. 12 Comparison of calculated loss characteristics of the
previous and proposed magnetic-geared motors.
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the previous and proposed magnetic-geared motors.
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Fig. 15 Torque characteristics of the trial magnetic-geared
motor.
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Fig. 16 Efficiency characteristics of the trial magnetic-
geared motor.
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Table 1 Running resistance parameter

Rolling resistance coefficient | u, 0.011
Total weight M 108 | kg
Gravity acceleration g 9.8 | m/s?
Angle of slope 0 0,255 | deg
Air resistance coefficient Cq 1
Air density p 1.204 | kg/m3
Front projection A 04 | m?
Vehicle speed v 0~6 | km/h
Inertia weight M, 8.64 | kg
Vehicle acceleration a 0.1 | m/s?
Wheel radius T 0.165 | m
30
25 .| *5°
By | i |e25°
> " = = = = =— 0°
315+
%1 0t o ° ° ° °
s
5 -
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0 1 2 3 4 5 6 7 8
Speed (km/h)

Fig. 18 Evaluation results of applicability for the
walking support machines.
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Performance Improvement of Interior Permanent Magnet Magnetic Gear
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Magnetic gears can change the speed and torque without any mechanical contacts. Therefore, it has a low vibration and

acoustic noise, and maintenance-free operation. Several kinds of magnetic gears were proposed. Among them, a flux-modulated

type magnetic gear has higher torque density than other kinds of magnetic gears. In a previous paper, an interior permanent

magnet (IPM) structure was presented. It was demonstrated by finite element analysis (FEM) that eddy current loss in the

magnets can be reduced remarkably. This paper describes the comparison of the IPM structure with surface permanent magnet

(SPM) structure in experiment and discusses a performance improvement of the IPM gear from the view point of the rotor

structure.

Key words: Flux-modulated type magnetic gear, interior permanent magnet (IPM), eddy current loss
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Fig. 1 Basic configuration of a flux-modulated type

magnetic gear.
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Fig. 2 Outside gap flux generated by the inside
magnet’s MMF and the pole-pieces.
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Fig. 3 Basic configuration of two kinds of magnetic
gears (left : IPM-type , right : SPM-type).

Table 1 Specifications of the magnetic gears.

Gear ratio 10.33
Outer diameter 150 mm
Axial length 25 mm
Inner air gap 2 mm
Outer air gap 1 mm
Inner pole-pairs 3
Outer pole-pairs 31
Number of pole-pieces 34
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efficiency of the SPM and IPM magnetic gears.
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the prototype SPM and IPM magnetic gears.
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Fig. 8 Rotor structure for torque improvement.

Gear ratio 10.33

Outer diameter 150 mm
Axial length 25 mm
Bridge width 2 mm (inner)

1 mm (outer)
2 mm (inner)

Air gaps 1 mm (outer)
Inner pole-pairs 3
Outer pole-pairs 31

Number of pole-pieces 34

Core material 35A250
Pole-piece material Dust core
Sintered Nd-Fe-B

Magnet material

Fig. 9 Specifications of the proposed IPM magnetic gear
(Trapezoid).
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Thermal Analysis and Structure of Applicator for Heat Acupuncture
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S. Yamada ©, Y. Ikehata * , and K. Ikeda
@ Faculty of Production System Engineering and Sciences, Komatsu Univ., 7-3 Yoncho-machi, Komatsu 923-8611, Japan

b College of Sciences and Engineering, Kanazawa Univ., Kakuma-machi, Kanazawa, 920-1192, Japan

Acupuncture and moxibustion are forms of oriental medicine that are used in medical treatment to stimulate the
nerves of the body. In moxibustion treatment, thermal stimulation is applied through heat conduction from the
outside of the skin by burning moxa near the skin, so there is an inevitable disadvantage of burning the skin. In this
paper, we propose a novel applicator system of non-contact induction heating for avoiding this disadvantage. The
acupuncture inserted in the skin is heated by electromagnetic induction heating and heat stimulation is applied
selectively near the target to be stimulated. In addition, the configuration of the exciting coil of the proposed
applicator allows the inside of the skin to be heated, so a thermal stimulation is possible near subcutaneous cells. We
discussed the magnetic flux density distribution, heat capacity, and rising temperature theoretically and
experimentally. We confirmed that the proposed is effective.

Key words: Acupuncture and moxibustion, applicator, induction heating, magnetic fields, heat stimulation, cancel coil
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Table 1 Electromagnetic parameters of fat and agar
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Thermal conductivity £ (W/mK)
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Fig. 6 Rising temperature of fat around cylindrical

conductor.
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Fig. 7 Experimental results.
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Table 2 Parameters of planer coil with canceling coil.

Inner Outer Thick-  No. of
radius  radius  ness turns
(mm) (mm) (mm)
Main coil 15 40 9 21
Canceling coil 6.5 13 9 6

Electric items of series-connected main and canceling coils

Inductance (uH) 20.2
Resistance (mQ) 32.5
Frequency (kHz) 130

Current (A) 20.0
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Fig. 9 Analysis results of magnetic flux density, heat
capacity, and rising temperature of planar coil.

EERIZ &0 BEADHERE, FEDMOMREDT=D, IR

HF—F b 27 —(F & h—H), testo 8751) % M\, HRIRD
WL A BV 5 72 0 28 S CHllE L=, %%mﬁ’;é%
BSA OFHIT 5 HINC, BMREROKE 22 - 722

mé%ﬁiétm,@ﬁmm&@@ws@ﬁﬁ%@ﬁﬁb
=R D DIRE 2 3 L=, Fig. 10 1%, =iE»5 0 LFIR

82 Transaction of the Magnetics Society of Japan (Special Issues) Vol.3, No.1, 2019

INDEX



EEERT, A OEKA~OBBEN /NS GO EFIRE T
ARV RERMETHD. (E 2= 0 mm L2 A Lig
(B2 # ), z= 30 mm (X8RS CTH D . MIEE O]
ZHRAIZ LY A Vi TR IH S, z= 3 mm ITf%
Tk KER-TND.

4.2 BRAR)—TIC&BP—I FFRFEFEaAIL

S pliu Rl Rk = M a1 i RSN N i i WA
D OREHSEE 2 2 AR L, iERE—/V R 52
KD FEEIMZ D Z LR TE D, ZOEARITRWNTY, X
/b R BRI IR RN O B3R E FTRE T 2.

Fig. 11 1%, ZOHETO A V75 NTHIHOBR > — /v
RO—RERER CTH 5. KAV —71%, 7=F4 MEb
DEDORRIZH L THRRERRODH DAY —7IZ L0 Mk
T5. Fiz, B TOBIEE 2T 57203y 7 3
—7 HEE L7z, BRA ) =7 ORIEMA Y —/v REahb
B, WRA Y — 7 ORI AR S D

Fig. 12 1%, #hkI#ROD 2 ROCHUFARNTIC K 2 W B o5 A
%z, Fig. 12@) DR A V) — 7 O UL T OREHRII AT A3
AT LI, BRA Y =T H2RET D LI XD BAITIN

L=
L=

& Current /=23 A
Frequency =108 kHz [
Passing time £=10 s H\"""&
I=11.5A,
=108 kHz

=11]

40

20

]
40 35 30 25 20 15 10 5 O

Raisine temnerature 7' (K)

Radius z(mm)
(a) Temperature distribution on acupuncture.

Acupuncture

(b) Photo of acupuncture by thermometer.
Fig. 10 Measurement of acupuncture temperature.

Model of Z -
subcutaneous Exciting parameters
tissue 30 Current : /=30 A,
Freq. : =130 kHz.
Planar type Parameters of coil

exciting coil Coil turns : N=21,

Wire : Litz wire.

Sleeve core
Material : ferrite core,
Relative permeability z : 1000,
Size ! inner radius = 2 mm, outer radius = 4 mm
Length =15 mm.

Fig. 11 Planar coil with magnetic shield.

z
Subeutaneous tissue
.r.lr.'z.

[ {7
e A

m Coil | ] r

I"-.,_ S'legve core(shield)

Back yoke

(a) Magnetic field distribution
10

Subcutaneous
tissue

N\
ol \Shield

20 -10 0 10 20 30 40 50
Displacement z (mm)

Magnetie flux densitv B(mT)

(b) Magnetic flux density on zaxis

Fig. 12 Magnetic field distribution.
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Torque and Efficiency Improvement of High-Speed Cooling-Fan Motor
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This paper presents torque and efficiency improvement of high-speed permanent magnet (PM) motors for
cooling-fans from the view point of the rotor structure. The first candidate is surface permanent magnet (SPM)
motor, which has bonded Nd-Fe-B polar anisotropic magnets in order to obtain large torque and low iron loss. The
second one is interior permanent magnet (IPM) motor, which has a two-layer-type rotor in order to obtain large
reluctance torque. The both PM motors are compared in terms of torque and efficiency by using three-dimensional
finite element method (3D-FEM). The IPM motor, which demonstrates higher efficiency, is prototyped and
demonstrates lager torque and higher efficiency in comparison with a previous cooling-fan motor.

Key words: Cooling-fan motor, surface permanent magnet (SPM), interior permanent magnet (IPM)
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(b) Polar-anistropic-magnetized
Radial- and Polar-anistropic-magnetized
rotors of SPM motors.
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Fig. 2 Comparison of flux density distribution of the
rotor surface of the SPM motors.
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Fig. 3 Tworlayer-type rotor of the IPM motor.
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Fig. 4 Comparison of flux density distribution of the

rotor surface of the IPM motors.
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(a) SPM (b) IPM
Motor diameter 54 mm
Rotor speed 12600 rpm
Number of turns/pole 48 turns/pole
Magnet pole pairs 2
Gap length 0.5 mm
Material of magnet Bonded Nd-Fe-B
Material of iron core  35A300

Fig. 5 Specifications of SPM and IPM motors.
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Fig. 6 Comparison of characteristics of the SPM
and IPM motors.
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Fig. 7 Rotor core of the prototype IPM motor.

Fig. 8 External view of the experimental setup.
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Fig. 13 FEM model for calculating eddy current loss
in the motor case.
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Prediction Method of Magnetic Properties in Magnetic Core due to Machining Process

by using LL.G Equation

PUR L 2« Ay =0, &M 5Lk - I W& - m) g —Y

DHUL R KR TR, a1 E T IE 6-6-11 (T 980-8579)
YR TV —, BRI TR 111 (T 448-8661)

Y. Hane ¥ #, K. Nakamura ®, T. Yoshioka ”, T. Kawase ”, and T. Ishikawa "
@ Tohoku University, Graduate School of Engineering, 6-6-11 Aoba Aramaki Aoba-ku, Sendai 980-8579, Japan
Y DENSO CORPORATION., Inc., 1-1 Showacho, Kariya, Aichi 448-8661, Japan

An analytical method taking deterioration of magnetic core due to machining process into consideration and finding the

optimum processing method are essential to development of high-efficiency electric machines. In a previous paper, simplified

Landau-Lifshitz-Gilbert (LLG) equation, which expresses the behavior of magnetizations inside the magnetic core, was used for

calculating magnetic properties of the electromagnetic steel sheet. It was demonstrated that the proposed method can express the

dynamic behavior of the magnetic core including manor loops. This paper presents a novel prediction method of magnetic

properties in the machined magnetic core by using the simplified LLG equation.

Key words: Landau-Lifshitz-Gilbert (LLG) equation, hysteresis loop, magnetic properties prediction
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Table 1 Specifications of test samples.

Sample No. 0 1 2 3 4
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Fig. 1 Dimensions of the test samples.
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Fig. 2 Estimated dc hysteresis loops of each sample.
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Fig. 3 Relationship between parameters of the LLG

equation and a shape of hysteresis loop.
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Effect of Magnetic Field from Horizontal Direction
on Magnetically Levitated Steel Plate
(Experimental Consideration of Applied Position of Tension)
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Thin steel plates are widely used in various industrial products, and these products demand plates with
a high-quality surface. However, there is a problem in that surface quality and metal plating are degraded
during transport. As a solution to this, non-contact transport of steel plates electromagnetic force has been
proposed. It was previously confirmed that, by applying a magnetic field in the horizontal direction, the
levitation stability of transported thin steel plates improved under different transport conditions. However, the
positions at which to install the electromagnets in the horizontal direction has not yet been investigated.
Therefore, in this report, we investigated the positions at which a magnetic field should be applied in the
horizontal direction and confirmed that the positions are related to improving the levitation stability of steel

plates.

Key words: electromagnetic levitation control, thin steel plate, magnetic field, transportation, finite difference
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Magnetic Levitation Control and Bending of Flexible Steel Plate
(Fundamental Study on Disturbance Cancellation Control)

ANJVFBE @« 2k - BRHIES 2T - gL R @
DHIERZE TS, &) RCFETT b4 H 4-1-1 (T259-1292)

K. Ogawa®, M. Tada”, T. Narita® *, and H. Kato®
? Department of Prime Mover Engineering, Tokai Univ., 4-1-1 Kitakaname, Hiratsuka-shi, Kanagawa 2569-1292, Japan

In the conveyance systems of production lines for thin steel plates, there is a problem in that the quality of the
plate surface deteriorates because the plates are always in contact with rollers. To solve this problem, electromagnetic
levitation technologies have been studied. When an ultrathin and flexible steel plate is to be levitated, controlling the
levitation becomes difficult because the plate undergoes increased flexure. In this study, we herein propose a method
of levitating an ultrathin steel plate that is bent to an extent that does not induce plastic deformation. To investigate
the levitation stability of an ultrathin steel plate, we applied disturbance cancellation control in a bending and
levitation system. The object of electromagnetic levitation was a rectangular zinc-coated ultrathin steel plate (SS400)
with a length of 800 mm, width of 600 mm, and thickness of 0.19 mm. A vibrator was attached below three frames on
which an electromagnet unit was installed so that the frames could be vibrated up and down. We conducted
experiments on levitation performance when the electromagnet was displaced by frame vibration in the system. The
results show that stable levitation can be realized even with an input external disturbance when levitating at the
optimum bending angle.

Key words: magnetic levitation, vibration control, bending and levitation, optimal control, disturbance cancellation

control

1. [FL®IZ

VT, W2 SRR AR - 052 & L 3T DT LR
WCHEEDMEE T Y, BAIORMEERRTI R L7l 7ok
FIMTON TS 19, —, REOESELAERR S D mEE
FIE7 YRR T A AR FEAN A5 2 LM RS
TLDMS, Z ORI & EifE IR 3 2 Z & stEAREh Skt &
U, T3 RO ZEEMEDE U 7D, ZORMEA IR 5728
WCEE B2 BT DM T Q0D —J5, 74— Ky
DIHDEGHBGHENI\NT,  MEERR 2 SR L7y R CYh S
H, KR LS EAARR L TWA D, Fi2, K0 T
BRI B LSRR =y M EOEE A RIIGERS
DUVNTEFA IR Y, % EERENS T ATREED B 5.
=2, B =y MAREVE 52 TS EOBETEI T, SMELIR
B FICBOT Ol IES VTR LS5 2 LT, Bilhsw
FUTFE ESED L0 bEVE FEMEA 1D Z EMATEECH D Z
LEMERL TS 9. LvL, TIETOX S AR L HiRE o
FERIEN e — VR LD 7ol AT 5 854, Sl aBih w2
& TR AR AT SDIMNELIZR U OB Bt R
A LS5 2 LIXTEDD, EROTE TR ATREZRS ML A
NSHTBRZ, - FOMERHIARAIREE 70D, Z DT DEEIZATIS
NOIREN AR L, SEE B RO AN 2B LT 17T, 7 Ll
AT O WEED DD .

WRIFFE 7 — 7 CUITE il 700 SRR & VT, ANELRRR
HWEBEA LTS 9. 2B T L 2SR s 2T 205
ML, THEAAELTHD T 7 L) A R TR LT E 55 %
170, ZEMEIN L L2 2 L2 HER LT D 10,

AR, ZE3M7RANELIC )T 2 I 1T D1 B
TEPEM] 10D %, SVELFE AR I 275 th e A0 2SS L,

LEAERA =y AR TS 7 L— Al LA
WC L BIRB & 52 AR TR EEBREAT o7, 74— K
P8 7 D IO B 2 S EARRL R & 0 Hoe O WA
23517 2 AR B B B AT o 7

2. FESROEHAHIEI R T L

Fig. 1 2l 27 AOREX, Fig. 2 (25 % FaEE
OREIEE, Fig. 3 ([ZFEBRICHEMN L WA ER A=
IR BB BITE SN - X i (B & 2=800 mm,
g b=600 mm, X A=0.19mm) ZEHA LTS, B
BWARKIZIERN 7 = F 4 s 7IZEAZ 0.5 mm O ) AL
#A 1005 FEPBEWZH O TH 5. MERAIEEAMEE v
T 2 BOEMA Tl kO ICiE L EM A = M,
3 BOIERIC X > TERZNMN E MRS Z &
MAHEAR 3AD 7 L—AICERELTH 5.

Fo, TO3RDOT L—LEM AT 57205 3
O RIEEMAEN B 2R E L TWD. BEHEOMH
A b FTOBEH A L=y MZ LY Fig. 4 12737 X1
MO T2 X9 U CIBMSRTT 5720, SO
MR L OZEOT VX NGB TH D, Eia=A
JAZHEA D B O EFAE B OEB S OBBIEE 7 ¢ — R
Ny 7 L, HEHEEEZHEST S, EIANAREEIE AT 5
LAE, ERoBEoMmIcERG 2= FEHE LT
HTL—IhDEN T 4 — F7 4+ U —F Ul FHES
5. DIA a> =2 bLBENHMEAT 7 ~HIEE S % H
L, b DETOBMA =y FHDHIEAET DRG] 7% HilE
L, BMZERLAHEEE EC—E L 72D L 9 ICHAE LS
5. 5 HOEMAGL=y F® ) BEPED No. 1~4 |TMHIT

Transaction of the Magnetics Society of Japan (Special Issues) Vol.3, No.1, 2019 101



Resistaree

Aumphle

AMES
s e Y

AT cawerio
LA, r [

]

ISP
ITRES VIO N s AT

. Hlfupm

$44

Frame soa. 1-3

L]

; -
&l

5:;|w|=

Fig. 1 Electromagnetic levitation control system.

No. 5 No. 4
N . No.2
No. 3
=7/ \\
P
No. 1 R Gap sensor
Steel plate

Electromagnet

Slider

Vibrator

Fig.2 Schematic illustration of experimental

apparatus.

HZENTE LI RoTWS., 20X ICEBHAL=
v NOMEEETESTHZ LT, SREEMSEOF RS
HTENTED. Fiz, HRAEBHMIETHLEMANEL
PLEIZWRBI N ZFINTE 2 L) ICABOER A==y b
No. 1~4 [IAFEH WIS, PROER A= k No. 5 L
WO RHEA VNS U CRE S EICEINT Z &R TE 5.
gL, JEE— E ORI 2 W T 7 b — LA OHIE
BXONVHNR—ELRD LI L%, 7L —L2%E
a5 2 LT EIRICANELE A LTz,

3. EFAER

AFFECTITIRDOET Y v 7 DO—o2 L LCHiG7% 1 B
EET VAT S, 1 BREET VT 5 HOERM A=
= RS U CEE BRI 24T 5 72, Sl & & Bl
K95 5 ODE BRI AE L, 5B L E B0,
MRS L OKIS T BB 2 A VERT L EN B EE
HELTETMEEITH. SR EF LS L720121%, &
WA EREREZRT 2 L Ic k> TRAETZHE T LY
WO BEEZXHTDH. SHICZOVAT AEIARZRERD

INDEX

Fig. 3 Photograph of electromagnet.

Electromagnet

7

z f%\ \3

* Attractive force £ ﬁ

N

Hypothetical steel plate

_FE

{ @)

Fig.4 One degree-of-freedom model of levitation
control of steel plate.

72, IR & 02 CHIRK & Bl A O FEED 5 mm (ZHE
FCX 5 L 9ICHIHEZIT-> TS, BREA DS OIS |
TN & > TRABAIIC B U 7= SR % S huiE— & o iERE
W=D EBRIRIENFAET D . & 2B OB T 1T
Z\ZBT DB RERIILL T L IR 5.
2
m, j?z(t)=2fz(t) (1)
DT, my SRAEAEMIT B Dl EI LT B i kel, z:
PR DA ZENEIm], £, BEREA 1 E2Y © DU G| ) OZEB)
INITH 5.
IBICTL—LDENE wbkT D&, EA LM
ORI Z=20 - w(D L £FT LN TE D, EWA 1IEY
FODIAANDA L E TR A LERRO X I 212
SRBIT 5 %5y ERER ORIV S T2 sy ofn s LCir
5.
L(Z)=£Zm+Llea 2)
Z 2T Kem : BRA OWBI N OHIES [Hm], Liea: FEiE
H1EBT-Y OFhA v Z 7 22 [H] ThD.
EBWANINADEBEL L aA VN dER T ORI,
WA A VOBRYiE R ET5H &
d
V,(Z, I)zRZHa(D(Z)I) 3)

Ths. Vs, BEHETT—7—RETS L, BA

102 Transaction of the Magnetics Society of Japan (Special Issues) Vol.3, No.1, 2019



AT B E T D D ABME v2 13

. d . 1, d
Vz 7RZIZ+LZEIZ - LeffZ_OzE(Z(t) - W(t)) (4)

T L PR BIRREIC R T D ERG T & R &
DX v v 7 [m], L: g REBICBSIT HEMA a1 L
WAL 5N (AL, £ BRA 2 A WAL D B O ZZ BhE

[A], L,: X Q) % & 0 R Pz BIREEIC R T 5 B
AAANDA L E TR ATHD.

FRIALATLL 24T - 7= B A WA BT 2 FREAB LT
A = A T iAL 2 BRI 2 FREAUIU T O L 51T
"D,

=2 (0 - W(t))+%iz(t) 5)
0

d . . Lglzd
alz(t)——lzzoza

(AD) — w() - %I'Z(mi vy (D)

(6)
Z Ty PR RAIRBEIC BV TS T OBRAA ORI TN
R DN I OAFE IN] Th5D.

Fio, 74— K74 T— FHFAHTECIE AT MBI CH S
SNELO R A AT AR, HIfEEREOM L2 5. 207
Wk % 3CFF LTS 7 L—2MEE) L7355 0 7 L— I 25T
DIRT =AY N VRPN I D R 2 L3 D /NS LR
T 4 NE A D, AT AR T O 1A NELK
TE7 4 VA DOUSET 2 b L, RSO i R & Lz,
SNELEIE 7 4 )V H DSBS s SRV CLL MR X 912

rEhb.

W2 (7

_ t
9= S+24 oy st}
TITE @il I OISO T L— DINELZEN D ST —

AN NV —T 7 4w b B X HIE L.
4. NEEBEIEETILORESEX

4.1 BERESR T LOWRESRER

RAEE S & U CHlA DR 2807, fachl e, A=A
IR D B, 7 L—ADEAL, WELAZRAL, RQ),
(5), @OZEFHLTCLFD LI REEHERAE55.

V4 =AZz+BZ Vz+de (8)
=77 L
z=lz 7 i]° ©)
W=[W W]T (10)
0 1 0
25, 2F,
0
A,=|\m 2 my I, (11)
| v _Bml _ B
| L, 72 2L
—_ 1 T
By=[0 0 E] (12)

Transaction of the Magnetics Society of Japan (Special Issues) Vol.3, No.1, 2019

0 0
.

d=| mZ [ (13)
| K
| L 72|

4.2 JL—LEFMERI AT L

K (7) TEINIANEIE 7 1 V2 AR RET 5. g
ZH we & U CEBEHIRTAE R 7 L— DO wr, 7 L—2A
DI ywy A IRONIEZEIREL T2 L LT D L 51270 5.

W = Apwit de Wiy (14

E{wp(9} =0

E{w1,(9) Wvth(’L')} =kgp,6(t— D
72720 wen (XEAEHES (A0 THY, B NIECHIIRHE, ko
XAEHEETDA LT T 4, SCNET 4 T v 7 DT VA B
BEIRL Q5.
4.3 YiKIART L

1 HHERORETR: EV AT L 7 L— 2D OINELA~DARR

VAT LEEL, BEMEEE AT E T DR AT AR
%. o35, HfEHSRRRGEHE 2 DINEUEBER A B VTSR S AT I
WZHANTAT D Z L1870 5. SRIEZIR Zarg & LT 2, AL
X ®), 14) HDYEKT AT LORRESFEITHAD L 512725,

Zarg=A7 2oyt B v+ D Y W, (15)

a2 Wl

arg_[ 4, 4,

A= [om Af]

Birgz[BzT lez]T

Dirg:[opq dfT]T

N A UR S a1 o R e e A B

Uiz, AT D T NOEE, SO OE DS
DOIEBY, Ml 7 & N BT A VBRI H DD DFE
oy DHARERE LTS 2 D0 R b BRI TETH D,
LU 7 L—LHRIZ X D AT IFNILO BRI BT v,
FZOMRMPNEL T D Z EDBINELE T L7 4 — R 7+ U —
REEZATD Z L1280 7 4 — RNy 7 OBZOSE & g L CHil
TEEREDIA ESHFCE .

5. BoEHHHEER

ASHIFFE C B HICER P % i ) BV B i L 2 D TR &2
AEt Lo, ARIBAE L HIE A7) 2 R4~ 2 2E R ST B O Rl
BB AERAD XL HITERK L.

DY (70D @ g D+ B v2() (16)
=

7L @M RSB D EAREATS, RyE - A
AINHT DEHBEEATINTH D, £ DEEDT 14—
Ry ZHEATNILEL T O L 9127 5.

v, (D=F;" 2778 (k) ()

103

INDEX



(b) Enlarged view.

Fig. 5 Electromagnet angle (8= 13°).
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ZHhE R LEMIRICRET SEBA DX LIZET 2 ERMPER

Fundamental consideration on vibration mechanism in thin steel plate
with curvature during magnetic levitation

LR Y« /NIFOEE @« g AL T - R Y
DHEHERT, MNP TAEA R 4-1-1 (T259-1292)

M. Tada *, K. Ogawa ®, T. Narita  , and H. Kato ®
 Tokai University, 4-1-1 Kita Kaname, Hiratsuka-shi, Kanagawa 259-1292, Japan

Research was conducted on non-contact transfer technology for applying magnetic levitation technology that
uses electromagnets to thin steel plates. We previously succeeded in improving the levitation performance by bending
a thin steel plate within a range that did not plastically deform it. In this study, to clarify the vibration mechanism of
the steel plate during levitation, we performed a modal analysis, a frequency response analysis on a plate, and a
bending and levitation experiment with a type of disturbance that has the most influence on such plates. As a result,
it was found that the bending and magnetic levitation is effective for improving the levitation performance because
the vibration mode became dominant when bending the thin steel plate and the levitation performance could be

maintained even when the disturbance was input.

Key words: magnetic levitation, vibration control, modal analysis, frequency response analysis, elastic vibration

1. #

W LAY, iR E JE R KOs C& D L)
RATRHY, ShEOmEEY, EE-CHszomsEMb 2972 8% H
BONTRR % PRRIFFEAM T TG, T, SR OREE T 1 i,
PR - K DR O WA B AT D720, WRT b
T X IR OBEANLEEN TR Y, FE LGNk T
AT RS | 1R U7 | e B DA EA TSI
LS TS 10, BIRERIRTR S B D7D, Sk
ZRUD 72 EEIELRVHIRE LT D b ONELFET L0
T BRI OISR, HlERERE ORI X o CHR A
PRI E 72 23550380 5. IR, 1 BRI I
TR H O EARIZE ) & SRR A > T DIRREE B2 D 2 &
WTED., ZOL EIENNA LW ECITE N X > T
BNZIET= oA, B CIIZ R OIRENE— FIZ L A MHREN) S
A%, PEREL A I A 7 DI RE RO RE <IRE 5T
— ROWGIZT I Fax—S &S DB HDH. LL, HDHFE
— RO L 725 /03, OREFE— RCIHRIED 0 &722 58 e
L%EbH Y, ATOE— NHNT H720IiEE— REaii
DIeDDEEDE & T— R D720 D0Z 0T 7 F =
T APELIRY, O KD IREERE ST D 2 LI
RARECTH D, Fie, FREHE— FIEERIZ D13 CTEEIRE
W%, 2D, 70 F ax—X OBERREZ AR IR o
BT — IR DI EREIN XA BRI c & 72 & LCHfilET
EL ML B 5.

ZIT, YW N — AR T IVE TICRE LT3 LA e
TR T T FAMEA AR L, RS2 0.3 mm &0 i
TR 2 VPR ZSTE S0 P CIB i SO L S S kAR
KLl ZO&E, WSRO 7o hME] L, Ik
M SEIRR DT DT %I C & 2 o B b A R 2 L= 7.

Transaction of the Magnetics Society of Japan (Special Issues) Vol.3, No.1, 2019

S DITHR A B ST EIERAIT, SRDT oA T
ZE LR LATRETH D Z LA TR LT, 2 LT, s
5 LT EEMEAIN L EL, S OITHIEH T I~D ) A RR0RER
7 FEEEOIRE) 2 EANILIS AT SHUT2356C b Fai /el A T
FESEDZ TR RO LA N TEDH T L ARL
7~ 8-10),

L, WL O B SETRIC ED & 9 2R e — KMz
TEL, EOWRHFE— RAN7 EMRBICKE < 5 005/l
FOMT A TNV o Tz, A TR OBHISIE L AT 50
7 Ex 8T B OIREFE— R & SHRE - AR
X 0ETC, SMELE AT L7380 B b et — RERER L
7o, EOIAF O EAIREHEE ST TR I T, R
—TEDINELE ANTT U TR EIERAA TV, B EMERE O AA T

o7,

2. EEROFREIRBBENT

2.1 SiRODEEEAAR

TSR OIREIFAIARIT 21T 5 728D, 5 ARt
ToRES LOBRA OS2 T 5. 2o & &, BRI
FHIMZEZREH UL (TR UML) &3&2, —Rotoixy
DIOHICRETIETHAAF L LI b D & 975,

Fig. 1 \ZARSFERCliHT 2 R I7ER O~ HER L OERGA OlL
X%, Fig. 2 (8l BTG B30 SUE LI-E7 v E
N ZOFTIMIERIT 53R D, B IFJEPICERE U
2= hONLE Nos. 1~4) T, s CIEhkoBEiA DN No.
5) ThD. X FH) BIIPRERa ==y NOXFE#RLT
WD ARFGROBETE 3 27 e, hilEiiAL =y o
F1 B OWEEEbSE5H 2 LIc L iaisih S w570, Fig. 2
DEHIFFR D & E CHMERr SN, C R cEPE A ME

107

INDEX



L TQ0D. Z0 & EERICITTZHAVE D, KR COMROD
JEHT-DRA @ LEFT D, ZOTTANSTZDIA ¢ &FOH
DIH) BOBGRRERHT 5 Z LI L VB A=y MIE]
NI i e A SR L 7=

HRD3FEE No. 5 TOSRHT B ORI R ENS.

F},=%1{pgl(12 -6d?)-2Eh?g} (1

FIEROE LY, IMUIOSEE No.1~No.4 TOXFF] A
~FI3RAE 72D,
pahgb - Fy
=—
ZITC a:ES m], b:#E [m], A:E [m], p: 8k
OFESE [kgim?3], g: BINEE [m/s2], 7: x il - ERa—~
=v FNo.l & No.3, 5 NEINo.2 & Nod DOt (m], d:x
R 7R = b No.1, No.2, No.3, No.4 7>DEffitkiis
FCTOWHE (m], E: 8ROY 7R [Nm?2] TH5.
2.2 BETIV

HERROIRER S L ORI a5 720, '—41
iR ES L OVEB BN EMT 21T o 1=, MHTET 11X ANSYS
Workbench Mechanical (Z T & 800 mm, & 600 mm, JEX 0.19
mm OFRE ERARE AR 0= 13 Bl S 7-MRORE
L. 6=13" LW OMBEiAES, EEOIR N e bR
DIREDMIHIE N, b b oMERO&E ST ThH. 2D
L&, SMRIIILAMTH Y, SFEHT Fig. 1 IR IEREA D
RRIENLE & 7 T C3cRE L.
2.3 fRATEER

Fig. 3 |t A U787 V27, 20T /L& HWT
R ODE— 5 AT & RSB T 41T 7. Fig. 4 OfER
1, JERREO BT ORI TR LI JE & — RIZIRD A
LTI Lz, 2neh (@ BFHHOBEE—RE— KT
6.20Hz, (b) FIFHMOuE=YE— KT 11.71Hz, (© EFHm
DORE—R L IETHIAD ZIRAFAAE D E S 7-F— R T 19.65 Hz,
(@ ETHPOBMEHIE— R T41.69 Hz L\ 9SSRI -7
(2) DOME—E— NI, JEAHERGAOEITEIE 720, ST
FahEAsE & 22 DIREER TH 5. b), © BELO ) DE—
R, @) SR — N & R PO HEATFE T D 4L
WE— RRZEH LTz, ZNH0F— RBZEHL TS EHE LT,
ST AT S5 2 & CRTFOIEEIA R A2 D
PR — NIV IR & 72 572, S 713 ORI
MR SRETASERZ 72 DR DT — PO S TND Z &
BID. LT, MR ABINE ST 2 EIZEoTC, Bk
72 EOFHIRE— FHKEANTRY, MOIREE— RE4fld 2
ZEWTEDLZ LDV goTe.

F=F=F=F= @)

3. NELASRICOEHMEREF LEE

DB TSI IR OIREE — R3REROBIR
 EREEIC T ED XD e IET OGRS D720, SHEL
ENIITE DB HEE RO CIREAT o T

E)O(E) oklo)
No. 3 No. 4
e GoEr-———— ¢
No. 5
No. 1 No. 2

0}
O
O
=g
85

800 (mm)

Fig. 1 Dimension of steel plate and arrangement of

electromagnets.
A F
)
A B
To
D - oA
d c c d
/
b

Fig. 2 Protruding beam.

@: Suction point of
electromagnets

Fig. 3 Shape analysis of steel plate.

Fig. 5 [Tl 27 2OMIE, Fig. 6 |2 F5REE ORI 4=
7. F B IR S 800 mm, 1§ 600 mm, JEX 0.19mm OEJ
TR A » A%, BEa = MIERREHD 4 >
T3 JOBIROFN 72 D PRI CERE Lo, Ziuh 5 DO
=y NV TR A ISR 272012, SO 4 5
TEOIRETAIERAZENFHC L VRN L, B LT
SO K0P TEHAS %. S BITERA A VB A HIE
FIOAEHH L W L, &3 15 [EOBIEA AT UkEE 23
B 5, RBERA=y ME 2 SOERA L 1 OOWEERAIE
BN D AR STV D, ERERIL E R =7 b2
TIZHEAR 0.5 mm D) A URE 1005 [FREO O THSH. T
B OBESRITEY GG ST, At gy sk

108 Transaction of the Magnetics Society of Japan (Special Issues) Vol.3, No.1, 2019



(a) Elastic 1st mode in y direction (£= 6.20 Hz)

(c) Elastic 3rd mode in y direction and elastic 1st mode
in x direction (= 19.65 Hz)

(d) Elastic 5th mode in y direction (= 41.69 Hz)

Fig. 4 Shape analysis of steel plate.
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Table 1  Representative value of resonance

frequency.
Tilt angle of electromagnets | Resonance frequency
[deg] [Hz]
10 2.67-10
13 3.56-9.78
15 3.11-10
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Effect of Ionic Concentration on Dynamic Magnetic Susceptibility of Iron
Oxide Nanoparticles Embedded in Chitosan Hydrogel Matrix

M. E. Villamin, and Y. Kitamoto
Tokyo Institute of Technology, Department of Materials Science and Engineering, 4259 Nagatsutacho, Midori-ku, Yokohama,
Kanagawa, 226-8502

We investigate the effect of the ionic strength of surrounding NaCl solutions of an iron-oxide chitosan hydrogel (FeOx-
CH) on magnetic relaxation of the FeOx NPs. The magnetic relaxation of the FeOx NPs is examined using dynamic

magnetic susceptibility measurement. Swelling ratio (SR) is also measured after the FeOx-CH is immersed to various
NaCl concentrations. SR of the FeOx-CH decreases as the NaCl concentration increases. This trend is explained by
considering the osmotic water flow in the FeOx-CH. The peak in frequency dependence of the imaginary part of the
susceptibility (¥ ”) is found around 200 Hz. In addition, the position of the y ” peak frequency shifts to lower frequencies
as the NaCl concentration increases. The observed frequency shift is inferred to be due to the suppression of the
Brownian relaxation caused by the decrease of SR of the FeOx-CH as the NaCl concentrations increases. An effective
viscosity change of 6.8% due to the change in the NaCl concentration is also estimated via analytical calculation.

Key words: biomagnetism, magnetic nanoparticles, magnetic biosensing, chitosan ferrogel, dynamic susceptibility,

1. Introduction

There is great research interest on the integration of
nanostructures with stimuli-responsive polymers for the
development of multifunctional materials. One of these
multifunctional materials is a ferrogel that exhibits dual-
responsiveness to both chemical and magnetic external
stimuli V2, Such ferrogels are composed of magnetic
nanoparticles crosslinked (either via physical or chemical
crosslinking) with a stimuli-responsive polymer network.
Due to the dual-responsiveness to pH/magnetic or
thermal/magnetic, these ferrogels are extensively
studied for many biomedical applications for stress
sensors ¥, controlled-release of drug ¥, and externally
control microfluidics .

In particular, ferrogels are very useful for biosensing
applications. In a previous study, we have demonstrated
magnetic based pH-detection using an iron oxide —
chitosan (FeOx-CH) ferrogel . This is achieved by
coupling the chemical-responsiveness (pH-sensitivity) of
the CH matrix to magnetic relaxation property of the
FeOx nanoparticles (NPs). That is a change in the pH
(chemical stimulus) would cause a corresponding change
in the magnetic relaxation property of the embedded
FeOx NPs, which can then be measured by dynamic
magnetic susceptibility. This potentially paves the way
for non-contact magnetic-based chemical (pH) sensors
based on ferrogels. Note that different polymers may be
used to detect different chemical stimuli 719. Hence,
ferrogel based biosensors are not limited to pH detection.

Potentially, ferrogel-based biosensors can be applied
to microarrays. Microarrays are used for simultaneous
analyses of different target molecules, such as in DNA
microarrays and in protein-based microarrays in a single
experiment run. In a conventional microarray, sensing
sites that have a unique target molecules are arranged in
an array or matrix. The surface of the sensing sites is
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functionalized so that the target molecules (and only the
target molecules) bind to the sites. The bound target
molecules are then detected by labeling methods such the
use of fluorescent labels or isotopic labels, or non-labeling
methods such as mass spectrometry or micro-cantilevers
1012 In commercially available microarrays, the
fluorescent labeling detection method is dominant
because of its high throughput and low cost V. However,
fluorescent labels often chemically react to target
molecules that could potentially alter their intrinsic
property 3 and also sufficient time is required for the
reaction to complete. These affect the reliability of the
signal detection, and prevent the real-time detection of
binding events V13, Alternative non-label methods, on
the other hand, are still under development.

Clearly, one possible alternative label-free method is
the use of a ferrogel based microarray, which utilizes
ferrogel sites instead of the functionalized surfaces. The
use of magnetic sensing offers potentially label-free, non-
contact measurement at possibly real-time detection
speeds by using ferrogels. By choosing the appropriate
gel matrix material, target molecules could interact
directly to the gel without the need for further
functionalization. Furthermore, gels also potentially
allow to increase the sensing part by using the whole
volume of the ferrogel instead of using two-dimensional
binding surface.

As mentioned, magnetic based pH sensing has
already been previously demonstrated in FeOx-CH,
where changes in pH affected the magnetic relaxation of
the NPs, which was then detected by dynamic
susceptibility measurements ©. As pH changed from pH
1.95 (acidic) to pH 6 (neutral), the peak in the frequency
dependent imaginary part of the susceptibility shifted to
lower frequency, from ~190 to ~170 Hz ©. This is
accompanied by a reduction in the swelling ratio (SR) of
ferrogel (.e. the ferrogel reduced swelling and became
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smaller). We attributed the shift in the peak of the
imaginary part susceptibility to lower frequency due to
the change of Brownian relaxation time resulting from
the reduced swelling of the CH. This can be interpreted
as a change in effective viscosity of CH. The viscosity of
the CH changed with pH due to the presence of NH2* vs.
NH?* causing the CH to decrease swelling in low pH. This
mechanism will be explained in more detail in a latter
section.

In this study, we utilize the same material system
and demonstrate magnetic-based ionic strength
detection. Similar to the previous study, the materials
used in this study are the following: CH as the stimuli-
responsive  polymer, and FeOx NPs as the
superparamagnetic nanoparticles. We note that CH is
chemically responsive not only to pH 14716.2) hut also to
multiple chemicals, including ions (onic strength
sensitivity) 19171820220 and temperature 2V. Other
advantages of using CH are its abundance 2229,
biocompatibility 1422 and ease of functionalization 14- 20,
Hence, these make CH an ideal candidate for ferrogel
biosensors. Whereas, the merits of using FeOx NPs are
biocompatibility 24, strong magnetic property 24726 and
low toxicity 24, which makes them appropriate for many
biomedical applications. Here, we investigated the effect
of the change in the ionic strength of the surrounding
solution to the magnetic susceptibility of the FeOx-CH

ferrogel, as measured by dynamic magnetic susceptibility.

2. Experimental Details

2.1 Synthesis and characterization of FeOx-CH

The chemicals used in the experiment are as follows:
iron(III) chloride hexahydrate (FeCls-6H20) and iron(II)
chloride tetrahydrate (FeCls-4H20) with 99.0 % purity
were bought from Wako Pure Chemical Industries, and
chitosan powder with ~20000 — 50000 molecular weight,
was obtained from the Sigma Aldrich Company.

The synthesis process has been described in detail in
a previous study ©. For convenience, here we describe the
process briefly. First, FeCls.6H20 and FeCl2.4H20 powder
(Fe3*/Fe2* ratio of 1/2) were added to a chitosan solution
using a magnetic stirrer. Next, the Fe3*/Fe?*/CH aqueous
solution was placed in an NH4OH coagulation bath until
the gelation is completed. Lastly, the resulting iron-oxide
chitosan hydrogel (FeOx-CH), which has a distinctive
black color, was washed several times with purified
water. By measuring the height of the gel formed as
function of time, we are able to estimate the gel formation
rate. Note that the FeOx NPs were not functionalized
before embedding into the gel. Thus, we assume that the
nanoparticles are weakly bound to the chitosan matrix;
there is also a possibility that some FeOx NPs are freely
moving or completely not bound to the chitosan matrix.

The final structure of the FeOx-CH specimens was
confirmed by scanning electron microscopy (SEM). Prior
to SEM observations, the specimens were coated with
osmium. Moreover, the ferrogel formation and FTIR
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results are also presented.

2.2 Swelling ratio

Swelling ratio (SR) is generally used to evaluate the
amount of water absorption of hydrogels. SR values of
FeOx-CH are calculated using equation (1) 27.

SR % = [(Ws - Wa) | Wq] x 100%, )
where W is the specimen’s weight when swollen after
submerging to the solution, and Ws is the specimen’s
weight after freeze drying for two hours. The sample was
immersed 1in the solution with different NaCl
concentrations (10 mM, 100 mM and 500 mM) prior to SR
measurements. Note that the sample was washed after
each measurement, and then, the same sample was used
in the next measurements.

2.3 Dynamic Magnetic Susceptibility Measurement
For the magnetic characterization, we measured
dynamic magnetic susceptibility (sometimes referred to
as the AC susceptibility or frequency dependent
susceptibility) under alternating fields of the FeOxCH
using a Physical Property Measurement System
(Quantum Design Corp.: PPMS). The dynamic
susceptibility represents dynamic magnetic responses of
the FeOx NPs inside the CH. Susceptibility is simply the
slope of the magnetization (M) with respect to applied
magnetic field (H). In the dynamic susceptibility
measurement, measured the parts of
susceptibility, the real (x’) part and imaginary (y”) part
of susceptibility 29-32). Theoretically, the two parts are
expressed as follows;
(@) =70/ [1+ (0T, @)
X'(©) = %o (@%w) / [1 + (0zer)’], 3)
where ® = 2zf is the angular frequency with £ the
frequency, = the effective relaxation time, and ¥ is the
static susceptibility (o = 0) described by
Xo = (uonm?) / (3ksT) . 4)
with vacuum permeability uo, thermal energy #isT,
magnetic moment m, and particle number density n. In
this study, the point of interest is the imaginary part of
the susceptibility x”, which can be used to estimate the
effective magnetic relaxation time zfr. At the frequency
where 3" is maximum, the following relation 2932 is true:
27[jrpeak © Teff = 1, (5)
where the fyeak is the frequency at y” maximum. Therefore,
we can calculate zfr from foe. The effective relaxation
time zefr is the combination of the two magnetic relaxation
processes: Brownian relaxation and Néel relaxation. The
Brownian relaxation is due to the physical rotation of
nanoparticles, whereas Néel relaxation is from the
internal rotation of a magnetic moment of nanoparticles.
In general, the faster relaxation mechanism is dominant
and Zeff is given by the equation 29-32)
Ter= (8 7n) /(T8 T TIn) . (6)
The Brownian relaxation time (73) is given by the
following equation 26) 2932,
w=[ ()’ ]/ (2ksT) . (7

where 7 is the viscosity of the suspension and dh is the

we two
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hydrodynamic particle diameter. From equation (7), it
can be noted that the 1w is dependent on the
hydrodynamic size of the nanoparticle. The Néel
relaxation time 7y is described by 2932

™ =10 exp [(xrd.>) / (6ksT)] . (®)
where k 1s the anisotropy constant, d. is the magnetic core
diameter of the nanoparticle, and 7y is the intrinsic
relaxation time with a typical value of 109 s 29:3D, From
equation (8), it can be noted that v is dependent on the
magnetic core size.

Dynamic susceptibility measurements were made
with a magnetic field strength of 10 Oe and frequency
range of 10 Hz to 10 kHz. The sample was immersed in
different NaCl concentrations (10 mM, 100 mM and 500
mM) before the PPMS measurements. Note that the
sample was washed after each measurements and then
the same sample was used in the next measurements.

3. Results and Discussion

3.1 Formation of ferrogel

The formation of ferrogel is discussed in this paper
to elucidate how the ferrogel have become a porous
structure. The actual image of the ferrogel during the
gelation time of 1 hour is shown in Fig. 1. The region with
a black color is ferrogel, that above the ferrogel is the
NH4OH solution, and that below the ferrogel (colored
orange) is the unreacted Fe3*/Fe2/CH solution. To
monitor the height of the ferrogel, photos of specimens
were taken with the gelation time. There were 8 photos
taken during the 6 hour-observation of the ferrogel.
Using an image editor software, the vertical height of the
ferrogel was measured in pixels. The height of the
container was used as the calibration height to convert
the height in pixels to mm. Thus, we are able to
accurately estimate the height of the gel via image
processing.

Fig. 1 Actual image of ferrogel. Fe2*/Fe3*/CH solution
inside the bottle is submerged in NH4OH solution. When
Fe2t/Fe3*/CH combines with NH4OH, ferrogel is formed.
This image is taken half way thru the synthesis, thus the
unreacted Fe2*/Fe3*/CH solution, initially formed ferrogel,
and NH4OH solution are all present. Here, ferrogel
membrane separates the two solutions.
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Fig. 2 Measured height of the ferrogel (left y axis, open
circles) and the calculated rate of gelation (right y axis,
filled circles) are plotted as a function of gelation time.

The calculated ferrogel heights are shown in Fig. 2
(left y axis, open circles). From the figure, it can be
observed that the height of the ferrogel monotonically
increases with the gelation time. This implies that the
ferrogel is porous because it allows the NH4OH to
penetrate into the bottom of the container in order to
react and form the additional ferrogel.

The rate of the ferrogel formation is also shown in
Fig. 2 (right y axis, filled circles). From the figure, it can
be seen that the rate of gelation is decreasing with time.
It is also evident from the plots that the calculated initial
rate is very high (>1 mm/min) from time = 0 to 30
minutes. Immediately after the initial stage, the rate
gradually decreases from time = 30 to 150 min; the rate
becomes very slow (<0.1 mm/min) from time = 150 to 350
min. From these data, we can observe that the gel
formation rate continuously decreases. This nonlinear
gelation behavior suggests that the ferrogels might have
different layers within the hydrogel 3% due to the
difference on the rate of diffusion of the OH- from the top
to the bottom of the container. Furthermore, this trend is
consistent with the idea that as the gel becomes thicker,
the diffusion rate naturally becomes slower, leading to
the decrease in gel formation rate with time.

Transmission (%)
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Fig. 3 FTIR spectrum of FeOx-CH.
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Fig. 4 SEM image of FeOx-CH at 25Kx magnification.
Blue arrows point to some of the FeOx NPs clusters
within the ferrogel.

3.2 FTIR and SEM results

Fig. 3 shows the FTIR results of the FeOx-CH. For
CH, the characteristic bands of the asymmetric
stretching of the C-H bond appeared around 2876 cm™.
The N-H and C-N vibrations of the amino group present
in chitosan is evident at 1633/1643 cm™! and 1380 cm™!,
respectively. In addition, the band around 1159/1071 cm”
1 is from the C-OH stretching of the ester group in
chitosan. More importantly, the absorption band at
around 600 cm™ is from the Fe-O bond in the FeOx NPs.
From the FTIR data, it can be inferred that high quality
CH and FeOx NPs are present in the composite gels.

An SEM image of FeOx-CH is shown in Fig. 4. It can
be seen from the figure that the NPs (white areas) seem
to be clustered and scattered along the striated wall of
the CH. The size of the clusters of NPs varies from
around 50 nm to 500 nm, with an average of around 150
nm (from 30 sites within the SEM image). This confirms
the presence of FeOx NPs in the composite gel. The SEM
image also reveals the irregular/rough porous structure
of the CH matrix. In particular, this rough structure
increases the surface area of the CH which is desirable to
increase sensitivity.

3.3 Swelling ratio at different ionic concentration

The swelling ratio (SR) is plotted as a function of the
ionic concentration of solutions in which the FeOx-CH
are immersed as shown in Fig. 5. The SR of the FeOx-CH
decreases as the ionic concentration of the solution
increases. As observed from the figure, it can be
concluded that the FeOx-CH is indeed sensitive to
changes in the salt concentration change. The degree of
swelling of hydrogels depends on the extent on the degree
of ionization of functional groups of the hydrogels and the
ionic strength of the external solution 233334,

One possible explanation on the reduced swelling of
the gel, when the surrounding solution of the CH has
high ionic strength, is the movement of the water
molecule from the lower osmotic pressure inside the CH
to the higher osmotic pressure outside the CH.
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Fig. 5 Swelling ratio of FeOx-CH with different ionic
concentrations. Insets are photographs of actual FeOx-
CH used.

The additional osmotic pressure outside the CH is caused
by the presence of cations (Na*) near the walls of the CH
23- 39 This is also known as the Donnan effect 23 34,
wherein, in this case, we consider that CH acts as a semi-
permeable membrane. To illustrate this, the schematic of
swelling mechanism of FeOx-CH at different ionic
strength is shown in Fig. 6. From the schematic diagram,
the black arrows correspond to the amount and the
direction of the water flow from outside the gel into the
inside the gel. When there is large water flow into the gel,
the gel swelling is enhanced, whereas when there is a
small water flow into the gel, the gel swelling is reduced.
Figure 6 shows that when the NaCl concentration of the
surrounding CH is increased, the amount of the water
flow inside the CH is small, causing the CH to reduced
swelling. In contrast, when the NaCl concentration is
decreased, the water flow going to CH is large resulting
to an enhance swelling of the CH.

Small Water
Flow

N
—

|

Small Swellng
Fig 6. Schematic of FeOxCH mechanism when
submerged to increasing (left) or decreasing (right) ionic
concentration. Black arrows show the amount of water
flow inside the gel that causes the reduction and
enhancement of the gel swelling. It also illustrates the
FeOx NPs rotation under these two ionic conditions.

CH
EeQ, NP

3.4 Dynamic susceptibility as a function of ionic strength
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Fig. 7 Dynamic susceptibility of the FeOx-CH (a), the
zoomed in real (inset b, top values) and imaginary (inset
¢, bottom values) parts of the susceptibility at 10mM (@),
150mM @), and 500mM (42 ) NaCl concentrations.

As seen in Fig. 7a, the plot of the y’ values are all
located in the top part of the plot with high susceptibility
values, whereas the plot of the y” values are all located at
the bottom with low susceptibility values. The plots of the
zoomed-in " and ’ values are also shown in Fig. 7b and
Fig. 7c, respectively. We can observe from Fig. 7a that the
x” values are very small compared to y’ values at lower
frequencies (" / '~ 0.026), hence, it is expected that the
area inside M-H hysteresis curve at these frequencies
would be proportionally small (almost no hysteresis in M-
H curve is expected) which is a characteristic of
superparamagnetism. Further, as can be seen in the Fig.
7b (inset), it is evident that y’ is decreasing as the
frequency increases. This decreasing behavior is a typical
signature of the real part of the susceptibility for
superparamagnetic nanoparticles 3% as the frequency
crosses the feak of the sample.

We can see in Fig. 7b (inset) that y’ slightly decreases
(shift downwards) with the increase of the ionic
concentration. This downward shift seems to be related
to the corresponding change in y” with ionic
concentration. This is elucidated in the next paragraph.
Note also that the order of magnitude of the y’ values
does not change, which suggests that the total moment of
the ferrogel sample did not change between
measurement, which is expected and a sign of good

experimental reproducibility and reliability of the sample.

For all the ionic conditions, it can be observed in Fig.
7c (inset) that there is a clear y” peak at around 200 Hz,
corresponding to an effective relaxation time of 7. of
around 0.8 msec. Also, the y” values are again increasing
at >> 1 kHz which could correspond to another high
frequency peak. Moreover, the y” plot shown in Fig. 7c
(inset) are shifted to lower frequency with the increase of
the ionic concentration. This low-frequency shift of the y”
would also cause a corresponding low-frequency shift in
the yx’. However, since there is no peak in the y’, this low-
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frequency shift may appear as a downward shift, which
we see in the Fig. 7b results.

Shown in the inset of Fig. 8 is the plot of the zoomed-
in normalized y” from the data in Fig. 7c. In the
normalization of y”, the minimum y” value (found at the
low frequency end) is set to 0, whereas the local
maximum y” peak value (found around 200 Hz) is set to
1. Note that at the low frequency end, the value of y” is
very much smaller than that of ' values and practically
is zero. Also, in Fig. 8 inset, the normalized y” values are
vertically separated for visual clarity of the shift in fea.
It can be seen that the position of the maximum y” shift
to lower frequency as the ionic strength increases. A plot
of fpeak for different ionic strength are shown in Fig. 8.
These fyeak values are extracted from the fitted Gaussian
function of the data from the inset of Fig. 8. It is evident
from Fig. 8 that there is a shift in the %" peak position to
lower frequencies from ~193 Hz to ~182 Hz upon increase
of the ionic concentration of the solution from 10 mM to
500 mM. We also note the strong correlation between the
SR in Fig. 5 to fpeak in Fig. 8, which clearly suggests that
the reduced swelling of the ferrogel is related to the shift
in fpeak.

As previously mentioned in Section 2.3, the point of
interest in this study is in the magnetic relaxation (zef) of
the FeOx NPs in the ferrogel, we can estimate the esr
from fpeax by applying Eq. (5). Here, we find 7o was
increased from 0.874 msec to 0.825 msec as the ionic
strength increases from 10 mM to 500 mM.

In order to explain these results, we need to
determine the dominant magnetic relaxation mechanism
in the present sample. We note that the Néel relaxation
time 7y is not affected by changes in ionic concentration
or reduced swelling of the ferrogel, whereas the
Brownian relaxation time can be affected. When the
ferrogel reduced swelling, it likely becomes more difficult
for the FeOx NPs to rotate, especially if we consider
clustered NPs as suggested by the SEM imaging results.
This increased difficulty of rotation effectively
suppresses the Brownian relaxation of the NPs. This can
be interpreted as an increase in the effective viscosity of
the surrounding gel. Therefore, the fact that a shift fpcak
was observed strongly suggests that in the sample in the
current study Brownian relaxation is dominant, as Néel
relaxation alone would not explain the fyeak.

Note that although the reduced swelling of the gel
also changes the spacing between NPs which can also
affect 7.s, the trend, however, is opposite. If we consider
the spacing between NPs, the reduced swelling of the gel
would yield to the decrease in spacing between NPs,
which would enhance the dipolar interaction, which
should in-turn decrease ey %, That is when high
density (small spacing) of NPs are present, relaxation is
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concentrations, zoomed-in and vertically separated for
visual clarity of the position of feak.

enhanced. We note that this is in fact opposite the results
of the present study, and is therefore unlikely. Moreover,
since the NPs are arranged in clusters, the dipolar
interaction between individual particles is already
present even without changing the ionic concentration.
Hence, changing the interparticle spacing due the ionic
concentration (and reduced swelling of the gel) is not
expected to increase the dipolar interaction significantly.

Furthermore, if we consider the only the effect of
ionic concentration to NPs (the case without a CH gel
matrix), we expect that an increase in the ionic
concentration leads to the surface charges in the NPs,
which would prevent aggregation as well as increases
inter-particle spacing 443, Again, this, however, is
opposite the results of the present study, where the
presence and reduction of swelling of the CH gel causes
the formation of clusters and the spacing between NPs to
decrease. Therefore, the possibility that the ionic
concentration (chemical stimuli) is affecting the magnetic
properties NPs directly is unlikely, and that it is more
probable that the ionic concentration directly interacts
with the CH gel and CH gel in-turn affects the magnetic
property of the NPs by suppressing the Brownian
relaxation.

After these considerations, we therefore infer that
for the sample in the present study, Brownian relaxation
is dominant ( zefr ~ 7 39737, and 73 << v ). This allows us
to estimate the hydrodynamic size dh. Using Eq. (7), we
estimated dh of around 130 nm for 7 = 1 mPa.s 9. We
note that this value agrees well with the clustered NPs
size showed in our SEM results. Whereas, we attribute
the high frequency y” peak (at >> 1 k Hz in Fig. 7c-inset)
to the non-clustered NPs in the ferrogel. Assuming that
the high frequency peak is comparable to that of a similar
sample, it is expected to be in the order of 10 kHz, which
corresponds to a 7g = 16 psec and dh = 34 nm. Note that
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the NPs dh and dc are of the same order of magnitude,
which is expected. Furthermore, this also allows us to
estimate the minimum possible magnetic core size of the
NPs. Since Brownian relaxation is dominant, 7 >> 13~
0.80 msec. Assuming N is in the order of 8 msec, we
estimate a magnetic core size of around 18.41 nm for x =
2 x 104 Joule-m-3 4949 This again fits well with the SEM
results, since the magnetic core size should be smaller
than the cluster size. Note that this is just the lower
bound for the magnetic core size of the NPs.

Similar to the analysis done in the previous study 9,
it is reasonable to assume that the Néel relaxation time

INDEX

remains the same even if the ionic concentration changes.

Therefore, the presence of the experimentally observed
frequency shift suggests that Brownian relaxation is
dominant in the present specimens. Ignoring the
contribution of Néel relaxation (i.e. 2afpeak = 1 /78) 3639 we
can relate the change in the effective viscosity Ay to the
experimentally observed shift in peak frequency, Afpea,
due to ionic concentration change. This relation is
analytically written as

Afpeac= (2 kaTAR) / (adim) = (A ) X 75, (9)
where the parameter Azy/y is the fractional (or percent)
change of the viscosity. Equation (9) is derived by taking
the derivative of the reciprocal of Eq. (5) with respect to
7. From the experimentally measured frequency shift of
Afpeak = 11 Hz due to ionic concentration change, a change
in the viscosity Ay/n = 6.13% is estimated. We estimate
that the viscosity change of the surrounding medium is
increased from 1 mPa.s to 1.0613 mPa.s when the ionic
concentration is increased. This is smaller compared to
our previous result on the effect of pH. This signifies that
the ferrogel is more sensitive to pH than to ionic strength
values used in the experiments.

4. Conclusion

In the present study, we experimentally
demonstrated the use of CH ionic strength sensitivity to
affect the magnetic relaxation properties of FeOx NPs.
The observed shift to lower frequency of the y” peak is
due to the reduced swelling of the hydrogel that
suppresses the Brownian relaxation. The change of
effective viscosity is also estimated by analytical
calculations. The results in this study is a promising
demonstration of magnetic sensing of chemical stimuli
that may be useful for future bio-sensing applications.

Acknowledgements This work was partly supported by
the following foundations: Tokyo Ohka Foundation, Kato
Foundation and Murata Science Foundation.

References

1) J.S. Gonzalez, P. Nicolds, M.L. Ferreira, M. Avena, V.L.
Lassalle, V.A. Alvarez: POLYM INT., 63, 258 (2012).

2) S. Kennedy, C. Roco, A. Déléris, P. Spoerri, C. Cezar, J.
Weaver, H. Vandenburgh, and D. Mooney: Biomaterials, 161,
179 (2018).

Transaction of the Magnetics Society of Japan (Special Issues) Vol.3, No.1, 2019



3)Y. Lu, W. He, C. Cao, H. Guo, Y. Zhang, Q. Li, Z. Shao, Y. Cui,
and X. Zhang: Sci Rep., 4, 5792 (2014).

4) X. Zhao, J. Kim, C.A. Cezar, N. Huebsch, K. Lee, K. Bouhadir,
and D.J. Mooney: Proc. Natl. Acad. Sci., 108, 67 (2011).

5) N.S. Satarkar, W. Zhang, R.E. Eitel, and J.Z. Hilt: Lab Chip,
9, 1773 (2009).

6) M.E. Villamin, and Y. Kitamoto: /EEE Trans. Magn., 55, 1
(2019).

7) Koetting, M. C., Peters, J. T., Steichen, S. D., & Peppas, N. A.:
Mater. Sci. Eng. R Rep., 93, 1 (2015).

8) Ma, C., Shi, Y., Pena, D. A., Peng, L., & Yu, G.: Angew. Chem.,
127, 7484 (2015).

9) Dragan, E. S., & Cocarta, A. 1.: ACS Appl. Mater. Interfaces,
8, 12018 (2016).

10) Wei, M., Gao, Y., Li, X., & Serpe, M. J.: Polym. Chem., 8, 127
(2017).

11) M. Bally, M. Halter, J. Vérés, and H.M. Grandin: Surf
Interface Anal. 38, 1442 (2006).

12) A. Syahir, K. Usui, K.Y. Tomizaki, K. Kajikawa, and H.
Mihara: Microarrays (Basel), 4, 228 (2015).

13) H.J. Hong, W.S. Koom, and W.G. Koh: Sens., 17, 1293 (2017).

14) M. Rizwan, R. Yahya, A. Hassan, M. Yar, A.D. Azzahari, V.
Selvanathan, F. Sonsudin, and C.N. Abouloula: Polymers, 9,
137 (2017).

15) H.S. Lee, M.Q. Yee, Y.Y. Eckmann, N.J. Hickok, D.M.
Eckmann, and R.J. Composto: J Mater Chem, 22, 19605
(2012).

16) S.K. Samal, M. Dash, P. Dubruel, and S. V. Vlierberghe:
Smart polymers and their applications, Chapter 8, p. 237-270
(Elsevier, 2014).

17) J. Cho, M.C. Heuzey, A. Bégin, and P.J. Carreau: J Food Eng.,
74, 500 (2006).

18) S. Kunjachan, S. Jose, and T. Lammers: Asian J. Pharm., 4,
2 (2014).

19) F. Lai, H. Li, and R. Luo: IntJ Solids Struct., 47, 3141 (2010).

20) X. Zhang, H. Niu, Y. Pan, Y. Shi, and Y. Cai: Anal Chem.,
82, 2363 (2010).

21) F.M. Goycoolea, M.E. Fernandez - Valle, I. Aranaz, and A.
Heras: Macromol Chem Phys., 212, 887 (2011).

22) S. Dimida, C. Demitri, V.M. Benedictis, F. Scalera, F.
Gervaso, and A. Sannino: J Appl Polym Sci. 182, (2015).

23) G.R. Deen, and X.J. Loh: Gels, 4, 13 (2018).

24) W. Zhang, X. Li, R. Zou, H. Wu, H. Shi, S. Yu, and Y. Liu:
Sci. Rep., 5, 11129 (2015).

25) W.S. Peternele, V.M. Fuentes, M.L. Fascineli, J.R.D. Silva,
R.C. Silva, C.M. Lucci, and R.B.D. Azevedo: J NANOMATER,
2014, 94 (2014).

26) A.G. Kolhatkar, A.C. Jamison, D. Litvinov, R.C. Willson, and
T.R. Lee: Int. J. Mol. Sci., 14, 15977 (2013).

INDEX

27) Kim, S. J., Park, S. J., & Kim, S. I. (2003). React. Funct.
Polym., 55, 53 (2003).

28) Fan, L., Yang, H., Yang, J., Peng, M., & Hu, J.: CARBOHYD
POLYM, 146, 427 (2016).

29) J. Dieckhoff, D. Eberbeck, M. Schilling and F. Ludwig: <.
Appl. Phys., 119, 043903 (2016).

30) F. Ludwig, C. Balceris, C. Jonasson, and C. Johansson:
IEEE Trans. Magn., 53, 1 (2017).

31) S. Bogren, A. Fornara, F. Ludwig, M. del Puerto Morales, U.
Steinhoff, M.F. Hansen, O. Kazakova, and C. Johansson: Int
J Mol Sci., 16, 20308 (2015).

32) V. Singh, V. Banerjee, M. and Sharma: J. Phys. D., 42,
245006 (2009)

33) J. Nie, W. Lu, J. Ma, L. Yang, Z. Wang, A. Qin, and Q Hu:
Sci. Rep., 5, 7635 (2015).

34) J. Ricka, T. Tanaka: 1984. Macromolecules, 17, 2916 (1984).

35)Fannin, P. C., Scaife, B. K. P., & Charles, W.: J. Phys. E: Sci.
Instrum., 19, 238 (1986).

36) Wu, K., Liu, J., Wang, Y., Ye, C., Feng, Y., & Wang, J. P.:
Appl. Phys. Lett., 107, 5 (2015).

37) Wu, K., Ye, C., Liu, J., Wang, Y., Feng, Y., & Wang, J. P.:
IEEE Trans. Magn., 52, 1 (2016).

38) Tu, L., Wu, K., Klein, T., & Wang, J. P.: J. Phys. D., 47, (2014).

39)Orozco-Henao, J. M., Coral, D. F., Muraca, D., Moscoso-
Londotio, O., Mendoza Zélis, P., Fernandez van Raap, M. B.,
& Knobel, M.: J. Phys. Chem. C, 120, 12796 (2016).

40)Allia, Paolo, Marco Coisson, Paola Tiberto, Franco Vinai,
Marcelo Knobel, M. A. Novak, and W. C. Nunes.: Phys. Rev.
B, 64, 144420 (2001).

41)Mirshahghassemi, S., Cai, B., & Lead, J. R.: Environmental
Science: Nano, 3, 780 (2016).

42)Nesztor, D., Bali, K., Téth, I. Y., Szekeres, M., & Tombacz,
E.: J. Magn. Magn. Mater, 380, 144 (2015).

43)Tombéacz, E., Farkas, K., Foldesi, 1., Szekeres, M., Illés, E.,
Téth, 1. Y., Nesztor, D. & Szabé, T.: Interface focus, 6, (2016).

44) Jia, D., Hamilton, J., Zaman, L. M., & Goonewardene, A.:
Am. J. Phys., 75, 111 (2007).

45) Nayek, C., Manna, K., Imam, A. A., Algasrawi, A. Y., &
Obaidat, I. M.: In IOP Conference Series: Materials Science
and Engineering, 305, (012012). IOP Publishing. (2018).

46) Demortiere, A., Panissod, P., Pichon, B. P., Pourroy, G.,
Guillon, D., Donnio, B., & Begin-Colin, S.: Nanoscale, 8, 225
(2011).

Received Oct. 16, 2018; Revised Dec. 27, 2018; Accepted Feb. 15,
2019

Transaction of the Magnetics Society of Japan (Special Issues) Vol.3, No.1, 2019 119



Editorial Committee Members - Paper Committee Members

K. Kobayashi and T. Ono (Director), T. Kato, K. Koike and T. Taniyama (Secretary)
S. Honda

T. Kimura
M. Ohtake
M. Sekino

K. Yamamoto

A. Fujita

S. Kasai

T. Nagahama
T. Sato

M. Sonehara

N. Adachi

S. Isogami

Y. Kota

T. Narita

M. Takezawa
S. Yoshimura

H. Goto

A. Kikitsu

H. Naganuma
T. Sato

T. Tanaka

K. Bessho
K. Kamata
T. Maki

D. Oyama
T. Takura

H. Hashino
H. Kikuchi
M. Naoe

K. Sekiguchi
S. Yamada

M. Doi

H. Kato

E. Miyashita
J. Ozeki

M. Tsunoda

T. Doi

K. Kato

T. Morita

T. Saito

S. Yabukami

Notice for Photocopying

S. Inui

T. Kubota
N. Pham

T. Shima

H. Yuasa

T. Hasegawa
T. Koda

S. Muroga

S. Seino

T. Yamamoto

Y. Kanai

K. Miura

T. Sasayama
Y. Shiratsuchi

N. Inaba

S. Kokado

H. Nakayama
K. Tajima

K. Yamazaki

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

INPRE R (Bl

AN
f 1l BE
[N
[IINEE I

%Ok AR R
M
I IR A
oA

M % U Ak
e I W
PRI ) RSN NI
A — W
[ J - - fitt 3% A5 %
AN E 7 i W
T 4 B IR B
I N AR 5

N EPORE5S (B 0 W S

(Users in USA)
Copyright Clearance Center, Inc.
222 Rosewood Drive, Danvers, MA01923 USA

WEZBE-WXZAR

() /N I8 1 G A&l R Rk
EE Ay ER (N ]
W gz (S S BT e
[N PHAM NAMHAI
A — N R A il ]
i WA W (e =]
A5 BT A HoORC
HAOH

BEZSNDAN

(#1)
KA %
B IE B
O

mEE

1
5
*

o2
S ey

S+ IF B

BB

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

& 7% %
HEE K H
% ] K =
i % i H
HE i + I
B A H

WMp LI PR AR E X CEREEICR AR RCZ LTV, M2 SHLOTIE, FREEHER S (https//

www.jaacc.org/) DAL TOLBRANHH VAT 45 LRI AT 22 U CTHEELZS v, 2721, Rk
FOWELEDPERAAOHFEZ SNDLEIE, UFERICHEBMWADE L 28w, YEEICHEE THEW 272 2 LT T
RN 7272 S EDSIRET .
MERIZRCIE © — Mkt M N2l 2 1EhE I &
T107-0052 WEHREEXARIL9-6-41 JyARIE NV
#Eih (03) 3475-5618 FAX (03) 3475-5619 E-mail: info@jaacc.jp

AREIS G F O MR Z AL X5

INDEX

Tokyo YWCA building Rm207, 1-8-11 Kanda surugadai, Chiyoda-ku, Tokyo 101-0062
Tel. +81-3-5281-0106

FAT - (8D HAMSR SR

BE: VM= —

AAMSERE

XHES

Vol. 3 No. 1 (G445 5 75) 2019 4 5 H 1 H384T

Vol. 3 No. 1 Published May 1, 2019

by the Magnetics Society of Japan

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

Fax. +81-3-5281-0107

101-0062 HLRUER T X A HERT & 1-8-11 HRIYWCARSR 207 55

144-0054 HEESKRH X HwiH 2-4-3 AK—Y 7 FHE 401 Tel. (03) 6715-7915

[REERIRLY - BT 111-0052 REABE RIXHIAG 2-10-8 HHE L 4F  Tel. (03) 5809-1132

Copyright ©2019 by the Magnetics Society of Japan






