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<Paper>

RIGHE/SILA DC ANy A Y U GREIZEITS
BiFeQs gttt - AFEFIROEMAER D&

Guidelines for fabrication of high quality BiFeOs based
multiferroic thin films in pulsed DC reactive sputtering method

EHEMTARE « UAKH - Sk
T RS KB T2 R SO B e o % —, KB FREEEET 1-1 (T010-8502)

K. Takeda, D. Yamamoto, and S. Yoshimura'
Research Center of Advanced Materials for Breakthrough Technology, Graduate School of Engineering Science, Akita University,
1-1 Tegatagakuen-machi, Akita City 010-8502, Japan

BiFeOs based thin films with ferromagnetism were fabricated by using a pulsed DC reactive sputtering method.
Guidelines on sputtering targets for fabricating the films are discussed in regard to obtaining high-quality BiFeOs
based thin films. By using a target with a low oxide content (low molar ratio of oxide) and thus good conductivity, it is
possible to suppress the charging and arc discharge on the surface of the target and enable high-energy sputtering. As
a result, high-quality BiFeOs based thin films with a high saturation magnetization were formed. By using a target
with a high oxygen content (including oxides with a high oxidation valence), the generation of oxygen vacancies that
degrade the ferroelectric properties is suppressed, and pinning sites that suppress domain wall movement are then
also suppressed. As a result, high-quality BiFeOs based thin films with good ferromagnetic properties could be

formed.

Keywords: Multiferroic thin film, pulsed DC reactive sputtering method, sputtering target

1. ZL®IC

7= T4 MRE(LE e EITRE SN BB E LIRS
PERICIE, KRERFEmBER R TR R & efafilifb7z & o
BN E TR THEONRED. Bi 7 274 F(BiFeOs)iL=
IR CIHRFEE - KA G T2~ TF 7 onA v 7 Rtk
AHLTEY D, EFHRRIRE MBI E L TIfFS T
W5, AMEHZE W T, Bidta Ba2t CEH#T 5 Z & T Fedt
D—HRNS Fet* & 720, RBMMNSG 7 = UMM L5 2 &
THRENE LA BN KRBT L Z ARG STV D 2.
72, Fe % Co TEHT D Z LTk - TH MM & mFEE
PERNFHT D Z ERWMEINTND 9, 2D L D ek
M- FEEAMENE, FUNER B2 X D28 M O J5 11,
FIINBESE H\C & 2850 PO TSI A TR E ST
2720, BREEBHRBRT NA A~OIEABHIFFS LT
% 9. 0. 0.8 I OIFIE S V— 7 TIIAME & V7= 5
% BRI DON— RF 4 27 54 7R, ERITHM
MR A T R E~NEHT D L2 B LI 21T -
fwé._@io B RERENR O RE R FLERT A AT
T55E, BB &S L EWEFIR LA K
oD, LRI, AR NV—TTIE RF Ay XU 7
E&EH L C(Bi,Ba)FeOs #iflfi & {EHL L T\ 7223, Z0f
TR OB ]I (Bi,Ba)FeOs 2K DR FnRE L 0 /3 FLBE
® 60 emu/cm3 LAVRE E 2072 9, Z i3 (Bi,Ba)FeOs i
EOFEREN RT3 THoT-Z EBNFREEEZLND. £
I T, HEE B SAIERT A7, RF ANy X U 7k
AT, BUGHE UL A DC A28y &2 Y v 7510 2 VLT
(Bi,Ba)FeOs RO ERL & A 2. Wi OV ZABEH(H) % 4
—7y MZEBIMICEIMT 52 & T, =5y NREOH
BICK DT — 7 B EMSIT 5, EFEMLINTZFIETH
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%, FORER, ISRV A DC A8y 2 Y v 7 ETER
L= HEIofafmibi, &K 92 emu/emd &72 0, KiFe
mENRONTZ. Fo, KIS UV A DC ANy &Y v
ECIER U723 E, RE A8y 2 U o 7 CHERL U 7=
WZHE, BB RIS B AR, HRPUIEIE 20 fEREE L 720,
fDFFEICEE L CH KiER M EN A D, £72, A
FHZBWT, KISV R DC Ay & U v ZikE v
ity BUEEE <, AEEMRO G TER S -
ED 0, FEMEAMEE L TRV, X0 @itz r
L7z, ZHEEWE VX —2 G925 Ay R+ % Btk
AN HEMRICRES® S 2 & T, 2%y Z 70 OFF O R+
OHEMRBRHILHMEE L= d et E26N5. ZOMIE
P SNV A DC ARy H Y o TIEIZBWTC, RF ARy &Y v
TR L TR TH 5, Bi-Ba-Fe-O #—/47 v k
EROCCHEFREREZTY L, ¥—57 v hOEFIBIERFICK
ENZEnD, TITRXTEKEOHRI LT T T A E K
WKBWTCHHEFICEL T — 7 HEBEMNE L. Thidnzx
T, ER L 723D TC Bi RN E- =< G EN T, fERL
OO A ERCE v oz, ZDRD, FOER
TiE, FRANCAER L 72388 M0 Ba-Fe-O ¥ — 7/% Bi
U— MEEE L2 b0 E AW TEBRIER Z1T-72. Ko ¢,
BUGSHE LA DC A28y # ) o TIRIZBIT B2 —7F v FD
PRSI L fe o TN D

— 5T, BEMEOX —7 v b AT LY i % (R
T 556, HEPICBOWTEERENMETCSCT 252 L
NEEEND. BiFeOs /RO KIEIL, FHEFIEELS
(EEEDZENPESNTEY 19, ZofL, BARBEE
W OMKGERT A A~DOISAICE OO TEETHD. @
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F ZCARMZETIL, BUSHEVA DC ANy H Y v Tk
ICBWTERLE N EIRTD, 77 XA~ZEMR X U

FriElck i 4 =7y NEEMKFEZALNITH L &,
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?ﬁmﬁ@ BiFeOs AR D /)L A DC Ay X U > FREIZ

LA ERIOESN T, XV MmO
H%M’F%T’a“ LRI D EMFTED.

2. RE

2.1 BEHORGRIR/IYRY VT 24y FERAV:E
A OEEESR

(Bi,Ba)FeO3(BBFO)# IH(IEE 200 nm) %, [t L 2
DC 28y 2 Y v 7 kA RWT, BB bR & Si bk bic
Ta(5 nm)/Pt(100 nm) FHIE 13 Z gkl L=, gk L
LU CER L7z, BB & LT, Ta #%E, Pt
% 300°C, BBFO % 695°C Tl L 7. & 512, BBFO i#
BED~a 7 2h A MEEORE(EE ST 57201, B
RrDWEEZ VHF 77 X~ B & i L7=. BBFO MO AL
IEIZ1E, Fe 3K & Ba-Fe-O ¥k & & Jifl S & TER L 7z,
b OEH BN R H BN R 2)3 BEO X —5
v MZ, Biv—Fr2EELEZLOEHWE. ThEho X
— 7y MIEENLIBIEMEREOHE AL, 14, 17, 20
mol% CHH(FNEFNDX —47 v NaZEE E Ox-14,
0x-17, Ox-20 %7%). A/Sv& U 7 &EFIZIE ULVAC
o s SPUTTER Al DC PULSE #J# DPG-5P %
Wiz, 2L R ERE S L O UL AEINCA 2y Z OFF)
B %, 5~250k Hz 3 X 10 0.4~5 ps OFFA TE(LEIE D
ZENTELARBRIZ, 7T HEORME I NTE
HHBEL AR L TWD. BUGHE/ LA DC ARy Z Y v 7k
BT DL VAEME LT, BiEE 200 kHz, /1% 150
W, ON: OFF kb % 3: 2 CHEE L THIEATT > 72, Al
2EAHAZEBIT D Ar & Oz O EHIZRTEEOB SN D
7:3 TCHEHEL, &/+% 10 mTorr & L7-.
2.2 BRBREORGAREMRNvA) VT2 —Fy %
AWHEOEBES

INDEX

(Bi,Gd)(Fe,Co)Os(BGFCO)H#E(IEE 200 nm) %, &
WL A DC ARy 2 Y v 7iEEHWT, BBFO EiEOY
& LRk OERBIEE R X OFERIEE, VHF 77 X~ g
FO{ERL7Z. Bi 7= 74 FBiFeOs)® Bi & Gd Tt
T5H I LI Lo THMBENE - FEENRET D 2 EARE
ENTWD . BGFCO WIROKEIZIX, Gd-Fe-O ¥E
Fe ByK, Co By RaBefE S TIERI L EEBEY —4 %
2, Biv—bhERELEZLOERAWE. ALY —F v
kN ORERKIE, Fe K : Co K : GdFeOs K% 7:3: 2
@ mol L TIRA ST THEMIER L% —7 > MG103) &,
Fe ¥k : Co ¥yK : GdsFes012#) K% 8:4:1 D mol lk T

A SETEERER LY —5 Y FMG104) D 2Ff % Hv iz,
B S A2 DC ARy Z U 2 TIEIZBIT 57UV ARG &
LT, AW%%% 100 kHz, ¥/1% 150W, ON : OFF k%
3:2 CHEELTHREEZIT- .

2.3 FEORHETE

PERL U7 O oM T, =L — 8 X ok

ZREDSIC LV, BRHEEE, REEEE D FHVSM)IC

X0, iSRS X OSSO R IZ XRD 12 L W {T - 7.
FHENT 1L, BGFCO B O & m I Pt Ky MREM(¢
100 pm)Z B L72%1C, WA BRI T 2A 7 Alc X
NiT-7-.

3. #R

3.1 BENHEEE MEBELLUTISXATREMRICH
TBRIyB YT 8—=4Fy NEEMKE

BRDOWE Y, FGHE VA DC 28y Z U o ZHETIE
WV AEFE(H) ORI X0 % —45 > MREOHEZ M
T BEND D72, ¥—Fy MIUIEENEEZFTHZ
ENMETH LN, EOREDOEEBEMENSLENZONTIE
B bDPo TR, IThEaSFEXT, HIEOMELMLES,
WRERERS KO O 7T A< 2 EICBIT 57— 5 >
RN DR & TR~ Tz

£, % Ox-14, Ox-17, Ox20 ¥ —47 v MIBIFH ¥
— MEBLABE U7oAER, $1Q/sq, #+Q/sq, it kQ/sq
BETh-o-. WL, EEENER L% Ox-14, 0x17,

150W, 200kHz Py

(Bi, Ba)FeO,(001)
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20 (degree)
Fig. 1 XRD profiles of Bi-Ba-Fe-O films on Ta/Pt layer

fabricated with various sputtering targets.
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k& A BREEEZ R T, B E A BNV 72 EEBEN
mWE =5y FEHWD AR biTm W EE R L, 20
fE1X 62 emu/cm3 725 7=, 728, B FE DT & O FEERFE R 1D |2
)P UCRIFIBA LA/ NS WERHIX, ARV SV R JE
M L 0 & < TREDIRIENRREETHoTomb &
Ezohd. LT, GEENEL 2D &, A ITE
WA L, U TOMEIZR -7

EEMENEL 72D AT 2 R AT D
Teol, BRICABOT — 2 KEOESE TV N TE 5
BREZ W, K2 —4 v FERWEEO TS X~ DREN
ERART. Ox-14 ¥ —7 v hOEFATIE, 77 A~FH Kk
BLOT I A= EHEKBIZBN T T — 7 BT b v
FENRDoTERN, X—Fy NHOBmERR1I S E
WEDMEW Ox-17, 0x20 #—5 vy NOBFATIE, 77X
~ & KEHOEEN AR, 77 X~vFKURRIZBNT
LW E RO T — 7 BEMBHI S L. ZhbnZ
ED, A7y MIEEMERDH - TH, TOMEMNMEWG
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DEEFEBINZEWNRBIND. T, T— I REOHRE
&, TN A0 EE 2 TBE, RGEOE R E RN &5
DAGERIERA B SRAE LT\ e o REICRET
LBNNHLBLENG Y, TEX DAL IHT 2 05
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PbXv, ARGH VA DC A8y 21 > 7B
T, TELRETEERORWY —Fy hEHWDZ & T,
H—/Fy NRETTOWERT — 7 ENIIH SN D Z & »
O, fEEER R MmO EEN R S L, S aaFngt
BT HEEMERTE LB OND.

3.2 BEOHIWEL LUHS - FERKEICETIR /Y
A)2Ga—4Fy e BREBEEKT

INETOEMMNS, ¥—7y ML, EEENE,
DFEY X5y M EE R @O mol) A
BRWEONRENWZ ERbhoTz. LLARERD, ¥—7y
h R b A A LD S L, SRR KR
DECLRT L DI ENREIND. ZORBLFH~DLT-
WIZ, ¥ —7%7 > FOVEREHZ AV 2B D mol bz 7
SHERFL 22N S, B A 272 2 b (GdFeOs fk 5
L GdsFes012 3 R) AWz %—% v FG103 BL W
G104) % B L CTHEBRZ1T - 7.

3.1 ® BBFO #E L FkEIC, £3°, 4 G103, G104 #
—5y MZBT 5 — MEFLARE L72fE, Wb
Qlsq BRETH 7. WRIT, BRRENRERLK2—7 v b
Z O CUERL U 7= 50, Lk, A& OFHl & 17 - 7.
EDS 2 X 5o OFERIE, G108 ¥ —7 > &AW T
ESL L 72 W T, (Bio.ssGdo.s2)0.36(Feo.75C00.25)0.640x,
Gl04 % — % v b & H w =8 A& Tk,
(Bio.52Gdo.48)0.36(Fe0.75C00.25)0.640x & 72 o 7=. F 7=, Fig.3
22D OFED XRD I X 5 db i OF A R 2 R,
X oo o fh i) & iz i8Ik 23 (Bi,Gd)(Fe,Co)0s(001) @ [m] 47
=27 THV, TNLANDBLGA)(Fe,Co)Os DlEfTE— 2
B SN2 hotz, 2D tnh, WX —7
v b CERL L 72 I T b, BiFeOs 5% BUAR RS E K

Pt(111)
150W, 100kHz

(Bi, Gd)(Fe, Co)05(001)

Intensity (arb. unit)
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Fig. 3 XRD profiles of Bi-Gd-Fe-Co-O films on Ta/Pt layer
fabricated with various sputtering targets.
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INTHEY, 2o, BRRENEGVY —Fy vefAWDZ
L2k, RN ET S Z RSN,

Fig.4, Fig5|Z, BEREORLD 2508 —7 v b &
FHWCTYERL L 72 BGFCO IO IR PN 6 S O TR E 7 17 O g
(LR 279, BRIV T O EBREREHI B W T b,
80 emu/cm3 F2E D LI BB S D L7z, SREEIICEE L
TIE, WTFNOEBEREHI BT, EEEE IR E
RIRREN DG T2, BRIRENEV G104 #—7 v b
EROCTERLEEEO F 2N/ hSWEE /R LTz, Fig.6,
Fig.7 |2, FEEOFEH LT, G103 ¥ —47 > M &
WCERL L7 I T, AR e 27 U U ADRER TE 72
Mol Z eh, HFEEEA LTS Ebhs. £7-,
BUTIEAR LT RWA,  [E—F RN O Bl 351 D HIE I
BT, FIUNERE KE T2 FITRW CHERMBEN
LiELidiEz amb Aoz, — 5T, G104 ¥ —47
e HWEGEOEE TR, RIORLEZETZ2EDIZEA
EDOHF TR TFEARFEN B e e 27 U VAR
B/BonlZ s, MFERERRBIND. ALY
—7y MZE O RFHEFEOBEVWVPAEULZERE LT, B
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Fig. 4 M-H curves (red line: out-of-plane, blue line:
in-plane) of (Bi,Gd)(Fe,Co)Os film fabricated
with target G103.
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. 5 M-H curves (red line: out-of-plane, blue line:
in-plane) of (Bi,Gd)(Fe,Co)Os film fabricated
with target G104.
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Fig. 6 P-E curves of (Bi,Gd)(Fe,Co)Os film fabricated
with target G103.
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Fig. 7 P-E curves of (Bi,Gd)(Fe,Co)Os film fabricated
with target G104.
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<Paper>

Development of Bending Magnetic Levitation System for Thin Steel Plate
(Experimental Consideration on Levitation Performance Using Sliding
Mode Control)

ANIFIRE )« ZHak® « B IR 2 " - g @
DHUERY, AAE)IREETARA H 4-1-1 (T259-1292)
K. Ogawa®, M. Tada”, T. Narita®” *, and H. Kato®
@ Tokai University., 4-1-1 Kitakaname, Hiratsuka-shi, Kanagawa 259-1292, Japan

Research on non-contact transport technology is being carried out in order to apply magnetic levitation
technology using electromagnets to the transport systems used in production lines for thin steel plates. When an
ultrathin and flexible steel plate is to be levitated, levitation control becomes difficult due to the flexure of such a plate.
Therefore, we previously proposed a bending levitation system in which an ultrathin steel plate is bent to an extent
that does not induce plastic deformation. However, in an actual usage environment, there are electrical noise and
mechanical disturbances, which deteriorate the levitation performance. To investigate the levitation stability of an
ultrathin steel plate in this case, we applied sliding mode control in the bending levitation system. Sliding mode control
theory is a robust control theory that hardly deteriorates the control performance even in the presence of modeling
errors and disturbances. We conducted experiments on levitation performance with an electromagnet that was
vibrated in the vertical direction. The results show that stable levitation can be realized even with input external
disturbance when the steel plate is levitated at the optimum bending angle.

Key words: magnetic levitation, vibration control, bending levitation, sliding mode control, ultrathin steel plate
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Fig. 3 Photograph of electromagnet unit and vibrator.

Table 1 Specifications of vibrator.

Maximum excitation force 98.1 N+ 5%
Maximum acceleration 264.8 m/s? + 5%
Frequency range 3 Hz—13 kHz
Maximum input current 5.5 A+ 5%
Maximum speed 1.17 m/s
Maximum amplitude 10 mm

Steel plate 215mm Electromagnet

g

(a) 0=0° (b) #=13°

Fig. 4 Relationship between tilt angle of electromagnets
Hand shape of steel plate.
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Fig. 5 Theoretical model of levitation control.
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Table 2 Symbols and values.

Table 3 Weighting coefficients for sliding mode control.

Symbol Value Qa rdq n BaG)
i 5.00 107 m diag(7.2 x 104,001 X 10,20 x 109 | 2.9x 103 006 | 11
Kem 2.55 x10* Hm
Liea 9.00 x102H
PR Rs 21.0 Q
Ts 1.00 X 103 s
Table 4 Table judging results of levitation probability experiment.
Levitation pattern Result
After steel plate left jack, it did not make contact with electromagnet and kept levitating for 30
1 Success
seconds.
2 After steel plate left jack, it fell or made contact with electromagnet within 30 seconds. Failure
3 When control started, steel plate made contact with electromagnet or attractive force of Retry
electromagnet was small, so plate could not levitate.
4 Steel plate made contact with electromagnet while jack was lowered. Retry
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