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Ferromagnetic Resonance in Hexagonal-Crystal c-Plane (1): Angular Change in Anisotropy Field H,
O. Kohmoto, Y. Matsushima*
(Resona Lab. *Okayama Univ.)

[ZL®HIC
SR PERGYS Ha 13RS S & 72 13 L IR el 2> S B L 23D 3T 2Rl < BT o2 3% L, Jiik
PEHEORXITHNGIN D, Z Z TIEAFROMREMEERAEFET RNV X —GDEIEHK;E THVH 2R 5.

EAMHIE0EH
WAL St 7 N B MERGS Ha 36 0 FDifilia zdi e L=, Bk MeRNTh o mEL20L+5 &,
MH,sind =Gy /66 1)

EETZENTE DI clHITHILR D DHAE OB ITVERS 2 KD H121%, Fig.l ® X 912 clihz x il
FHrk L, crmOhx z8lchizx 5. ZO%E, MmERBEFEZ LY — & ZOMTIT
Gy =— Ku1sin0 cos? ¢ +Ky(sin0 cos’ g 2sin0 cos®g)

+K3(—3sin?@ cos’ ¢+ 3sin® 0 cos’ ¢ sin® 6 cos’ ) (2)
9G/06=K 1 (—2sin & 056 cos’d)+ Kx(—4sind cosd cos’ g+ 4sin®6 cosd cos’ )
+K3(—65in@ cos @ cos’ ¢+ 12sin°8 cosd cos’ ¢ 6sin°d cos ?3)
b KoT, BIFMESE, (DE@DD, 6=0 LT
H=—[(2 K1/ Me) +(4 Kuol M)+(6 Kus/ Me)] cos2¢ (4)

Thb. otof, Ha 13D TR DAL 125> TR 5. kIt
KUTHWDITIE, ¢=0 & 12 DFRFOENMLETH Y, ThbaRDD &,

H zx_H d) 0_ =H, Le-plane_ —2Kt/Ms—4K o/ Ms—6K ;3/Ms, (5)
Hazy_ Ha¢ n/2:Ha//c plane_o (6)
L%, y

3o 7o % SOk & SR 5 . KEIE, SCHk[2]0# 5.2-1 T, c mN Tl

H S=36Kgl/ls & LTV A, c INICIZR TRV O T, K(B)D L H I HL=0 TH
L IR, BTG O A Ha=(1/ M) x(02Ed0®)g=g0 & L, c T TD i fih)

auﬂ%K@iT%nmmmsmﬂm&*®Twém KXOUAHY T 20, c NIRRT MO Hy O
EIXZOXTIIRE S 2. R ThRITFUT bR, =R R E DR GMRS & LT
H=QKJ/M2 n(MnL LTSl M & BFHHERG RO~ ML n D73 AELE LT o2 ZRA
THE, MEMMTH=0 L7720, R@ELIFIRE B, ZoXEINBHES LT X2 Thd. £z, §E
B EIRRIE, Nee & Nye % Kittel (2 X 5 Effective demagnetizing factor & L C, Ha=(Nee Mk, Nye My, 0)
ELTWBIB]l. HaDJ5mNx, z@hlZdix 7235w (F 721 XREE) (CFIN9 2 48RS Ji a1 72 0 C,
ZE T DHTHD. Ha zENZEEREIZH D ETHDOEFFAY ThH 5. Ziud, Equivalent field
Mo TH D, Hy OAEENEZRT(E)IE, STERTH LA TR,
1) F Brailsford: Physical Principles of Magnetism (D. Van Nostrand, 1966) p.126.
2)  KHEE : MK L0 N GBI HAR, 1973) p.227.
3) AAHIEEH : Eﬁﬁ%@%?@ﬁmemmnu
4)  ZARTH: wi%mmﬁﬁﬁ( £N7HYRR, 2013) p.66.
5) HEZAZE, VRO - BERWVEOIRE (FEEER, 1997) p.125.

Fig.1 caxis//xaxis

arrangement.
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Ferromagnetic Resonance in Hexagonal-Crystal c-Plane (2): Resonance Expression using H,
O. Kohmoto, Y. Matsushima*
(Resona Lab. *Okayama Univ.)

[TLC&HIZ
SRS O Kittel BRER 1L FENHIRBEIGEREL Nee & Nye DEHTENRITEL T - 7273, Kohmoto (2 & - THl
SESITZ[L,2]. & Z TIONJTfh c I DWW T Kittel #0 N,E & NS & 2 B4 B RS H, & -V TR T

HigsK
Kittel {512 L BB L 28l 5O Nee & Nye 13k D 3 T 5 [3].
(0 ) =(H+NSMG) (HAN, M) |, Ny =(UMSsing)[(0G/06)p=— (6GI0)o=0) =0
Ny*=(1/M’sin&)[(0G/06)o=— (0GID)o=0] p=r2
c il 2 x w2 72 ORI R R T R L X — 1 K £ TTIIRATH 5.
Gy =— Kuisin?6 cos?g +K(sin*@ cos* ¢ 2sin?0 cos’e)
ZF 2T, Ne=—2Kal M2 4K pIM2, Nye=0 & 720, RO BRGS0 5.

(w!p)*=H(H—2K 1/ Ms—4K o/M) 1)
— Iz, Kittel 2B % zdho 2 DO H, TEXHZ 5L kA LD,
(w/ﬂ =(H+H ZX)(H+H Zy) @ Fig.1 Ha.// H arrangement
Fig. 1 O z il 1> BIFVERGSS Hy O 4 FEEZE K1 in this study.
H=—[(2 Ku1/ Me) +(4 Kuol Mo)+(6 Kus/ Ms)] cos2¢ (3)

Thb. Kittel {EIFXEAMY 25 Zdh 7 M x dih &y @7 mic & > T
DT, BibZE z oSO 2 DO A ER SO Hy 2 & 5
& (g=n/2,0), kAL OIZ—%KT 5.

(a)/}aZZ(H‘F Ha//c—plane) (H+Ha1_c—plane) (4)
Ha//c—planezol HaJ_c—pIane:_zKu1/M5_4Ku2/MS, (5)

22T, R@EIRIZR S oA & RT3 5.

4697, Smit-Wijn 13(4) & B) &2 k=L LT\ 5[4l Fig.9.3-3 Hal H arrange-
(ly?=H(H-H.>¥) (SW18.15) ment by Ohta [5].
Hac—axiSZZKul/Ms (SW11.7)

Ka OB a9 72 5 HES=—H, P 2 0 CIRARMICRI U Th 5. L L Ke E TH D &, HaS™s5(=2K /M)
#— H P (22K 1 IMc+HAK /M) T 1, (SW18-15) 13780 Th 5. KE bR UREZd L Tw s[5l &
2, Fig.9.3-3 D x#lhiFmO Ha DRE IR THhoH. £/, AL ILIEIT “—FIZ o/y=H+H, TH 2 5
na” & Line], XQR)ThITE o, EEUE Ha=2|Ki/Ms & LTWARI[T], HalZR T O
BT, ADETH-THREV. K<0 DA, R(THND X1 HalFATRITIUR RS0,
1) O. Kohmoto: Jpn. J. Appl. Phys. 42 (2003) 6875.

2)  JAE : EEEMEILIE OB & FEBr (5< A D R, 2013).

3) 0. Kohmoto: Jpn. J. Appl. Phys. 42 (2003) 7299.

4) J. Smit, H. P. J. Wijn: Ferrites (Philips, 1959) p. 81.

5)  KHEE : MK TFOMEBE N G532 HAR, 1973) p.354.

6) ARG B GESZHAR, 1968) p.324.

7) @RS B ARY (BESZ R, 2008) p.66.
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AKABEATAS I D B PR 12 160 V) 72 SRAg M S RT3 NMR & 2 7 A D F 5
B, AISAMY, FAF, P2
CRARR)

Development of a Tuneless NMR System for Microscopic Evaluation of Permanent Magnetic Materials
K.Takao, T. Waki, Y. Tabata, and H. Nakamura
(Kyoto Univ.)

1 BFUoIC

ARABAGHBHEPECEBOE—Y -2 LD LTHIFIEFRHABICH STV S, TE NS 0BG/, i
(LIS FE S KA DRGSR T 2R MEER AN £ > TE TV 2. KA D TEREA I (B R DREME 2 i L ~OL TR
fifi L, WE5RETTIEDMN 2 & 2 AN R 2 0323 H 5. EAMRIBHZE TV & 31 2 SHIRIREMERTEARE CldE O o fRRE S A
FERMEZE L OOMEDHMRUNTOARBICT 7 A TES I EDEETH 5. WUIEAR NMR ZBREY A+ D INERREES O
KRESH WAL CIET 2 FET, SWHETA 26 OF5 208 L 2R A7 MVEBIITE 2 Lvw) TR
BENTVE, —7, BIEIEATIZNERIEDORE EDIEL O LT WA 78, NMR 27 kLS 10=4 100 MHz I2H % (F
ERIACTFET 5. NMR IZHIBFEERTH 2 720, FHE R CHIRAIE O FAF 2 2 HEBH b, SaiEMEAR NMR (3 H15E2YE
M7 2, Fio, TEEMER NMR TSR A~ CHIBSEAENE 2D, BN A © 2 2§ 2 72 I3 725 58 ik
MO TARZ DD 2 70, WEREIIEKICZ S, P OB & Wik k NMR ZEURCIRINAN 2o TR LTS n
Tk, UL, s oWz iR T EUSWOMERTRICB I 2HHASIFE LR DA, ZD7OIIZHER L I fEg
LCE2NHE 2,

HRRETE (R NMR JIE % ik 3 2 57k & U, MSaEo®FRFAL D b o s, EEMREEAIC XD, FEOFRFZR2
Rl & FRPATEIC 22, 2077, KO Q HAME T LIETRENE L CFLT 20T, MUEMEOIZILHETH Y, F50%5H
> Fe #% ("Fe: y/2r = 1.376 MHz/T, Ny = 2.14%) OHETHE L GHIGTHE E 3 EZ 6N T I ah oz, ZOMERMETER
PEde D R B2 [ L CABIEE D B S A E» S AL, 1HlE S & icHain iz BB~y v~ 7L Co L BEBA A — 7ok
FPRERZEAT S I LI DR TE D, JHEBMAA — 7 ORE TR L 72 A E v DECEHRIRAEIC R 2 F TOMERIRH % e
TEL70IT, FEEEImO TEMICZ D, BEREE P TI LN TES, 2040, HHFHNMR X H b @ E
iz, ziuctbe, BEENREEL SO THET 2 2 L TE 5. AW TIRARARGOM B OB IERHio 7 o, JH
WAL — 7 ORETHEZ MM L ER/F NMR & 257 2 20F L, 206 MME2H6L 7.

2 REBAE

AW OIA NMR 222 b B X —% — (Thamway PROT 11 2101) IfEMFH 70— 7~y FEL O/ LAF 2 —7
Bk ((EREEM T3E) 2HAEDOEMEY AT 2L 72, FZINS 22\ 7 ORI 2 B8 o %2 Ao &, MEixse
HEICITA 5, MES AT LGOI, KARAHEEM B 7 £ 94 b StFe;00 ZHEHERELE LT, Fe-NMR 27 b L
D & e B - I L R AR % I L 7z

3 BRBELVEER
2b 12k 4, 2a4f,

Figure 1 & SrFe 2019 @ Y’Fe-NMR J& 5 E S 2 ROGA R 7 L L
T@%.%%@ﬁ%@%ﬁi%NMRkﬁﬁKMﬂ7174F®50® 1o ST ercus

Fe ¥4 FHROfESEM S, MM 5 2b, 12k, 411, 2a, 4f, & = 4oL T=75K '
e S z '

BT EMTEL. THU, K Fe ¥ A MoB W TRATIN 2RSS MEH %0“

BBHEV) ZEEKRLTwEEEZONS, Kk M7 254D & ol x5

RSSO RIS I RS X 2 b O LA S NTE R, S

A DA + DA A v RGO EREMEZ BRI 2R THE, 20 G osf |

£, FRAMEECED CNETICAVAIRZES LB TES L) - |

%), JEFH NMR BRI R ORGR o sis L L<o 87 | | s |
Bir AT R DT D K b0 LIIFE B, s L |

58 60 62 64 66 68 70 72 74 76 78 80

Reference Frequency / MHz

1) P.Panissod et al., Appl. Magn. Reson. 19 (2000) 447.

Fig. 1 SrFe;019 ® S"Fe-NMR A X7 kLD
B, DR A
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M?*-Ti*" SR L BaM 7 = 5 1 OfERL & ReS R

BpRSph R, RS —. MRk
(HrERF)
Synthesis and magnetic properties of M*-Ti** highly-substituted BaM ferrites
Y. Nomura, K. Kakizaki, K. Kamishima
(Saitama Univ.)

LS BaFe,, ,.(MTi).0 . 34'?‘-’8
BaFe;,01(BaM) 1 i\ AL & (R 2 Ff B, AR i foone iy
MR LCES IV BT\ D, BEERME 2 B S ¢ 51 @MZn o T T T !
X, A A OEHBITAEDTH Y, BaM D Fe* & M*, Ti* (K x=6
WL Tt M=Co, Zn) TEMLT 5 Z L 1T L » T, BERFFIENE P
LS (LT B, = b
ABIFZECIE. M?*, Ti**(M=Co, Zn) o 5% % 15\ i i Sl wy WP vedk dm evy v
CIERLL . R EEORE. RO AT 72, Zl w3 Hidvrvest Svev [
E__xlmm&ﬂ;xﬁjbuumfa
72£%ﬁj§{£ d.kl" v v!ﬁ Iw wvyy =1
BaFe 5. (MTi),010 DRI A D X 912, BaCO;, CoO,
a-Fe;,03, Zn0, TiO, ikt LIEAURA L7z, IRABAKZNIE ﬂ‘ th"ﬂ }‘h"x%
HH L. KT 900°C T 5 BERIRBERR 217 - 7= (ibER%
1100 rpm C 10 43R KL S BFE L. LRI 277 - bym=co T T 1 |
-3k % 1200 °C, 1300 °C C 5 BERABERR %47 - 7=, SUBHD Hﬁ""‘f"" =6
o R 2 SR XGRIFHIF I CIRE L. RSP IR Batt | we th,"mrw,, )
RO SQUID BESREH A FIACHIE 24T - 7. : ‘ o
= ﬂhl ey Ty |-
34k R L B E vy nh""' Y |43
4 1 1% BaFep o (MTi)O1 D X BETIXN T 5, Zn EHR : -y ﬂh"v'mrf wv | =2
WZB L TiE x=5 £ T, Co [E#RITB L TITAT M B D HLHHE ' B
WSR3 HliOA A% 2fli & 4O 4> CEHE LT~ o BB Teee ol

7=th, Pauling D 2 JFFLN 5, HENRZELT 512 b 11 1 1 |
boT. HRIEDEEF I ERTE T, R Sl S R e e
mﬁ@%F%LT&RéMﬂéﬁ%h?“@ESEMi El&ﬂmMMggf%Xégﬁﬂ
WCd D AR Zn,TiO, 73 Co,TiO, & b X THEFHNT L E
e . N N ((a) M=Zn, (b) M=Co)
THHZD, ZnTIOBAERINTLEI DR EEZION
50 1).2) BaFe,,(MTi),0,4sintered 1200°C
% 2 1% BaFey,. 2X(MT.)Xolg D% Y —RED ST T D, o~ ! ! | !
BEHENEZ D LI U —IRE X EARNAD T 5 2
ENymoTo, 72, Zn %Tﬁ&% X Co BEHLRIZHEARNTH =
V—REDO TN FRATH -T2, TIUIIERNEA A4 T
H5DZInTi BEER LI, Btk A4 M OMAEERIME
TLilzdEEZLND,

H=1kOe
4.2 3CHK 150 [ | | | f

00 02 04 06 08 1.0
1) A.Yankinetal.: J. Phys. Chem. Solids., 60, 139-143 (1999).

2)  J.Yang et al.: Mater. Charact., 37, 153-159 (1996). 4 2 BaFers o (M), 0r0 0% 2. U i

_4_
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Ca-Sr 2 WHIK 7 = 7 A N OFERLL OFEURFE
BAJIIHER  HhilEis —. b Bk —
(FEKRTF)
Synsthesis and Magnetic Properties of Ca-Sr based W-type hexaferrite
T. Sekigawa, K. Kakizaki, K. Kamishima
(Saitama Univ.)

_ Sr:Ca:Mg:Fe=1-x:x:2:16
LIS & W-type 1250 °C 5 h.

Cal¥ Ba=° SriC~T, HIFRICEEICFEL, Bt zn : 1 [2=05
Ay, BRI & RERTANZME TH D, 72705 Ca KD T i oofLUhpn R RE R
7 =54 MAfFEET, Cala R VOBKEHE £ RS Ak 'Ik . W
(CaAl;,010) 272 ED M T = T 4 MZOWTEA SR TE T R s o=
%o (AL, ZOMOATREHEED T =54 MZOWT, Ca Rk i T L&%m,:.: e estaledee
bEVHESNTORY, AFFRTEIWREZ =74 FThD G , x-02
SIMg,Fess0yr 10 Ca % [ L= DM 23, (R L7kt S fee s lefimeetd o o otleds
EoUNT, b & AR BT bbbl oL adize.
2. KB s tl x=0
Mﬁ%@ﬁ*ﬂr TR L TREBHE (EI L 7o, (L Rip sl t 8 oo o tde

(PR L7 OB 2B 3R — L S LT 24 BEETIR A L. 900°C 20 30 40 50 60 70

Sﬁﬁﬁ%mbtoﬁm&%%lmmmrcm . #gm—w
TLTTHM L. 1200°C~1300°C © 5 BFRIARER L7=, S5z
AEHIM AR X AREIHTE (XRD) % VTl b O 2 fif i L.
PREFEMRRE 15 (VSM) & WD CRESSRAE 2 I E L 7=,
MR LELR

X 1 1 ZEf B x=0~0.5 (ZF51F 5 1250 °C DR X #RAIHrH T H
5, Ca DIFRIED x=05 F TIIWHBOEARIZ /2 o7, 725 x=0.6
TIETW B DIENIZa-Fe,03 & A E R LOIRFIZZR Y | x=0.7~1.0

TIEAE RV EMOYE DRI 5T,

[X] 2 1% 1250 °C P& & x=0~0.5 |2 81T 2 faFné bl & (M)
DOEBEALFIETH D, REESIZDOWTIL Ca DIRMEIZL - T
AT R S0y fafig b Elc oW Tk x=0.2 £ Tl Ca ®
WMENEEINT 2250 THEMML, x=0.2 UL LT 45,

¥ 3 1% 1250 °C D& & x=0~0.5 |2 51} D 1250 °C D B iz
Thbd, ZOMBERD LX) =8B 1O TR TES, £
D= OVER LI EHIMAKIICHETH D B2 bihvd, £7- Ca
Z x=04 FTIXCaZ@EfaL TH ¥ = U —iEEIX 430°C~440°C fF
TTRE S BEP, x=05 TldF= U —BENTFRELE,

U EOWHIREOFRERLY, WRITZ =T 4 MZ CamE#ad b &
W LTz, x=05 NHABRIZ i ROBEWETH 5,
4.2 % SCHR
1) M. Shigemura et al. J. Magn. Soc. Jpn. 41 (2017) 10-13.

2) H. Nagumo et al. J. Magn. Soc. Jpn. 41 (2017) 20-24.

2 10 Ca,SriMg;Fe102; DI AR X f%@?ﬁ.
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Mg-Zn-Ti ARV 7 =T A b OFERL & AR

M ORIRE— . PR
(B ERF)
Preparation and Magnetic Properties of Mg-Zn-Ti Spinel Ferrites
S. Yuan, K. Kakizaki, K. Kamishima
(Saitama Univ.)

1. W=

Mgix Znx Fe204Y, MginyFer oy Tiy0 278 ED ZJLR ARV T =T A M MgO  zmEe0, , NiFeO,
FTTICERRSN Tz, L, WEROAERLVT =T 4 MIELER 1300 °C
FANZHEBR SN TR, R TIENU TR A E RV T =7 4 M(MgL
ZN)1+yFe2.2,Ti,04 (x=0.00~1.00, y=0.00~1.00) DEHRL, 5 fb i 1E D [F]E 36 &
OEEHEIC W TIHRAE L,

MgFe,0,

2. EBI7ik ZaFe,0,
MgO, ZnO, a-Fe,0s, TiO, ZJ5UEk & L THWT, AR L RIS y
X ITHELL, Thb 2k a LcEN 2 IERR L, o S e

900~1500°C C 5 W BERR L7z, Bt MmiEE 2 X AREHT(XRD)IZ L 0

A L, REAUREEIT R B RORIRE 1) 3 (VSM) & O Tl L7, 1 (MuZn)usyFezzyTiyOs OFHIY

3. %%k%g x[" I —0—.\;0.00
1 12(M1Zny)1eyFe2.2, TiyOs DFAK 759, 1300°C F TOHER T ) —on |
MgsTiOs IS DIE & A B DA B LS BAE TIER TR 7=, 7235, MgTios & e
I 1600~1700 °C D ERBEK THIADO A I ABE LN D LWV I WENH f N
0 2, AR T O BERIRIE TIL MR o - ATREE A B 5. g =
2 IS CORRMBLA 7T, JERNED Ti A 4 OBIGRE NI Y y .
WAL MEL 72 o7z, BERE—A L ROV Ti A A3\ HEERB) 4 b PR, R
BRIRTZE D Z LS TRITCE B, —H, HEREED Zn A 42 % x=0.00 7> 2 (Mg1Zn)1syFez2 TiyOs @
B x=025 £ THIS 7= & X IR IR LT, ZHUd. Zn o AL 480 R TO iz b
ERA) YA MCAS> TFRE AL 2 BB LENLE EE2 b5, o ‘
x=050 LA ETIX, Zn 2o IC S CRUEAIBD Ui, ©AUIRREMEA ‘
I Th b Fe A F L BOBAHAREIER DA Z Wi HE > TV 72 2| 000029
BrEZBRD, £, y=050 B LIHIE L A SRHLSBA RS T, Ay e—
3 TSR THBRILD & S HROWRBOBRANRE T, Zn L 5
TIASVEE, ¥l —REMERICS Y M5, TRbZnAFrE 4
TiA AU BADZ LT, FeA AU BOBLRBMAIERNBYIT bizind (025,025 [f=93]
ErEZbND, ' o
PLEX D, MgZnTi AEFAT =51 b & (ER L, RSO H] P ey
BN LTz, 3 (Mg1.xZn)1+yFe22TiyOs O
53 3k B R

1) H. H. Joshi and R. G. Kulkarni, J. Mater. Sci., 21 (1986) 2138-2142.
2) E. Woermann, B. Brezny, and A. Muan, Am. J. Sci., 267A, (1969) 463-479.
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FCGTRIBLEIC 351 D Co/Ru L@ NE DT ARIMEE R T — 202k &
~ TR NV TTIT 4 TR
OFHE M, FERE BREZ, KR 8T, R, N A ORAERSE, *BBEIRER)
Kerr and magneto-refractive effects in near-infrared for Co/Ru multilayer films

in reflection configuration
S. Saito, H. Sato, K. Ooki, K. Akahane, and H. Uchida* (Tohoku Univ., *Toyohashi Univ. Tech.)

1. [XCHIC

SR/ FERIME 2R (GMR 28R CBUAISN D~ XN 7T 747315 (MRE) 13, TR O
{EERFNZ 5 U TR AR EE L S BN D720 1 E B SV TV D, LILAERLHESIN TOD &AM
BOFLIE L/NSL, KBRS T 7V r—2a AZB T 5729121% MRE OMEHRFIZEDICIRD DL BN DD, &
FHIE. Co/Ru 75725 GMR gD Z iR E 1235175 MRE (T-MRE) ZHIE L., AL SEAT/SOFATIR
REIZxH R STz RV —F BUC KO JE FE S DI BARAFIEIZ DWW TH b o7z, — HF TRRBIEOEA | X
GHRUELE O 5 R A L0 BN RENZEN S, FBEREC E 2L TR YA A %D B RN
%o FRZ P REE AR T 256 R IR E R A HIINTE 5728, GMR Z @R H DAL U AKfFHELIC
PES B REIE DA 2D MRE OHESRICH 532 ATREME N 5D, 2 CAGEH Tl ITIRIME T P IR S
ALfE 235175 MRE (R-MRE) (2N CRAlh - AT L7t R i & 92,

2. ERER

Fig. 1 (/2) 12 [Co(4 nm)/ Ru(0.7 nm)]yo Z & 5D A 70 FEIZH1T 5 K 1550 nm, 1200 nm, 900 nm C
D P ARG R OW LB RE #2777, BESFUIHORHE N CYEOEIT 7 M S BB G [AIZETINL 7=, 1550 nm ©
VB I E AR O D R IR PT R SR EFELLL TR | AL DA ARG L TR EZEEL TODIEMIR
X5, 1200 nm TIXSH RITEDOBRAZEIINLIZBRIZIRITIE—E . ADOBRAZEIINILI5E Cldid LT
FFILTERY, HEELEABEFUT KT LIS FREZ2D, 900 nm DOREKUERE ik TR RSP TR, Bk
DIEEITHIGEUTEENELL TWDEE 2 BILD, Fig. 1 (F) (2 900 7>5 1600 nm £ TO P 7SRO
RIBRERIAR A LD Ty T RITRT (B

—
=

T =)o MEENTIE R | BRI (DT 2o ‘y: R (0 [lc\:lo(4)/R9(o.7)]10 P-pol., A= 70 deg.

H}%&i}i%i?&i@ LCW5, 757 EP@EEZ;I’}% 1902 43.2 gsr;gallzed reflectance, R/R14kOe1g;A2
I3, BR LTS 3 R O BEAURIEE bkt i/ \3 o v _________ -
S5 %, 777 FMORER R TIN5 P ! e '
FEDOEBRANTHS, AomBANT LT = E

FEW, 777 Bl $abbREREIC ey = 1300

fenE BRI T ORI esh, = se P o | R - - - -]
> TEMAAT T TO RS RN &L g 1100

%o ZOTGIRZEALDEL A 1200 nm f13T 12 = oo |
BT NI TS, T A

-16 -10 -5 0 5 10 15

DWW RARAFIEL, R TIRAEE

; N Magnetic field, H (kOe)
DR BRI RS 280 — 2R, & < <= =
<= — (==

WA TIMEEE T DA AR ERELA o N R

TR ST RE R CTHH LR END, Fig. 1 Experimental reflectance with the incident angle ¢ of 70 deg.

HEwEcc L RESLIC kS A (8 BE K R 4y plotted against wavelength and magnetic field for a [Co(4)/
2 7,; N N N Ru(0.7)]yo film. The cross section in the broken lines correspond to
(T-MRE) & &5 BIEUR oy (B — 50 R % ) the normalized loops of reflectance (bottom) in 900 nm, (middle)

Bt L CEEMNT LTS R AT 5, 1200 and (bottom) in 1550 nm, respectively.
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A EE BT D Co/RuBJEIEDO~ T2 ™) 7577 4 TEhED
T IR AR A7

ORAK WA, el B2, R O, NH O BRAE, FEE M CGRAEKRE:. *EBEINRH 7 RF)
Near-infrared wavelength dependence of magneto-refractive effect of Co/Ru multilayer film
in transmission configuration
K. Ooki, H. Sato, K. Akahane, H. Uchida* and S. Saito (Tohoku Univ. *Toyohashi Univ. Tech.)

1. [FL®IZ

WKt I EMOBADORE IRFMERET 2T A ATh 5, PrEOBEREFIZIB W TE W
RESSLIEIR AT Iy 7 L VHRERT DT bR REBERRZRERE L § 27 54 AR REI I,
FHRbEEhTWD, FTHET e —7 L Lk gt a2/ Mot BE5d, ik, kEmFPTo
WHROB L TRAREL R DTDIEH SN TWD, RRNEFRIZED B I 2T 2 720121F, Rt
ZAL TR NOREZEEZNND Z ERERTH Y | oo 1TRBEME/IFIEL BB (GMR ZEIK) X7 F
=a 7 —EFEICEHNDY IR M) 7T 7T 4 7R (MRE) IZHEH LTW5, MRE O TiFZEIE, PamH
X 1995 fELARE V. EBRRIE 2002 4ELE Y O S D, LA LA D, EBRE O LR B S RS
FF O MR R OIEFEAGHANC B > 7272, B IS &2 &IHIC BV 72 MRE O EHFZEIZ+50 & idv 272
VW, I TEEDOIL, FEBSG CORTATRY ZMEICER TS 2B LT, MEMEREIZ Co, FERIMERIC
Ru %% L 72 GMR ZE DO ZmMAE 21T 5 MRE (T-MRE) ZHIE L. {mEE A Ok & e rEw
23 MRE (2 KIEFRBIC OV T, FROMIGE R 2 35 B =R AT U CREAf L 72,

2. EBRHER
Fig. 1 1Z[Co(4 nm)/Ru(0.7 nm)],o 2D (a) & 1550 nm K (b) 900 nm T T-MRE O HUINRESR (%4
%284k % 7797, 900 nm 0> MRE i3 BE SRS R & B L T 0 | BIRFHI L BE(LHR L ADE S5 &
B OIS U TR L T D Z L%, —J7, 1550 nm T MRE #i##% 900 nm & 1328k5y
DOFFF NI >7-, T-MRE O EKGFMEEZ £ & OTFER (o). Al () . Normatzed tansmitance, T 6
W U7 RERIE 1100 nm BRETELTRY, BEERAD SN |1 5w 1003
TMRE AR S N TV 5 = L RRTEND, \ © ' o
Z O T-MRE O RAKTFIE A BfFET 272012, b FAT/OF -
TR ZENENDOHBEICONWT FA—TET AV EFEL, FER % 3

kT 21T 572, GMR ZEMAKOHERE es0, & T5 & o | w3
ST w? 1— iwTgyy (1 — iwTsp)? — BsarL?(M/My)? )

k 75)U’ 5 1)0 f:fi L\ TSAL & ﬁSAL li%m%hggﬂﬁ/ﬁ{ZKT@{ﬁ%

= A e AR T Fig. 1 Normalized loops of T-MRE for a

E\E‘i%wq: EﬁEL 1, q: /{ /ﬁkﬁ%{ﬁ“—fﬁ(f H 2o M/A/{S 258 [Co/Ru]y, film at (a) 1550 nm and (b) 900 nm, and

Bt OBAL ORI PATOHE 1. FOFATOHE 0 THALI (900 - 1600 nm.

%, Fig. 2 \ICEEBEDOBALDOBEHIDFAT 8 D WITECFATOH A

1Busjarepn

UE HkOe) 45 40 5 o 5 10 15
10 0 10 Magnetic field, H (kOe)

SNT, HFARMCO ST &I LI ERRASS b N

(Tap, Tp) ZHM L, 725 ThHD T-MRE OEREKFEAFHEL 0
Tk Z T, 22 Tw,, tsar, Bsar (TFE PR ICAEATIE & MRE O Eo, o5t ‘T";::(fg’;:s(;m (s
FHRERNS 7 4 v T 4 v ZICE VB L, B RICE DL, R By = 0.085
EWFALICAE S 00 T-MRE O8I3R1%, 3 um B EIC CHREfE 1.0}
AL, TOMEIF-1.3 %FRRE L RS bz, P

1 TlX T-MRE #5072 OM B EHEST BT 5, 1000 2000 3000 4000 5000

A (nm)
SEXH  1)J. C Jacquet et al.,, MRS, 384, 477 (1995). Fig. 2 Normalized T-MRE spectrum calculated
2) V. G. Kravets et al., PRB, 65, 054415 (2002). with extended Drude model.
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FrUy MOEZAT LIRS Q AA v F L—P —DFA%E

ARAZE N>, K —>**, John Pritchard***, &ARZISE>, PATHE—>,
Pang Boey Lim*, Mani Mina***, SEEEfLEE****  PNHMMA*, H EpkE*
(FEABHANB R EE, *XIST S EDUT, T A FUMNNLREE, =0 B2 AFSEAT)

Development of Magnetooptical Q-switch Laser with Kilowatts Power Output
R. Morimoto*, T. Goto***, J. Pritchard***, H. Takagi*, Y. Nakamura*,
P. B. Lim*, M. Mina*** T. Taira****, H. Uchida*, M. Inoue*
(*Toyohashi University of Technology, **JST PRESTO, ***lowa State University,
****|nstitute for Molecular Science)

XL &I

~A7aFy FEEL—F— X, EROIRMEN L mkOEK L —F—%, BRhoOEEEH\LZ &
TH/NMUE L2 b 02T V. EXOLFIRB LOEEE TR EFIH L7ones) Q A A v FIISMBHIEIC &
DYy H—%IH LB b Em SISV AERAERBETH D0, REMIZE T A X0/ ELICIRA RN H 572
O, v~ A 7aF v T —HF—DOWENPRNETH 7. Frld, REMICERALN EET, B HE RO T
EIRREEN TR EZFIH L, EBEHEEFTRE CTH Y 2 b 2RA 1 mm Il 72 WIEFIT/ L2 Q A A v F
ERELTND 2, 2N ETORETITHENREMHENNIWNEWIBRBERH - 7283, AL TIL, SCEEEN
XUy hE—X—DEH IOV ZDIEEIZONTIRR A,

EERAE

Fig. LIZRT L0 b—V— RS A MBI L. MEROLFREE Q A4 v FH T & LT, BEE 190 um O HifE
EEREE T — % MEZEA 5.3 mm O A LT, JEZ 4 mm @ Nd:Y3AIs0n ffidh & A DM, LR
EN10mmEARRECBLE. MiICIZEE 808 nm D& A 4 — FE2FEHL, s LX—Hs1T5
TeOIZ/ NV AFER & L7z (Quasi-CW Jibike) . Bhild e D JEAMEIX 32 W, /<L A 1§ IE 200 ps, # 0 I LA E0x
1kHz & L7=. 72, A MZHN U720 25 513 A0S 2.3 us, EIE 56 A TH 5, BMET—3 v M
WICTFET 2 KR OBEX DR « FBL2 VAR L > TR b L, HIRGNO BT 261325 2 & T
Q AA v FRIRNA LT,

RERER

sV ANE 27 ns, REAME 1.1 KW, E—A5E M21E 3.7 OEH 17OV AR E S 10 mm O HHESREE TS b
7. ZOREMEIZIINETEHEOLNTWIZHT 02KWIZHRIHEEREZRBLDOTHD. ZORKRICEY, /)
TR GO N HBERETFREE Q A4 » FOIMEL ERINI R T ZENTELEWVWR D, £2INET
OWETHEMH T Nd:GAVO, & #2720, MM EI CH LoD NSV RAXT VX MR THDH &

DR TE =, SRII~A 7T v 7L —F—D Q-switch Output
I L2, B8 % 1) & ZEPED M LIRS S LS. Dielectric mirror Goupler
BiE d
ARHFFE D —E i, IJSPS BLifFZE No. 26220902, |::> Nd:Y5ALLO,,
17J05958, JST & & 7%1J No. JPMIPR1524, Kl _
RGO By & 21 TP, oo | C
(% =808 nm) 1 Pulse current | Output
2D E i = 1064 nm)
1) T.Taira, etal., Opt. Lett., 16, 1955 (1991). : 10mm :
2) T.Goto, etal., Opt. Express, 24, 17635 (2016). Fig. 1 Sketch of the components of the magnetooptical
3) R.Morimoto, et al., Sci. Rep., 6, 38679 (2016). Q-switched laser system. The cavity length was 10 mm.

_9_
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RHBLAN Au ki & HWIZR T 77 A= 1‘% GRIND
HFE L ORI FIRE
JNEHEEE, AREIEIT, BOGIEN, BEER—*, @mARZL=E,

AT HE—, P.B. Lim, WB}%R, JF B
BIEHFIR, *IST S &»U1)

Optical and magnetooptical responses of magnetooptical plasmonic
structure with rectangularly arranged Au particles

Y. Kawaguchi, Y. Mizutani, Y. Itabashi, T. Goto*, H. Takagi, Y. Nakamura, P. B. Lim, H. Uchida, M. Inoue
(Toyohashi University of Technology, *JST PRESTO)

X C®IZ

B IRENEAR T DREMET — 2 > M, BHMEOF I L > TEilT
ét®ﬁt@%@%éﬁé7777~@%%ﬂ%Lftﬁanm

EIZHOWBNTWAR, 5%, KT A ARt o~ ST 5720
m,i@k%ﬁ@%ﬁ%%OMﬂ@%%ﬁ%iﬂé.%@k@@@ﬁ
LD DN, Aubi I LD REME R YT X B EFIHT 57
77T —ROWRKTHL Y. AR TIE, BEHEIIO Au ki1 Lk
PEAT—2 v MBi:YIG) & DEEHEERD I3 L UKL FINE & F
BRBIOI2—2 3 V2N TERLTD.
EBREB X OEEGTE

FRHEEEEE L X - TERL L 72 Awki 70 B2 BiYIG & A L 7=
FEEREZER L, ZREB LT 7 77 —REEA~7 ML aHlE L.
F BRI REIE E S EIC L AV 2 2 L —3 3 > 7 | FDTD Solutions
(Lumerical Solutions Inc.) % W\ CiBBR AT ML AR T=.

FER

Fig.1 |2 x M OJEH 200 nm, y FFH O EH 250 nm O EF7H&1Hk
(ZELFINC L7e Auhi7-A2 3. RO MAE% 0, 30,45, 60,90 deg.lZ L
L ExOFBBRE T 77T —REZARYT ML EZO FIORT. IR
T B X BRI K& < 22 D DI, Au ki 2N EARIRICIE AT 0
L 90deg. D EXTHD. L LEkbRER7 7 77 —REAIE, Wt
DAEEN 45deg. D & X125 LTz,

FDTD {EIZ K - TRO - FMER AT hL % Fig. 2 19 . JEHIR
INS TR X FANZEBRANRY MLvOm & b AITREREMICKE
72T RE ORI A BN, AN KE Iy HRoSE 3 EE
BN S BT, AEEZEL S D EFBRFEALT MVRE(L
TBH, 45deg. TIXEWML SN L H BRI MViZ/eoTlz. D&
IV ab—va U TCELNTAEKTFHEO BN IREE N T
FERAERE BT 5. 5%, EBFERLOEN, 61T FQILTL
TR 72 7 7 7 7 — RIS ORI AR APEIZ DWW TR A D 5.
i3

AFFED—EL, BIFE 17K06349, 26220902 OBk #51F Tirhbh7-.

2 TR
1) H. Uchida, Y. Mizutani, Y. Nakai, A. A. Fedyanin and M. Inoue, J. Phys.
D: Appl. Phys.vol. 44, 064014-1-7 (2011).

®©
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600 700 800
Wavelength (nm)

Fig.1 A SEM image, transmissivity
and Faraday rotation spectra of
Bi:YIG composite structure with
rectangularly arranged Au particles.
X and Y period are 200 and 250 nm.
Polarization angles are indicated.
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@ 60
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Z a0l
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Fig. 2 Transmissivity spectra

obtained by FDTD simulation for the
composite structure as shown in Fig.
1.



19pA -5 Al AARRR R AR BELE (2017)

MOD £ CESRL L 7= Bi &#4 YIG D Sthg <M R

RHNREZ., SFREE—. S-S 1. IiAmE
(& B R)
Magneto-Optical Property of Bi-YIG Thin Film by The MOD Method
Y. Ouchi, K. Terashima, T. Takase, K. Yamaguchi
(Fukushima Univ.)

XL ®IZ

W, AV UPRERIN, AL UR—AREBFAE R —NVROFEICL Y A U iEd BRI AE
B, BRHRFTREE 72D, B FOREETY 2 — b, [HFRBEFE~DISHMTOIL TS, Mgk 7 =V
WHECTH LA LT —Fy N THDHA v MU T LT — > MNYIGHIENT- A B U A Y g % FF
SHLDOE L THLNTWS. AWFZETIE Bi B YIGBILYIG)EZ ERL L, DOk Z 3T, HrlCBiE L
Rt A fEtd 5.

ER - EFR

Bi:YIG A A s bR HIZ A8 5 L (MOD)E TR L 7. {ERFIAIZ tab. 1 0BV THDH. {ER LT
AHEORER T — A v N A FUEHEEN L J15H(VSM) CTHIE L7251 figl THDH. £, BiYIG KO &
PtIED(SEE T & ORI G AR T HT-DICAE P —_y VR OMRA LT-. Tab.1 DFIETIERIL
72 BiYIG EIZ Pt A Ay ZIETRIE L, I OICHSKOBEE #UGET 5 - DICEAE2EZ RKH C
600°CL KD T =— WALBRAAT o o AR L 7ciB CA Y B =Ry 7R ZR_ L T7c & 2 A fig.2 D K 5 7efl
EnfGoh, AU E—_Xy 7EERRHINZEEZLNRD.

Tab.1 method of prefucturing Bi:Y1G

procedure 1.Spin coat 2.heating 3.pre-bake 4.bake
. 500rpm5s — 150°C 550°C 700°C
condition
3000rpm30s 5m 5m 14h
—= 400 T | i 150F ‘ s
S +
5 ° ?
o0 100} ® éo 1
© 200+ _ +
< > 50f [ .
- S
= o
2 o g
o G
= > =50 + a
S -200- o + magnetic field [Oe]
o -100r ® 136 —-136 | |
) ® + -136 — 136
@
= -400 . I I . I . =150, .\ + 1 | 1
-200 -100 0 100 200 -200 -100 0 100 200
Applied magnetic field [Oe] Applied magnetic field [Oe]

Figl.magnetic moment loop for Bi:YIG thin film

L Z D& N

Fig2.magnetic moment loop for Bi:YIG thin film

1) K.Uchida and Hiroto.A et all, Proceedings of the IEEE,Vol.104,10(2016),1946-1972.
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[GeTe/Sh2Te3] #AFE - DR BEXhR

BRI, CEEFACGHES, Do Bang, SEEFEZ (E-HTHEKRT)
PRRHER, EKTE . (FERESIMTREHIIERT)

Magneto-capacitance of [GeTe/Sb2Te3] film
S. Sumi, Y. Hirano, Do Bang and H. Awano (Toyota Technological Institute)
Y. Saito and J. Tominaga (National Institute of Advanced Industrial Science and Technology)

OIS

[GeTe/Sb2Te3] #AKSGT-1% b7 1 o /UfigkiIR & L Con b, FERMETEHE TR SN 7e 3 B R & 2R 675
BOMAIH R AR T [1[2]. — 77, TRREME b o RVEASE T TIIRE RRAIHUT A2 v U 7 OFEM
B DRI ESE N D K E RBEAAEDENEE SN TS [3], A, bihvbivid, [GeTe/Sb2Te3d] ik 1
DR BEEBENRICOWTHRARZOTHRET 5,

EBRAE

FEHT GeTe & Sb2Te3 @ 2 jr AN w ZEIZ X 0 Si Mk EICHERL L 7=, Figurel ([ZBEDORERL & v 9, EOED
mPEE B 5728 Si i BIC THIE & LT E/L7 7 A Si (20 nm)/ Sh2Te3 (3 nm) % HJE L 7=, GeTe (0.75
nm)/ Sb2Te3(1.0 nm) % 3 JERIE L. FRafii e LT AITI & 20nm SR L 72, AR OKR & ST 7%6.5mm TH 5.,
HIE X Si Hp z THECEM, AITi 2 EHEMmE LC 2T Tirol, REMEIX, AV E—X AT F T4
B —(HP 4192) % 7=,

#ER

Figure 2 (ZHITEIRE 420K IZ81) B BERIRBUI I & R B R ORER R &2 "7, ST 20K0e, f#
LA BN EHIEENE 10KHz TH D, SETIRIEL B 2 BN D IRE 420K THRAIRHTUABRZIB A OND Z &M
N T, BERNFNI & R[], S|IB CIIMAEIUE IR oN R0 o7, 20 Z LM LEKIEE
WX SET REBICERT 5 Z &b,

AL, SCERS4 IST-CREST (No. JPMICR14F1) D X4 % %1 CTitbh iz,

Temp=420K

Protective layer

AlTi 20nm
(upper electrode)

BResistance{ohm)

[GeTe (0.75nm)
/Sb2Te3(1.0nm)]3

a-Si 20nm/ Sb2Te3 3nm Under layer

Substrate B Hex{Oe)
(bottom electrode)

Figure 1. Sample structure of [GeTe/Sh2Te3] Figure 2. Magnetoresistance and capacitance(f=10KHz)
supper lattice. of the film with a temperature of 420K.

Super lattice

ACapacitance(nF)

L Z D& N

[1] D. Bang, et al.: Sci. Rep., 4, 5727 (2014).
[2] J. Tominaga, et al.: Adv. Mater. Interfaces, 1, 1300027 (2014).
[3] H. Kaiju et al.: Appl. Phys. Lett., 107, 132405 (2015).
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IS REAL SRR MTJ F D SmFe, W5 O BEE R ) F
REIBRA, i B, FATBEA, oIl
(RTK)
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Improvement of magnetostriction of SmFe, thin film for strain assisted magnetization reversal for MTJ
M. Tomita, Y. Ishitani, Y. Takamura, and S. Nakagawa
(Tokyo Inst. Tech.)

1 FL®IC

SN AV ES (MT)) E 7, BAEOM 1A & - THI|PUEAZ D S b ¥ 2OVEERIEST (TMR) SR 2R U, REFEEX £
DOIERAEETF L UTHIRI I NE. L2 L, BIREBIFHIBIIZ2 ALY Y N TV A7 7 ML (STT) 12 & LRI, HEE D
RKEW. 2T, ADOMEEMEZ MTI 7V —J@IZH L, EERETLHAGHDES Z LI2k b, SRENRZFH L CHEEN
KT 5 MTI BRESNTWS D A TIE, MTI 7V —BIC i 2 A O#iEME & LT, 7912 T-2060 ppm T O
FBEBE D SmFe, ZZIRL TV, Ref]) 0BT 2YIal—yaiiBne, 7Y — i OMEEEIE-1300 ppm FLEA L &
INTH O, HEEE TORMEOHRE TIXRZERTH o7z, Lizdio THE], B2 XN 58-1300 ppm % HIg L 7z, SmFe2 D
X 5RDEECEDM EIZOWTHE LD THET 5.

2 ERAE

WL, E 2 =7y RAS Y ZIKIZE Y, JEE 30 um D H T AEM _EIZRE~400°C THME L 72, iR E 1 Glass sub/W
(20)/Sm,Fe, (100)/W (10) & U7=. {H U, FHiRA I30)E T HAIZ nm & 9 5. ICP-OES IZ & v #iktt % #4li L, Sm,Fe, 75D x %
FlE U7z, GRS 1E XRD 12 & 03 U 72, BEEE R, 3D 7V ¥ X T U 25 O B2 W Tt I EUINET 42 O b %
VSM THlliE$ % Z & TRl L 7=.

3 EREREER
AW TIE, Smerich MEIZ T 2 Z 212 & SRR DZ LI

DWTHER S, SmFe, &KX —7 v b % Ay BT BHBEIZ X —
Ty b EICiEL SmFy TORMIZE D, x ~ 0.95,1.05 D 2 fE
¥HD Sm,Fe, W2 /EH L 72, 728, XRD OFER L0, WTFho
HLEK T dH - TH BRI 400°C AR Tk b 2R T &
Moz,

Fig.1 (2, 400°C J&E L 7= Sm,Fe, #EDIE 2 LD & & (B
#) & 10 MPa OR[IRIG /I Z FIINL 72 & & (4} O bRk
R S HHIENEE S MR TH 5 720 — 7D, 5l ok D
JEIIT & 0 WEEREVE IR DO W T WA 720, EREATH Y,
xx 095D &L xx1.05D& ETETNTIEEEE A 1X-890
ppm &-1200 ppm T®H - 7z. EJERE 400°C IZH W T, Sm D
WIS HEINC & 2 T2V F—2{b% K& L U, BEEBN
FUIZHM ELTWB Z D05, 72, faflig(t M, $ Sm DR
Iz & - Tk LU T\ 5. Fig.2(a) IdBaffE L M;, (b) IXREEE
A OBBIRIERGEEEZ TN T O xizfLT T e Y bL
757 TH5D. M 1% 200°C £ Tl x 128 U TEADNZ WA,
400°C IZBWVTEDFE, Sm LA L W AD M B/NE V0. &
7z, My MBI X 72 400°C 1I2BWT, A BEIZKREL M ELT
WA AT, HEEILETH S Sm IFIER IR NPTV
&, FEREEIZ BV TIE Sm O—BIix O LHEA L TWB A EeE
REW. ZNo6DZ s, SmERMTAZEIZL->T,0 &
fEG U7z Sm 2\, My DR E A Ot ED [ AR I 7z
LEZLND.

T
Bulk

500 - 5
__ | x=0.95 A x=1.05 A ‘
g 7=-890 ppm V y H | A=1200ppm [/ H
by )
"
[\ |/ = )/
~ 74 ----wlo stress —==%=1-71 ==~ W/o stress
-500L o2 +10 MPa 17 —+10MPa ]
I B
H (kOe) H (kOe)
(a) (b)

Fig. 1 M-H loops of the films with and without 10 MPa tensile
stress for (a) x = 0.95 and (b) x ~ 1.05.

600,

T

500) Bulk value jgentin
S 400- ) g 1 _
5 === 3
£ 300+ 1T 10008
< -0~ x=0.95 - <
<200} ——x=105 x=1.05 Required value

100F 1 L Bulkvalue | 5999

% 700 200 300 400 0 00 200 300 400
Deposition temperature (°C) Deposition temperature (°C)
(a)

Fig. 2 Deposition temperature dependence of (a) saturation

magnetization M, and (b) magnetostriction constant A.

References

1) Y. Takamura, Y. Shuto, S. Yamamoto, H. Funakubo, M. K. Kurosawa, S. Nakagawa, and S. Sugahara: Solid-State Electronics, 128, 194-199

(2017).
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PR IRELR SryVFeAsO;_y DEFRESHHE & Nb K — 75317
I EERER, AR5, I35 R, R —
(BEIGK)
Electronic and magnetic properties of Iron-based superconductor Nb-doped Sr, VFeAsO;_,
M. Yamaguchi, S. Iwasaki, M. Matoba, and Y. Kamihara
(Keio Univ.)
1 ELC®IC

PRHBZEMR SryVFeAsO;5 1, 6 = 0 DASAAMEL T, BEBIRBIRE (TO) 28372 K TH D, 0 K TO _EIREE S E R
(uoHp) 73200 T 22 5 e WEXINTWS VD, yoH, > 200 T 1% Nb-Ti/Nb3Sn R EEAR 72 YIZHATE <, SryVFeAsOs_; 1%
MRI ORBAZELEM 72 EADEHADMAE N T WS, BEERM T, B\ wHy 2RT7EDTHRL, GBS N TEWBEEEAE
REE (Jo) 2RTZLHEETH D, —J, T = 37.2 K IFHRMEE(R SmFeAsO 7 LI AN, T2 U T, V HFHRD
7 Ve T, OMHBEARHTH % Y. AFFETIE, Sr,VFeAsO;_; D V ¥ FZ Nb % K—7 L7z SroV - Nb,FeAsO;_; DK
&G, BRI, B OFHE 2 WG 5.

2 ERAE

FYEZE A WZEMHEKSIZ LD, f3AAE d = 0 D SryVFeAsOs_g, LidAE d =0,x = 02,1 @ Sr,V_ Nb,FeAsO;_; D% 5
AEEERL 2. AlE 2RI B VT, X R EHrEE#E (Rigaku Co., Lid., RINT2500Ultral8, Cu Ka radiation) (Z & v, X-ray
diffraction (XRD) /38X — > ZHE L, HHEIE 21T 7. 510, RN RIEZFH L THFEHE2 R 7=,

nominal Sr;VFeAsO3 125 W T, NV 7 AfFE R GM ¥ #E% (Sumitomo Heavy Industries Ltd., SRDK-101D) % F\\ 7= E &K Pt
RPEIEFIZ &0, WG TECEKIEIR (o) DIRE (T) IKFEEEZRIE L 7. 7, BEER T TGN E O 725 SR e 2
& (Quantum Design Inc., MPMS) iZ & ,2 K, 42 K, 10 K, 20 K Tt (M) OREHRFEE (uoH) A% HE L. M-H 71— 712
3 U T, $43E Bean-Model ¥ % {lAE U 7z ik S0t (£ B G5 B %% (Magnetic J,) &K 7z,

3 BRBLUEER

2ikld XRD /S &% — > % Fig. 1 IZ/°9. nominal Sr,VFeAsO; Tl, SryVFeAsO; D[ul#i ¥ — 2 »3d% b, £ T - 72. nominal
SroNbFeAsO; T, SryNbFeAsO; & b3 [affi ¥ — 7 1372 <, EAHIE SryNbyOg TdH - 7z. nominal Sr, Vo gNbg.2FeAsOs Tl,
Sr,VFeAsO; DY —203H 0, XFTH - 7248, BM & U T StyNby,Og DFER S N7z, TNk b,V 31 hAD Nb DEER 5 I
20 % & DN,

nominal Sr,VFeAsO; O BEXIPTRIE Tld, ELXEIM L 0 2 MR TE, T = 351 K THh - 7. BLHllE Tk, 2IRE TEENK
WEEMATE, L ATV Y AMRER L. 2O ATV Y AMRDIL— T O 22 53R 72 LM EER L EREE (Magnetic
Jo) DWERBIE (uoH) A7 % Fig. 2 1R 3. 2 K IZBWT, Magnetic J. = 3000 Acm™ T& b, £ EXEL 100 Acm™2 @ 100 43
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Fig. 1 Powder XRD patterns of nominal Sr, VFeAsO3, nom-
inal Sr,V(gNby.2FeAsO; and nominal SryNbFeAsO; sam-
ples. The vertical bars represent calculated positions of Bragg
diffractions of Sr, VFeAsOj5 (black) and SryNb,Oyg (blue).
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1) X.Zhu, et al., Phys. Rev. B 79, 2205
2) G.R. Stewart, Rev. Mod. Phys. 83, 1
3) Y. Tojo unpublished (2016).

12 (2009).
589 (2011).

4) E. M. Gyorgy, et al., Appl. Phys. Lett. 55, 283 (1989).

Fig. 2 Magnetic field (uoH) dependence of magnetic criti-
cal current density (J.) of nominal Sr, VFeAsO3; sample at 2 K
(closed red circles), 4.2 K (closed blue circles), 10 K (closed
green triangles) and 20 K (open black triangles).
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BEET A ¥ BB LaFe B L& D
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X-ray diffraction measurements at low temperatures under magnetic fields
for itinerant-electron metamagnet LaFe;,Bs compound
S. Fujieda*, Y, Mitsui**, K. Koyama**, K. Fukamichi*** and S. Suzuki*
(*IMRAM Tohoku University, **Graduate school of science and engineering Kagoshima University,
***pProfessor Emeritus Tohoku University)
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g1 7 A H A b (CH;NH3)[M(HCOO);],
(M =Mn, Co, Ni, Cu) DRl & 435

PEREREl . AREZER* HIFRBEES, @MRE], SkmEZ, AL EK
(B ERBEEL T, *PRORSomRihssy)
Magnetic properties and crystal structures of
perovskite type transition metal formates (CH3;NH3)[M(HCOO);], (M=Mn,Co,Ni,Cu)
D.Sato, T. Kida*, M. Hagiwara*, T. Fukuda, N. Kamata, and Z. Honda
(Saitama Univ., *AHMF, Osaka Univ.)
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Magnetic properties of pymca bridged honeycomb structured metal complexes
(T. Kaizu, A. Okutani*, T. Kida*, M. Hagiwara*, T. Fukuda, N. Kamata, and Z. Honda)
(Saitama Univ., * AHMF, Osaka Univ.)
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Prediction of the magnetization in transition-metal binary alloys by means of machine learning
T. Kanemura?!, M. Shirai®?

(*RIEC, Tohoku Univ., 2CSRN, Tohoku Univ.)
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1) Krishna Rajan, Mater. Today 8 (10), 38 (2005).
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Fig. 1 The correlation between the magnetization
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Theoretical design of Mn-based ordered alloys with high magnetization by lattice expansion
Y. Mitsuhashi?, M. Tsujikawa 2, M. Shirai® 2
(*RIEC, Tohoku Univ., 2CSRN, Tohoku Univ.)
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Fig. 1 The formation-energy difference between ferri-
and ferromagnetic states as a function of the unit-cell
volume relative to that under ambient pressure
calculated for Mn3sGa, Mn2FeGa and MnFexGa.
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Time-resolved imaging of spin wave transmission through an air gap
K. Matsumoto, I. Yoshimine*, K. Himeno, T. Satoh
(Kyushu Univ., *RIKEN)
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Fabrication of highly qualified (Bii.xBax)FeOs multiferroic thin films by using a pulsed DC
reactive sputtering method and its magnetic and dielectric properties

S. Yoshimura
(Akita Univ., JST PRESTO)
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Fabrication of e-Fe,O3; multiferroic thin films with high coercivity and saturation magnetization
by using an ion-beam assisted sputtering method

S. Yoshimura
(Akita Univ., JST PRESTO)

[ZCOHIC  shmatt maBEM BT, B EICK DML M O EHIE, BE HIC X 2 ER 0 P o J7 Ml
AREL SNTWDHZ Enb, %a@ﬁé’]fx/ézﬁﬁﬂ?ﬂﬁﬂ& L THFEDNERIL L TE TW5, EBEREA ORISR
FLERE DT A ANEMB T 256, EERORFFOBLEN O &EWRET) (H) 23, EHEAERED
G B IMLOBLED G EWEEFIRL (M) 23, ZRENROEND. Lo Laens, :hif*ﬁ?ﬂ“énf
X BB - B EM IO % X, WEAEM BN TEE F—7 95 Z & Tl 2 BB X ¢ T & 728

%<, RERHBLOMZETIMEHIIZE A CRESN TRV, 22T, (LFHTEIC ;nm&m@
GICBRREND efiED Fe 03 7/ b+ D 12T, He: 20 kOe 3 X TV M; 1 100 emu/cm® 235 51T 5.
— 5T, AMEHIERZEMTH Y, BE EFIZEVESHICREMTH 2 KRN o-Fe,05 ICEET 579
AME ORI BN TIE, BEMICEENDH DSV AL —F—F R g (PLD) JEIC X éf/ﬁﬁ%@lfﬁ:”’é*
WEIN TS D AFETIE, TESHB X OREICEMATHE T, (KIEMIE CORMEIC BRI TH S,
AFVE—LT VA RNANRy XY 7ED BV, ZOEROER R 77,

AiE  Fe03 IR 100 nm)id, Fig.l OBKXIRT, A A E—LT VA NI A& DA F B — LR
Ny 2 B ZRHWT, EIRICT, SITIOs(LD) A IR FIZAE Lz, ARy &Y 75 —0 > hd
JFMBHZIE, a-Fex03 (SN2 A b)) W2, ARy 2T AZEBNWT, Fat AW A% Xe, RFE%Z 100 W,
IEEEE 1000 V, & L. =5y NREOF ¥ —V7 v 72T 5720, =a— 774 F 2,
FOBEMRBIN Ar FAMEERKEL L. TV A RNT BT, 7 H‘IZXﬁX% Ar & L, RF § j]’% 40
~60 W, NIEREEZE 60~200 V & 28 L &7, ER U - oS I, XRRPTEEEXRDIC LY, B
LUEIHIRBECEPEL A FHVSM)IC L 0, ZhEniT- 7. &
BR Fig2 10, 42 E— LT SR AL OBHE L OMERIEE B &55@=;$§g}
SETIERL L7 Fe,05 W0 XRD /54— 35 L OREL iR a 7. A4 ==L_|| JRE=="2)

/I’ o
s Xe, Ar
2
o ¥Zzzzze] =
® E:Hmm

iy

YE—LT VAT W WAL, IR LT R E L A gm
=L Eﬂﬁ?iﬁ@?ﬁt" 4 iéﬁ?ﬁﬂéﬂiﬁb‘iﬁ A EE 2 2578 T RRE T
60V —EIZL L TEIEHRIE DI, e-FerO5(004)7> & O [a]47 5 & A3
AR LTz, _zn AR, BEEHBICIV T D, RRRELS ORI [ e
KL, 60 W DENIZHWT, 120 emu/em® 38 LT 2.5 kOe 23F H 4172, X jon-beam assisted sputtering system.
o T, BB MBI 2 T R % 52 B T & 4] . yrs
REMRAF LU E— LT VA RANRy 2 U U TIEE, e-Fe0; *sub. |
DRKITAZ TH D EEAD. WIT, EHE 60W —EIC
L CIEEEEZRIED L, 6 FezO3 004)7> 5 O alFT B
— 7 SEBL, 200 V ONEEEIZB T, a-Fe05(210) d
NHEOEFTE—7 BN BN, 2y, B biifRick ]
WCREEANE & A PIIR L T-. B mJJDLa§F®4’z“ - ]
/l: LD L0 I K72 = Rr L X — 3 5 & i e :7
, WEMTHD a-Fe,0s WK INT=EE2BND. _ 40W, 60V 100 wio assist ]
uﬁatimﬁ PSS B RIGHE DC ~ 7 % |k L wioassis *-?MWMWN”
VAR B Y v T EEFOCTERLL 72 Fe,O5 W & DL RN o ]
$§L:ob \T %)ﬁ/\“é%fé’(:‘% 6 . 35 36 287(degr3€8e) 39 40 15020 15 - 10 5(&)065) 10 15 20
7%’%)‘(@? 1)J. Tucek et al,, Chem. Mater. 22, 6483-6505 (2010)‘ Fig. 2 XRD profiles and magnetization curves of the

2) M. Gich et al., Appl. Phys. Lett. 96, 112508 (2010). Fe20s films deposited by using the ion-beam sputtering
3) S. Cardoso et al., J. Appl. Phys. 103, 07A905 (2008). method with an assist ion-beam of various conditions.

BEE Ve =ATVAMN vh )y HEE A S CIHE & L7z, P Freitas 56/E + S. Freitas JGZE (28GR L BP9

T
STO(111)

-Fe,0,(004)

|
M (emuicm”)
8 o8

T 60W, 60V

Wy, 60W, 6OV

50W, 60V

Intensity {a. u.}
) .M {emujcm*)

M {emuiem”)




19pA - 17

Fallal  HABR D FIGREESE  (2017)

GRS B A AR LSRR U 7 B0 AR oD i 15 B G ke

WA, EEYeh !, hREE T, NER— L A 2
(" SRR R, 2 I BOK )

Magnetic properties of micro-scale artificial magnets fabricated on ferroelectric substrate LiNbO;

Akinobu Yamaguchi' Kosuke Ueda!, Takenori Nakashima!, Yuichi Utsumi!, Keisuke Yamada?
(1. Univ. Hyogo, 2.Gifu Univ.)
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Must for candidates of permanent magnet materials

H. Akai
Institute for Solid State Physics, The University of Tokyo, Kashiwa 277-8581, Japan

The basic strategy of designing a new permanent magnet material is to attain a large saturation magnetization Ms, a high
Curie temperature T¢, and a strong magnetic anisotropy in a single crystal. The question is then if there are some limits
to these quantities and, if it is, what are the values and what determine them. The answer to the first question is “yes”.
Concerning the second and third questions, obviously the magnetization cannot exceed the local atomic magnetization,
which is limited to ~5 ug (transition metals) or ~10 ug (rare earths) per atomic volume; our experience tells that the
possible maximum Mg probably is not larger than 2.5 T that is attained for Fe;,Coso alloy (owing to subtle balance
between the magnetic moment and volume, see Fig. 1). T do not exceed both the intra-atomic coulombic interaction
and bandwidth, which could be ~5 eV, being much higher than the melting temperature. Therefore, 7¢c ~1500 K might
be a good estimate of the limit (enough for practical purposes). The magnetic anisotropy originates from the
combination of a crystal structure and the spin-orbit coupling. The crystal structure gives rise to a crystal field as well as
anisotropy in kinetic energy. The effects could again reach as large as the bandwidth. On the other hand, the strength of
the spin-orbit coupling do not exceed ~ 0.1eV even for rare earths. Yet another limitation comes from the exchange
coupling: if the atoms that possess a large spin-orbit coupling are different from those carrying magnetic moments, the
exchange coupling between those two types of atoms limits the strength of magnetic anisotropy. Eventually, the
magnetic anisotropy is limited by the spin-orbit coupling in the case of transition metals and the crystal field (including
kinetic part) in the case of rare earths. From such arguments, it may be realistic to define the following figures for an
ultimate permanent magnet material: Mg~ 2.5T, Tc~1500 K, and K; ~ 50 MJ/m?

In order to realize the above figures to some extent, the following considerations might be helpful: First, the
material should be definitely metallic so that the ferromagnetism can be the most stable magnetic structure. For this it is
necessary that the main player, Fe, be in a metallic environment. The adding some amount of Co would help to increase
Ms and Tc. Moreover, for the ferromagnetic state to be stable, each Fe should take approximately a six coordinate
bec-like structure. In such a situation, high 7¢ is also guaranteed. Concerning the magnetic anisotropy, it is impossible
to attain enough anisotropy with using only transition metal elements: though realizing a highly tetragonal lattice might
be possible, the spin orbit coupling will not be strong enough to fix the magnetic moment to the lattice. Then the
maximum of K; would be ~ 5MJ/m’. To obtain K; one order of magnitude bigger than that definitely needs the
existence of rare earths in the system, as is supported by experiences. For example, at law temperature, the magnetic
anisotropy of rare earth based permanent magnet materials are mostly comes from rare earth elements. Even at higher
temperature where the coupling between Fe and rare earth ions becomes weak, half of the magnetic anisotropy is still
owing to the rare earths although the number of rare earth atoms in the unit cell is much smaller than that of Fe atoms.

Further detailed discussion about the must for candidates of permanent magnet materials will be discussed on the
basis of first-principles calculation of magnetic and electronic properties of magnetic materials.
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Fig. 1 the magnetic moment (left) and the magnetization M as functions of the lattice constant and fictitious nuclear
number. The arrows indicate the lattice constant corresponding the minimum of the total energy of the system.



19pC -2 FALlE AAREESCAR AR (2017)

Analysis of magnetic properties for 1-12 rare-earth intermetallics based on
first-principles
Takuya Yoshioka, Daiki Suzuki, and Hiroki Tsuchiura
!Department of Applied Physics Tohoku University, Sendai 980-8579, Japan
’ESICMM, National Institute for Materials Science, Tsukuba 305-0047, Japan

Due to increasing demands for high performance hard magnets for applications like wind turbines
or electric vehicles, intensive studies have been carried out to investigate novel magnetic materials with
comparable magnetic properties to Nd,Fe14B. Among them, because of high fraction of iron, rare-earth
iron intermetallic compounds in ThMn12 structure have attracted constant attention. In particular, the
nitrogenated compounds NdFe;;N and NdFey; TiN stimulated much more interest among this series of
compounds both experimentally and theoretically [1, 2]. The other 1-12 type intermetallics studied by
screening approach, where the magnetic properties such as anisotropy fields and maximum energy
products are estimated in a systematic way [3].

Motivated by these background, here we focus on RFel12 with R=Nd or Sm and investigate their
magnetic properties theoretically. First, we calculate the basic magnetic properties such as magnetic
moment and magnetic anisotropy of each ion, and then define a crystal field Hamiltonian for R ions
based on first-principles calculations to construct an effective spin model for these systems. We also
carry out the electronic state calculation for these systems with simple surfaces. This is because, we
have found that the Nd ions exposed on the (001) surface of the Nd,Fe4B structure not only lose their
uniaxial anisotropy but also exhibit in-plane anisotropy. Here we call such Nd ions as anomalous Nd,
and we can expect that the same thing happens also RFe12 systems. Then we carry out spin-dynamics
calculations for the effective spin model including the information of surface R ions to estimate the
expected values of coercivity.

Fig. 1 shows the (001) surface model structure,

c-axis

or the so-called slab model structure, for NdFe;, @}Q @Q @ o) ; @D
system, as an example. The leading crystal field @0 Oy o o © Sl

() (\‘) (': v
parameter A20’s are shown in the figure. The 1 _ ’I@ ) ’.T.@‘}/ v\@ OO“'-T'
and 6™ Nd ions show the strong c-plane PQOFRR0 A O 00
anisotropies. Thus we find that the Nd on the o 0 ° e S O}
surfaces can be anomalous even for the NdFel2 ™ " > 3 2 = s
system. We will also discuss the effects of AO<r?> (K) | -488.4 | 458 | -209 | -8.7 | -16.7 |-397.0

anormalous R (R=Nd, Sm) ions for the coercivity  Fig. 1 Cristal field parameters in NdFe12 surface
in the 1-12 type rare-earth intermetallic model

compounds.

[1] T. Miyake, K. Terakura, Y. Harashima, H. Kino, and S. Ishibashi, J. Phys. Soc. Jpn. 83 (2014)
043702.



[2] Y. Hirayama, Y. K. Takahashi, S. Hirosawa, K. Hono, Scr. Mater. 95 (2015) 70.
[3] W. Korner, G. Krugel, and C. Elsasser, Sci. Rep. 6 (2016) 24686.
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The ThMn2-type iron rich compounds with high intrinsic magnetic

properties as permanent magnet materials
Y. Hirayamal’z, Y. K. Takahashi?, S. Hirosawa?, and K. Hono?

1 National Institute of Advanced Industrial Science and Technology

2 Elements Strategy of Initiative Center for Magnetic Materials, National Institute for Materials Science

Iron rich compounds RFe>(N)x (R: rare earth element) with ThMn;; structure is expected to have a high spontaneous
magnetization oHMs, since Fe ratio is highest among known ferromagnetic phases so far. Although RFei, phase is
known to be unstable in bulk state, we could demonstrate to prepare RFe;» by sputtering process and show higher
intrinsic magnetic properties recently[1, 2], as well as the first principles calculation predicted[3]. In this talk, we will
introduce how to prepare the RFei» phase and how high potential they have as permanent magnetic materials.

Epitaxial NdFe;, and Sm(Fe;.«Cox)i2 (X = 0, 0.1 and 0.2) films with 0.35 - 0.65 um in thickness were prepared on a
(001)-oriented W and V underlayer, respectively, deposited on a MgO(001) single crystalline substrate at elevated
temperature by a co-sputtering system. Then, for Nd compound, nitriding has been done in nitrogen atmosphere of 1 Pa
at 550 °C for 1 hour in order to obtain the uniaxial anisotropy along C axis. The magnetic properties were measured by
using SQUID VSM (Quantum Design Inc. MPMS3) and VSM (Quantum Design Inc. DynaCool) in the temperature
range of 300 — 700 K with a maximum magnetic field of 7 and 14 T, respectively.

Both NdFe;sNy and Sm(Fe;xCox)i2 have uniaxial anisotropy along the c-axis which is perpendicular to the MgO(001)
plane. Figure 1 showed Ms and gHa against the temperature of RFei, phase together with known ferromagnetic
phases. Higher @oMs of 1.66 + 0.08 T and 1.78 + 0.02 T at 300 K for NdFe;2Nx and Sm(Feo3Coo2)12 were obtained,
respectively. Curie temperature Tc was 823K for NdFe2Nxand 555 K for SmFe;,. By substituting Fe with Co for Sm
system, Tc was enhanced with increasing the Co content and reached to 859 K for Sm(FeosCoo.2)12, which is due to the
strong exchange coupling of Fe and Co. This value was by more than 200 K higher than that of Nd>Fe4sB. Therefore,
these RFe;, phases have high potential as permanent magnet materials. The next step should be the investigation to find
a way to stabilize the RFe, phase in the bulk state in order to put this phase into practical use.
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Figure 1 Temperature dependence of (a)spontaneous magnetization and (b)anisotropy field [2] together with known
ferromagnetic phases.
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[1]Y. Hirayama et al., Scripta Materialia 95 (2015) 70-72. [2] Y.Hirayama et al., Scripta Materialia 138 (2017) 62-65.
[3] T. Miyake et al., Journal of the Physical Society of Japan 83 (2014) 043702.
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High-temperature stability of ThMn;, magnet materials

K. Kobayashi', D. Furusawa', S. Suzuki', T. Kuno', K. Urushibata',
N. Sakuma®?, M. Yano™, T. Shoji2’3, A. Kato*®, and A. Manabe®
! Shizuoka Institute of Science and Technology, Fukuroi 437-8555, Japan
? Toyota Motor Corporation, Susono 410-1193, Japan
* Technology Research Association of Magnetic Materials for High-efficiency Motors (Mag-HEM)
Higashifuji-Branch, Susono 410-1193, Japan

1. Introduction

We showed that the nitrogenated R = Nd compound (Nd,;Zr;3)(Fe75C0025)11.5TipsN 30 had good magnetic
properties of J; = 167 T and H, = 525 MA/m at room temperature (RT). The R = Sm alloy,
(Smy gZrg)(Fep75C00.25)11.5Tlg 5, also had J;=1.58 T and H, = 5.90 MA/m at RT. The values in the R = Sm alloy were J;
=1.50 T and H, = 3.70 MA/m at 473 K, and were higher than those of the Nd,Fe 4B phase at this temperature [1]-[3].
Because the R = Sm alloy is a Dy-free and N-free powder, it is a promising candidate for sintered magnets. We
investigated the site occupation of Nd, Ti, Zr, and Co in these compounds in the ThMn,, structure using Cs-corrected
scanning transmission electron microscopy [4], [5].

In this study, we studied the high-temperature (700-1300 K) stability of three typical 1-12 compounds, the
nitrogenated alloys, (Ndg;Zr3)(Feo75C0025)11.5Ti0sN12, Nd(FepsCogz)11Mo1 Ny, and the non-nitrogenated alloy,
(Smg gZrg)(Feg75C0025)115Tigs. The two nitrogenated compounds were selected because of their high magnetic
properties (-TiysNj,) and stability at high temperatures of up to 900 K (-Mo; oN; ). The third R = Sm alloy was selected
for its high magnetic properties at high temperatures [3], and the likelihood that it could be sintered around 1300 K.

In the presentation, we will report about the high temperature stability of above three compounds, but we
concentrate our discussion to (SmggZry,)(Fey75C0025)11.5T1ps compound in this manuscript due to the limitation of

space.
2. Experimental and Results
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intensities of the strongest peak of the a-(Fe, Co) phase at about 20 = 44.5° with CuKo, diffraction are similar in all
treatments as shown in the figure. Therefore, the oxidation was not the main reason for the decomposition of this

compound, but heat treatment at >873 K decreased the phase stability.

3. Discussion

From other XRD studies using a high temperature XRD, it was revealed that the (SmggZr;)(Fey75C00.25)11.5T10 5
compound decomposed readily in a high PO, atmosphere, i.e disappearing of the XRD diffraction peaks of 1-12 phase,
that is in the PO, was estimated to be >10 Pa [6]. In contrast, the 1-12 structure was stable up to 1273 K at a low PO, of
10"° Pa in an Ar atmosphere where oxygen was eliminated by using a ZrO, oxygen pump as shown in Figure of this
manuscript. Therefore, the oxidation is an important reason of decomposition of the (SmyggZrg)(Fey75C00.25)11.5 105
compound.

Another important characteristic of 1-12 compounds is that the ThMnj, structure is stable at high temperatures
approximately above 1100 K. Therefore, the ThMn;, structure observed by using XRD at RT was a metastable phase. If
we heated the structure for several hours at 800-900 K, the structure gradually decomposed into other phases [7]. A
characteristic phase appearing after decomposition is the o-Fe phase. When the (SmyggZrg,)(Feo75C0025)11.5 105
compound was heated in a high Po, atmosphere, the decomposition was accelerated, although the ThMn;, structure was
stable up to 1273 K in a low Po, of ~107"° Pa as shown in Figure of this manuscript, despite the gradual increase of the
(110) peak of the a-Fe phase.

4. Conclusion

The ThMn;, phase was metastable at RT, and the samples decomposed at 800—900 K when the samples were kept
for long duration, i.e. for several hours. In the case of (SmqgZr,)(Feq75C0025)11.5Tigs compound, the decomposition of
the main 1-12 phase was accelerated by the oxidation that occurred under a high PO, atmosphere as P0,> 10 Pa.
Conversely, the main phase was stable up to, and should be more than, 1273 K in a low P0, of ~10" Pa.
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Introduction

We found RFe;; (M, (R=Nd,Sm) compounds having a TnMn;, type structure as new magnet materials showing

magnetic properties exceeding Nd,Fe 4B magnet at room temperature (RT). Typical examples of the compounds are

(Nd()'7ZI'0'3)(FCO'75C00'25)|1'5Ti0'5N1'3 D2 and sinterable (smo‘8Zr0'2)(FCO'75COO'25)1]'5Ti0'5 3). Furthermore, it was revealed

that the anisotropy magnetic field (H,) of Nd(FeysCoq,)11Mo nitrides in which the third component element is Mo has a

high value of H,=8.95 MA/m at RT. In this study, the improvement of coercivity (H.) by decreasing particle size will be

studied for the purpose of realizing the usable industrial magnets by the compounds.

Experimental method

We will report the results of Mo based compound in this
manuscript. The Nd(Fe, 3Coy2)1;Mo alloy prepared by the strip cast
(SC) method was subjected to annealing at 1100°C/4 hours (h) and
then pulverized and classified to prepare a powder sample having a
particle size < 32 pm. The powder sample was nitrided in N, gas
atmosphere at 600 °C/4 h, and the obtained Nd(FeygCoq);1MoN; ;
nitride was refined by ball mill grinding. Ball mill pulverization
was carried out using stainless steel balls having a diameter of
3mme at a rotation speed of 180 to 300 rpm for 0 - 40 h in
cyclohexane solvent.

The average particle diameter (Dayg) of the powder sample was
measured by scanning electron microscope (SEM) observation of
the particle areas of about 100 particles and converted into particle
diameters. The magnetic properties were measured using a
S5ST-VSM (manufactured by Toei Kogyo Co., Ltd.) and the oxygen
content (wt.%) of the powder samples were measured by gas
analysis (TC-436AR, manufactured by LECO Co., Ltd.) by inert
gas melting method.

Experimental result

Figure 1 shows the SEM images of Nd(Fe;3Cog,);iMoNj
nitride before and after ball mill grinding. By ball mill grinding 40
h, Dayg of the same powder sample was refined from Dayg=14.1
pum (0 h) to Daye=1.4 pm (40 h).

Fig. 1 Nd(FeyCogs);1MoN;; nitride before and
after grinding (grinding time 40 h).



Fig. 2 shows the relationship between Dayg and H,
and oxygen contents (wt.%) of the same powder samples.
H, of the powder sample reached to the maximum value
of H=2.4 kOe (Dayg =1.7 pm) with milling for 16 h
and decreased to H.=2.1 kOe for 40 h. Since the oxygen
contents (wt.%) by gas analysis of the powder samples
were H:=2.4 kOe (1.7 wt.%) and H=2.1 kOe (3.6 wt.%)
respectively, the decrease in H, in the latter powder
should be due to oxidation.

In presentation, we will report similar H,
improvement by refining the sinterable R=Sm based

compound and R=Nd based nitride.
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Nd-Fe-B permanent magnets with ultimate hard magnetic properties

K. Hono, H. Sepehri-Amin, T. T. Sasaki, and T. Ohkubo
Elements Strategy Initiative Center for Magnetic Materials, National Institute for Materials
Science (NIMS), Tsukuba, Japan

Due to the recent concern about the stable supply of heavy rare earth elements,
attaining high coercivity in Nd-Fe-B magnets without using heavy rare earth (HRE) elements
has received intense research interest in the past decade. However, the supply of rare earth
elements has been stabilized in the last few years, and the renewed goal is to how to
achieve the highest permanent magnetic properties with a balanced use of critical elements.
In this talk, we will overview our recent progresses carried out at NIMS in collaboration with
many industrial partners that were carried out toward the development of high coercivity Dy-
free Nd-Fe-B permanent magnets. Thereafter, we discuss how to achieve ultimate
permanent magnet properties with trace additions of HRE. To obtain better understandings
of the microstructure-coercivity relationships, we investigated the microstructures of
experimental Nd-Fe-B sintered magnets, those processed from HDDR power, and hot-
deformed magnets with different values of coercivity depending on chemical compositions,
processing routes and post-manufacturing heat treatments. The microstructure and magnetic
domain observations have been carried out using aberration-corrected STEM, atom probe
tomography (APT), magneto-optical Kerr microscopy and finite element micromagnetic
simulations. We found that the intergranular phase parallel to the c-planes are mostly
crystalline with a higher Nd concentration in contrast to that lying parallel to the c-axis that
contains higher Fe content with an amorphous structure in both sintered and hot-deformed
magnets. Micromagnetic simulations suggest the reduction of the magnetization in the latter
is critical to enhance the coercivity. Based on these new experimental findings together with
our detailed characterization results of the intergranular phases in Ga-doped Nd-Fe-B
magnets, we developed a method to increase the coercivity of Nd-Fe-B hot-deformed
magnets while keeping relatively high remanence.

This talk includes results obtained in collaboration with industrial collaborators
including TOYOTA, Toyota Central Research Lab. Intermetallics and Daido Steel conducted
under CREST and Collaborative Research Based on Industrial Demand projects.
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Large scale micromagnetic simulation and analysis of
magnetization reversal within hot-deformed permanent magnet

H. Tsukahara', K. Iwano', C. Mitsumata?, T. Ishikawa', K. Ono’
'"High Energy Accelerator Research Organization (KEK), Tsukuba, Ibaraki 305-0801, Japan
?National Institute for Materials Science (NIMS), Tsukuba 305-0047, Japan

Introduction

The hot-deformed permanent magnet is one of the promising material for high coercivity and a remanent
magnetization that are necessary for high-efficiency power motors. This permanent magnet consists of
many tabular grains that interact with each other through exchange and dipole interaction. The interac-
tion among the grains propagates magnetization reversal across the grain interface during demagnetization
process. Thus, it is important for a further high-performance permanent magnet to reveal how the mag-
netization reversal propagates within the permanent magnet. In this study, we performed large-scale
micromagnetic simulation using our simulation code [1] based on Landau-Lifshitz—Gilbert equation and
analyzed simulation data to clarify magnetization reversal process inside the hot-deformed magnet.
Model and method

Figure 1(a) shows the simulation model of a nanocrystalline hot-deformed permanent magnet of size 1024
nm x 1024 nm x 512 nm. This model is created by stacking the layers that consist of the tabular grain
with an average diameter of 160 nm and thickness 32 nm. Directions of the easy axis of the grains tilt from
the z axis with the average axial inclination 11.6°. We discretized the simulation model into 2.0 nm x 2.0
nm X 2.0 nm. Thus, we use about 0.3 billion calculation cells for our simulation, and the simulation model
has the 3,384 tabular grains. The following NdsFe;2B material parameters are assumed in our simulation:
saturation magnetization 1281.2 emu/cm?, uniaxial constant 4.5 x 107 erg/cm?, exchange stiffness constant
12.5 x 107 emu/cm?, and Gilbert damping constant 1.0. We choose 12.5 x 1079 emu/cm? for inter-grain

exchange interaction.

Results

Figure 1(b) shows the calculated hysteresis curve. The (W W‘
coercivity of our simulation model is 29.0 kOe. When

an external field exceeds 28.0 kOe, nucleation cores oc- El

cur in some grains, and the magnetization reversal prop-
agates across the grain interface. Figure 1(c) shows the
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Proposal for coercivity mechanism in rare-earth magnets based on comparison
between experiments on model-interface samples and ab-initio calculations

H. Kato, K. Koike, D. Ogawa, M. Itakura* and Y. Ando**
(Yamagata Univ., *Kyushu Univ., **Tohoku Univ.)

There are high needs of developing higher coercivity Nd-Fe-B magnets without using heavy rare elements. In our
project research, our final goal is to obtain a guiding principle to create supreme-performance permanent magnets
beyond that of the current Nd-Fe-B magnet, by making full use of the nanoscale structure control to create the model-
interface samples, which simulate the intergranular structure of sintered Nd-Fe-B magnets. We investigate the magnetic
properties of these model-interface samples and compare the experimental results with the ab-initio calculations.

We briefly describe the results of our project research below and propose a hypothesis for the coercivity mechanism

dominated in sintered Nd-Fe-B magnets.

(1) Effect of Nd and La coating on the coercivity of highly-oriented Nd,Fe4B thin films
Highly oriented Nd>Fe 4B thin films were fabricated on the single-crystal substrates, with the c-axis of the tetragonal
Nd>Fe4B cell perpendicular to the film plane. As the average grain size was decreased from 300 nm to 50 nm, the
coercivity H. increased linearly from 7 kOe to 17 kOe, as shown by the black circles in Fig. 1. We then coated these
films with the Nd overlayer and annealed, which led to the systematic enhancement of the coercivity [1] as shown
by the red circles in the Fig. 1. Similar behavior was observed for the La-coated Nd,Fe14B films [2] as shown by the
cross symbols in Fig.1. Detailed microstructure investigation on these samples have shown us that there exist the
oxide phases of Nd or La at the interface with the Nd2Fe 4B phase in both of the two model systems. In the sintered
Nd-Fe-B magnets, we recognized so far that an existence of the excess Nd in the vicinity of the main Nd>Fe4B phase
was crucial for the higher coercivity based on the morphology change of the Nd-rich phase after low-temperature
annealing [3]. However, the results shown in Fig. 1 strongly suggest that it is not the Nd nor the La but the O atom,
that is important for the coercivity enhancement. We then performed recently the atomic-scale investigation of the
interface structure in the La-coated Nd>Fe 4B films before (H.~10 kOe) and after (H.~15 kOe) annealing. The STEM-
EDS elemental analysis revealed that the content of La, Nd, and

Nd,Fe,,B single crystal Ndoverlayer + Post-anneal Fe was unchanged by the annealing, and showed that the only

30 T T difference caused by the annealing was the O content in the LaOx

® underlayer
(4

Nd-coat |
¢ e therefore suggest that the magnetocrystalline anisotropy of the
Nd atoms which would be reduced at the surface of Nd>Fe4B

layer, which increased from 15 to 35 at.% [4]. These results
25

A

g 5 has then recovered by a presence of O, leading to a remarkable
-~ — -
= enhancement of the coercivity. This discovery is in consistent

10 + 7 with the recent theoretical calculation reported by Toga et al.[5].
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Ui I I I I

Nd;Fe14B and a-Fe interfaces
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is the promising candidate [6] to fabricate superior-performance
Fig. 1 Coercivity of Nd- and La-coated Nd>Fe 4B
films after post annealing, together with that for )
the uncoated Nd,Fe 4B films, as a a function of value in the Nd-Fe-B magnet. In the case of NdxFej4B/a-Fe

averaged grain size along the lateral direction.

magnets exceeding the theoretical limit of the energy-product



system, reported (BH)max values are still much lower because of ? @) o RN

the difficulty in controlling the size and alignment of the hard- 2

phase grains. Moreover, the exchange coupling between the hard \_53

and soft magnetic phases is the important factor in dominating _%

the magnetic properties of the nanocomposite magnet. Being g - HIEE;II\:/I%/Fe
motivated by the stimulating theoretical prediction [7], a model )

sample with an interface of the Nd>Fe4B(100) plane and the = (b)

o-Fe were fabricated in order to evaluate the exchange-coupling E

constant Jex between these two ferromagnetic phases. By i‘; ------ T =

measuring the ferromagnetic resonance fields and the Kerr loops, = — ), =—65x 107 J/m?
the exchange-coupling constant Jex was confirmed to be negative 0 | |

[8] with the value of Jex =—6.5x10"* J-m 2 at the Nd2Fe14B(100)/ 0 100 200
o-Fe interface, in striking contrast to the positive Jex value for the H,,; (KA/m)

NdyFe14B(001)/0-Fe interface [9, 10]. Figure 2 shows the field-  Fig. 2 (a) Local magnetization curves measured by
longitudinal MOKE in Nd;Fe4B(100)/a-Fe and
Nd>Fe4B(100)/Mo/a-Fe samples, in comparison
with (b) the calculated magnetization curves with and
field, i. e. the negative Jex. without negative exchange coupling. Field-induced
spin-flip transition indicates the antiparallel exchange
coupling at the interface in the Nd>Fe14B(100)/a-Fe
sample.

induced moment reversal behavior of the Fe magnetic moment,

which is the direct evidence of the antiparallel coupling at zero

Other topics to be introduced in the presentation are as follows.
(3) Surface state and spin switching in millimeter-sized single
crystals of RoFe14B (R=Nd and Tb)

(4) Creation of orientation-controlled NdyFe14B/a-Fe nano-composite magnets

We finally propose a hypothesis that an existence of not only the O but also Fe or Cu at the interface is essential [5,
11] for the recovery of the magnetocrystalline anisotropy of the R atoms which would have been reduced being at
the outermost surface of the RoFe14B grains owing to a breaking of the periodic symmetry. This scenario would be
applicable to other rare-earth-containing permanent magnets, provided that a nucleation of reversed domains is the
dominant process for the coercivity. This work was supported by the Collaborative Research Based on Industrial

Demand, from Japan Science and Technology Agency (JST).
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Angular Dependence of Coercivity Derived from Alignment Dependence
of Coercivity in Sintered Nd-Fe-B Magnets

Yutaka Matsuural, Tetsuya Nakamuraz, Kazushi Sumitaniz, Kentaro Kaj iwaraz, Ryuji Tamura3, Kozo Osamura'
(' Research Institute of Applied Sciences, Kyoto 606-8202, Japan; 2 Japan Synchrotron Radiation Research
Institute, SPring-8, Kouto Sayo 679-5198 Japan; 3 Tokyo University of Science, Tokyo 125-8585, Japan)

The coercivity of Nd-Fe-B sintered magnets and ferrite magnets decreases as the alignment (a=Br/Js) improves. It
was found that their coercivity reaches 70% of that of istropically oriented magnets at the perfect alignment (a=1). "
These results could not be explained by the coherent rotation model, but they were qualitatively explained by the
magnetic domain wall motion model. The angular dependence of coercivity is usually used to verify which model is
suitable for the coercivity mechanism. But, it is difficult to decide.

Magnets of several different compositions were made by the powder metallurgical method that is described in our
previous papers. Y To investigate the alignment dependence of coercivity, we used Nd;343C00.55Bs.76Fepa. with a=0.95
and Ndj2.75Dy0.84B5.81C0¢ 55Fep,. for anisotropically aligned magnets. For the angular dependence of coercivity of
anisotropically aligned magnets, we used Nd;4,B¢,Co;oFep,. and Ndi4,Dy3B62CooFep,, which have similar
compositions to analyze the alignment dependence of coercivity. Coercivity was measured by permeameter. Samples
and the measurement method used for the angular dependence of coercivity are mentioned in our previous papers. %

Figure 1 shows the observed alignment dependence of the coercivity change rate obtained from that of isotropically
oriented magnets, and the calculation results that were obtained using the statistical method based on the Gaussian
distribution, which served as the alignment distribution. In the calculation results, we used the postulation that every
grain follows the 1/cos 0 law. It was found that the calculated curve differed from the observed curve. Figure 2 shows
the magnetization reversed area. The solid curve is the calculation result obtained from the same method as Fig. 1. The
magnetization reversed areas of Nd 75Dy 84B5.81C00.55F€par. and Nd 45Dy 3Bs2Co; oFepq are 30° and 36°, which was
wider than the expected values for their alignment distributions. We used 30° and 36° along the solid line in  Fig. 2,
which have 31° and 44° for as the standard deviations of the Gaussian distribution, and applied them to the calculation
of the angular dependence of coercivity.

Figure 3 shows the observed angular dependence of Nd4,B6,Co; oFep,. and Ndj4>Dyo3Bg2Co; oFepa, and the
calculation results. It was found that the calculation results qualitatively explain the observed angular dependence of
coercivity. These results reinforce our conclusion that the magnetic domain wall is pinned at grain tilted away from the
easy magnetization direction, and when the magnetic domain wall de-pinned from the pinning sites, the magnetic
domain wall jump through several grains, which means that the crust of the grain reverse because of the magnetic
domain wall jump.

13
Measurement

0 — 50 _ o NdBgCoy Fey,
;C \ \ ] Conaens EN 12 Calculat:on @
< 5 40 = o=31°,
£, R P 0,=,(0°)=30°
) N 5 30 = 11 pe|
g N i Calculated magnetization reverse NayoaB Y Cou R > N4
8. < & angle from Gaussian distribution 13876005 ot "6
2 = —
s | 1) ~ ! Calculati
2 alculation Measurement
2 o . < Einds 0= 44, Nd;4,Dy 3B,C0; Fey,
o 0,=,(0°)=36° ‘

30 0 - - - - 0.9

05 06 07 08 09 1 0s 06 07 08 09 1 0 10 20 30 40 50 6 70 8 90
Alignment (ct) Alignment (a) Angle (deg.)
Fig.1 Alignment dependence of coercivity Fig.2 Ahgnmgnt flependence of Fig. 3 Angular dependence of coercivity
change rate magnetization reverse area
References

1) Y. Matsuura, R. Ishii, J. Hoshijima, J. Magn. Magn. Mater. 336 (2013) 88
2) Y.Matsuura, N. Kitai, R. Ishii, M. Natsumeda, J. Hoshijima, F. Kuniyoshi, J. Magn. Magn. Mater. 398 (2016) 246



19aD - 1 FALRl  HAMK SRR (2017)

Control of magnetic skyrmion: Theoretical design of skyrmion device

W. Koshibae, Y. Kaneko, J. Iwasaki, M. Kawasaki, Y. Tokura and N. Nagaosa
(RIKEN Center for Emergent Matter Science (CEMS), Wako, Saitama 351-0198, Japan)

The key to develop the magnetic memory devices is nothing more than the control technique of the magnetic texture by
external fields. The recent studies reveal that skyrmion,? the nano-sized magnetic texture, is driven by a much smaller
electric current density than that for the magnetic domain wall motion, and hence, the potential application of the
skyrmion has attracted much attention. To utilize the skyrmion for device applications, the control technique for
creation (write), annihilation (erase) and motion (transport) must be established. We theoretically study the creation,
annihilation and current-driven motion of skyrmion in the chiral and dipolar magnets in two dimensions, by numerically
solving Landau-Lifshitz-Gilbert equation. By the numerical study, we explore the optimal condition to control the
skyrmion in the ferromagnetic background.?

Figure 1 shows the schematic figure of the magnetic skyrmion in the thin-film system. In Fig.1 (a), the vortex like
structure is in the ferromagnetic background and the magnetic moments wind perpendicular to the radial direction of the
circular magnetic texture. This is the Bloch skyrmion and is often observed in the chiral magnets. In Fig.1 (b), on the
other hand, the winding plane includes the radial direction. This is the Néel skyrmion and is often found in the
artificially composed super-lattice magnet. The Bloch and the Néel skyrmions are in the same topological class: The
topology of the skyrmion is characterized by the skyrmion number which is defined by the wrapping number of a
sphere by the magnetic moments. The skyrmion number of the perfect ferromagnetic state is zero but it is —1 for the
skyrmion in the ferromagnetic background. Because of the difference in topology, the skyrmion cannot be reached from
the perfect ferromagnetic state within the continuous deformation of the magnetic texture. As a result, the skyrmion
carries a (meta-) stability and is protected by a potential barrier. To overcome this barrier, a large energy enough to
destroy the magnetic ordering is needed. However, the spatial discontinuity gives a favorable environment to change the
topology of magnetic texture and the stability is reduced. For example, the skyrmion is created rather easily at the edge
of a magnet in comparison to the deep inside of the system. Also the local heating provides the hot spot where the
skyrmions are nucleated.

The topology of the skyrmion is of crucial importance for the current driven motion: Because of the vorticity of the
swirling magnetic texture, a Magnus effect occurs along with the motion of the skyrmion. By utilizing this effect, the
large spin-transfer-torque effect appears and moving velocity of the skyrmion is enhanced compared to the domain wall
motion.

We show the numerical results of the real-time dynamics of the magnetic textures induced by external stimuli and
discuss the creation, annihilation and current-driven motion of skyrmion(s) for the theoretical design of the skyrmion
memory devices.
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Fig. 1 Shematic figure of the magnetic skyrmion.
(a) Bloch skyrmion. (b) Néel skyrmion. (see text)




19aD -2 FALRl  HAMK SRR (2017)

Elucidation and application of current-induced domain wall motion

Teruo Ono
(Institute for Chemical Research, Kyoto University, Japan)

Current-induced magentic domain wall motion has been attracted much attention both from scientific and
technological points of view®. When a magnetic DW is driven by electric current via adiabatic spin torque, theory
predicts a finite threshold current even for a perfect wire without any extrinsic pinning®. We have shown that this
intrinsic pinning determines the threshold current, and thus that the adiabatic spin torque dominates the DW motion
resulting in DW motion along electron flow direction, in a perpendicularly magnetized Co/Ni system sandwiched by a
symmetric capping and seed layers®”. On the other hand, current-induced DW motion against electron flow direction
has been observed in ultrathin magnetic films in which the structural inversion symmetry (SIA) was broken® 2.
Recently, this DW motion against electron flow direction has been explained by the combination of a chiral DW
stabilized by Dzyaloshinskii-Moriya interaction (DMI) and spin Hall torque'®*?. Effect of DMI on the field-induced
DW motion is also discussed?.

This work was partly supported by a Grant-in-Aid for Scientific Research on Innovative Areas, Grant-in-Aid
for Specially Promoted Research, Collaborative Research Program of the Institute for Chemical Research, Kyoto
University, the Cooperative Research Project Program of the Research Institute of Electrical Communication, Tohoku
University, and R & D Project for ICT Key Technology of MEXT.
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Dzyaloshinskii-Moriya interaction at metallic bilayer interfaces

K. Nakamura®, A-M. Pradipto™?, T. Akiyama®, and T. Ito*
! Department of Physics Engineering, Mie University, Tus 514-8507, Japan
2 Institute for Chemical Research, Kyoto University, Uji 611-0011, Japan

In ferromagnetic and heavy metal interfaces, the Dzyaloshinskii-Moriya interaction (DMI), which arises
from an asymmetric interface stacking and the strong SOC, plays a key role that may give rise to particular
magnetic textures. More specifically, the DMI is essential to stabilize the domain walls in a Néel
configuration with a given chirality. Recent measurements and theory for the interfacial DMI have opened
new possibilities to obtain understanding on the origin of the DMI and its relation with the details of the
electronic and atomic structures of materials.

Here, we present the systematic investigation on the interfacial DMI between 3d transition-metals
(TM=Co, Fe) thin films and heavy-metals (X=Ta, W, Re, Os, Ir, P) from first principles.? Calculations were
performed within the generalized gradient approximation using the full-potential linearized augmented
plane-wave method in a slab geometry, where the spin-spiral structures of a wave vector, g, without the
spin-orbit coupling (SOC) were first treated in the generalized Bloch theorem and then the SOC was
introduced by the second variational method, in which large unit cells (supercells) with lattice constants
corresponding to wavelengths of commensurate spin-spiral structures were employed. The 2400 special
k-points (in the chemical BZ) were used to reduce the numerical errors. The DMI parameters were estimated
from the total energy with respect to the spin-spiral wavevectors.

The results predict that the DMI parameters depend significantly on the species of both the 3d and heavy
metals; typical examples are shown in Fig.1, where the DMI parameter in the Co/Pt has a positive value
while that in the Co/lr has a negative one. We
confirmed that for both interfaces, when the Co @ CoPt , (b) CorPt
thickness increases the DMI parameters roughly
converge to constant values although the absolute
values decrease, and thus the signs of the DMI
parameters do not alter with the increase of layer
thickness. The results of the Co/Pt agree with
experiments and suggest that the DMI originates mainly 0 o
at the interfaces. We have further checked the 20 " . " . |
interfacial structural dependence by comparing the Y om0 e
obtained DMI parameters for both fcc and hcp
stackings at the TM/X interfaces, and find that the DMI
parameters depend on the stacking structures but the
sign does not change. Our results further show that the
DMI parameters are related to the orbital magnetic
moments of the heavy metal elements. In the talk, we
will present/discuss systematically the details of the
DMI at the 3d and heavy-metal interfaces.
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Fig.1l. Formation energies of spin-spiral
structures, Espiral, as a function of wave number,
g, for (a) Co/Pt and (b) Co/lr interfaces. Open
diamonds indicate the difference in the Espira
between @ states, where the gradient
corresponds to the DMI parameter.
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Co/Ni-nanowire based magnetic shift registers

T. Kondo, T. Shimada, M. Quinsat, M. Kado, Y. Ootera, N. Umetsu, S. Hashimoto, S. Nakamura
(Corporate R&D Center, Toshiba Corporation)

World-wide expansion of ICT infrastructures has demanded the rapid development of the markets for information
storage devices. Especially, the CAGR of 40% is expected in next 5-years for the solid-solid data-storage devices which
are used in various applications from smart-phones to servers in data-centers. To cover such a huge demand in the next
decade however, it is needed to create novel technologies which can realize the nonvolatile memory chip having much
larger bit-area-density than that of the state-of-art NAND-flash memory with the fabrication cost as same as that of the
current technology.

We are interested in magnetic shift register (MSR), so called “race-track memory”,” as one of the candidates for the
Tera-bit class nonvolatile memory fitting to the data-storage. We believe that the concept of the MSR, in which the
magnetic nanowires acts as shift-register without gating elements and wires to identify spatial positions of stored data,
has unique and great advantage for the purpose. The simple structure of MSR as a memory cell storing multi-bits will
allow us to fabricate the memory chip with ultra-high bit-densities through the processes with acceptable costs.

From this point of view, we have been carrying out researches related to MSR which are from studies of
current-induced domain wall motion (CIDWM) in nanowires to the examination of chemical vapor deposition of
magnetic thin-layers as the magnetic device fabrication technique.>® In this presentation we are going to show our
recent experimental results on Co/Ni-nanowire based MSR’s.

The MSR’s shown in this presentation were fabricated from Co/Ni-multilayer-based stack structures prepared by using
a magnetron sputtering system. We have been focusing the studies using the MSR’s on DW-position control and
multi-bit read out operations. The position control of DW’s has realized by utilizing periodic width modulation for
Co/Ni-nanowires.? The experimental results reveal that the combination of built-in potential energy valley and
current-pulse-DW-driving effectively compensates DW-position fluctuation induced by CIDWM. We have also
demonstrated the multi-bit read out operation utilizing a magnetic tunnel junction (MTJ) integrated on the nanowire.®
Thanks to the Co/Pt-based synthetic antiferromagnetic structure for the reference layer of MTJ, no magnetic field was
needed to achieve the data readout from the MTJ-integrated MSR.

This work was supported in part by NEDO.

Reference

1) S.S.P.Parkin, U.S. Patent No. 6898132, (2005).
2) T.Kondo et al., SPIE Spintronics 1X (2016).

3) T. Kondoetal., VLSI-TSA2017.

4) Y. Ooteraetal., APEX 8, 113005 (2015).

5) M. Quinsat et al., AIP Advances 7, 056318 (2017).



19pD- 1

Hallal AR PSS

The numerical analysis of standing spin wave configurations
controlled with a domain wall in nanowires
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1. Introduction

Spin dynamics in nanostructured magnetic system have
attracting intense research interests from view point of
fundamental physics and practical applications. The
geometrically confined standing spin wave resonance
(SSWR) is one of the most power efficient excitation
modes. Various kinds of SSWR modes have been observed
in wires [1], squares [2] and rectangular dots [3], made of
in-plane magnetization films. In the present study, the
SSWR properties of nanowires with perpendicular
anisotropy have been numerically investigated. Especially,
the effect of the domain wall (DW) on the SSWR is
focused, aiming at the application to a novel memory and
logic applications.

2. Numerical model

Fig. 1 (a) presents a designed device structure, consists
of a nanowire and inductively coupled conductors for the
SWs generators (GE1, GE2) and detector (DE). Material
parameters of large perpendicular and low damping
ferromagnets, such as MnGa, MnAl, were assumed in the
micromagnetic simulations: Mg = 1000 emu/cm?®, H, = 13
kOe, a = 0.01. Pulsed microwave currents with phase lag
A¢ = = and the duration of 930 ps (37.2 ps (=1/(26.9
GHz)) x 25 periods) were assumed to be applied through
GE1 and GE2, which excite the 2nd mode SSW along the
nanowire. The inductive output waveform when the DW
located at the nanowire center is shown as Fig. 1(b).

3. Results and discussions

The maximum amplitude Vout computed for various
locations of the DW (Xpw) is shown in Fig. 2(a). The
significant dependence of the Vout reflects the
modification of the SSW configuration due to the DW
location, as shown in Fig. 2(b), (c). The DW located under
the GE locally suppresses the magnetization precession,
reflecting lower Vout, while the influence from the DW
located at the nanowire center (node of the SSW) is subtle,
reflecting higher Vout. The obtained numerical results
demonstrate feasibility of the domain wall location as a
state variable of nanowires.

[1] Z. K. Wang, et al., Phys. Rev. Lett., 89, 027201 (2002).

[2] A. Barman, et al., Phys.Rev. B, 69, 174426 (2004).
[3] G. Carlotti, et al., J. Appl. Phys., 117, 17A316 (2015)
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Magnetic nanowire memory for realizing ultra-fast data transfer rate:
Magnetic and magneto-optical detection of current-driven domain motion

M. Okuda, M. Kawana, Y. Miyamoto and N. Ishii
(NHK Science & Technology Research Laboratories, Tokyo 157-8510, Japan)

To record the video data of 8K ultra-high definition TV, future storage devices require not only a large capacity but an
ultra-high data transfer rate. In fact, an enormous transfer rate of more than 144 Gbps is required for recording the
uncompressed full-featured 8K video, and of course, an extremely high data transfer rate over 1 Thps may be required
for the future 3D video recording. However, there is no way to treat such terrible “data flood” using conventional
memories. For example, even solid-state drives (SSDs), which use semiconductor memory and are currently the fastest
commercially available storage devices, have a fundamental data transfer rate of only several Gbps. As a result, SSDs
are incapable of recording the uncompressed full-featured 8K video unless multiple devices are used simultaneously.

The racetrack memory? that utilizes the high-speed current-driven domain walls motion? in the magnetic nanowire
(NW) has been proposed as a non-volatile random access memory with large capacity. Here, by limiting the direction of
current-driven domain motion in one way for the racetrack memory, sequential memory architecture suitable for video
recording can be constructed. We have proposed this new sequential “magnetic nanowire memory” consisting of
parallel aligned magnetic NWs, as shown in Fig. 1. Each magnetic NW acts as a recording medium, and a pair of write
and read head (writer and reader) is attached on. The data are stored along the magnetic NWs direction as the magnetic
domains with upward or downward magnetization directions. These troops of domains are shifted quite fast by applying
optimum current pulses along the NW direction for data writing and reading purposes. The ultra-high speed storage
device will be achieved if the domains in thousands of parallel aligned NWs can be controlled synchronously by applied
current pulses.

To demonstrate the operational principle of this NW memory, we adopted a magnetic recording head, in which a pair
of write head and read head is equipped, as the writer and the reader in NW memory element. We have succeeded in
recording, shifting and detecting the domain motion along the fabricated NW with perpendicular magnetic anisotropy
by a magnetic head with current pulses application in our previous work?.,

In this study, in order to search the artificial lattice NW materials with high domain wall velocity, the multiple
magnetic domains motion along an entire NW area was observed by magneto-optical Kerr effect microscopy (MOKE),
since a magnetic head can detect only the change in magnetization beneath the reader. As shown in Fig. 2, we could
observe the current-driven magnetic domains toward the electron flow along a NW with 1.5 pm-width in real-time.
Since an MOKE can detect the multiple domains motion in the entire NW area, it is suitable for investigating the
control of synchronous current driven magnetic domains. For realizing parallel aligned magnetic nanowire memory,
both magnetic and magneto-optical detection methods are essential to study micron to sub-micron behavior of current
driven domain motion.
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Fig. 1 Schematic illustration of magnetic NW
memory consisting of parallel aligned NWs.
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Fig. 2 (1) Initial MOKE image and (2) MOKE
image after injection of current pulse. The width
of NW is 1.5 um. Queue of written domains
moves along the electron flow direction.
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Recent progresses and future challenges in

voltage-controlled magnetic anisotropy effect
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The development of electric-field manipulation of magnetism is strongly demanded for the reduction in
operation power of future spintronic devices. The voltage-controlled magnetic anisotropy (VCMA) effect in
an ultrathin ferromagnetic metal layer [1, 2] is a promising and practical approach due to its high
applicability in an MgO-based magnetic tunnel junction (MTJ) with high-speed response [3,4]. The VCMA
effect originates from voltage-induced charge accumulation/depletion and induction of electron redistribution
at the interface between ultrathin ferromagnet and dielectric layers [5]. To show the feasibility of MRAM
controlled by voltage, called voltage-torque MRAM [6], we need further improvement in VCMA coefficient.
For example, for giga-bit class memory applications, VCMA coefficient of more than a few hundreds or even
1000 fJ/Vm is required [7]. However, high speed VCMA effect is limited to be 100 fJ/Vm at present [8].

In this talk, recent progresses in materials research for the enhancement in the VCMA effect, especially
focusing on an epitaxial Fe/MgO MT]Js, will be reviewed. Large VCMA coefticient of about 300 fJ/Vm has
been achieved by interface engineering using a transition metal doping at the ultrathin Fe/MgO interface.

We'll also introduce the evaluation of write error rate (WER) of precessional magnetization
switching induced by VCMA effect in perpendicularly magnetized MTJs [9]. By optimizing the
thermal stability and VCMA coefficient in the voltage-controlled free layer, lowest WER of
2x10%5 has been demonstrated [10]. Future strategy to realize the practical low WER value will
also be discussed.

This work was supported by ImnPACT Program of Council for Science, Technology and Innovation, and a
Grand-in-Aid for Scientific Research (No. 26709046).
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Perpendicular magnetic anisotropy at Fe/MgAl,O4 interfaces
and its voltage effect
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Voltage-controlled magnetic anisotropy (VCMA) [1] in magnetic heterostructures is expected as a key
technology for achieving low-power consumption spintronic devices such as voltage-torque magnetoresistive random
access memories (MRAMs). However, increase of both the interface perpendicular magnetic anisotropy (PMA) energy
(K;) and the VCMA coefficient (f), i.e., K; > 2-3 mJ/m? and B> 1000 fJ/(Vm), is necessary for high density memory
applications. In order to achieve such a giant VCMA effect, exploring the origin of the VCMA effect using “standard
PMA heterostructures” without any interfacial defects can be indispensable. Recently, large PMA energies were
reported in lattice-matched Fe/MgALO4 [2] and Co,FeAI/MgALO,4 heterostructures [3]. Therefore, we focused in this
study on ultrathin Fe/MgAl,04(001) epitaxial interfaces to achieve high K and £ using an electron-beam evaporation
technique. Especially, we precisely investigated the Fe thickness dependence using Fe/MgAl,04/CoFeB orthogonally
magnetized MTJs. We report that only a monolayer thickness difference has a significant impact on the PMA energy
and VCMA effect.

MT] stacks of Cr buffer (30)/Fe (tr. = 0.70, 0.84, 1.0 = 5, 6, 7 monolayers (MLs))/MgAL,O4 (2)/CozFesB2o
(5)/Ru (10) (unit in nm) were prepared on an MgO(001) substrate by electron-beam evaporation. The top 5-nm CoFeB
is the reference layer with in-plane magnetization for evaluating the VCMA effect of the bottom Fe. The Cr, Fe,
MgAl,Os, and CoFeB layers were post-annealed to improve their crystallinity and flatness. Magnetic properties were
investigated using a vibrating sample magnetometer-superconducting quantum interference device. After
microfabrication (10 um scale), magnetotransport properties of MTJs were characterized by a physical property
measurement system at room temperature. The positive bias was defined with respect to CoFeB (electron tunneling
from the lower to upper electrode).

Figure 1 shows the typical in-plane magnetization curves for the MTJ stacks with different Fe thicknesses. It
was found that the 5- and 6-ML Fe layers had perpendicular magnetization. Arial PMA energy density Epma (PMA
energy density Keg [unit in J/m3] x #g) for the 5-ML (6-ML) Fe sample was determined to be 0.85 mJ/m? (0.77 mJ/m?).
We investigated the bias voltage dependence of Eyma for the 5- and
6-ML Fe samples using normalized tunnel magnetoresistance ratios wor Fe — |
as functions of both bias voltage and in-plane magnetic field. As !

clearly seen in Fig. 2, Epma values for both the samples show i

complicated bias voltage dependence. Importantly, the Epma curve sl CoFeB |
shape significantly depends on the Fe thickness; a local minimum !

appears near +0.2 V for the 5-ML Fe sample, whereas a peak

Normalized Magnetization (a.u.)

s ! 5ML
13 ——6 ML
i I Fe — 7ML
the complicated VCMA effect was associated with the formation of 1.0 2 ) )

quantum well states [4] for the A; states in the ultrathin Fe layers * > Fie,do(kOe) * ©

appears at the zero-bias voltage for the 6-ML one. We found that

between Cr and MgAlL,O4. This work was partly supported by the  Fig. 1. Magnetizations as a function of in-plane
magnetic fields for ultrathin-Fe/MgAL,Os/CoFeB
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The effect of Os or Ir layer insertion into MgO/Fe interface on the
electric-field modulation of magnetic anisotropy
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The voltage-torque magnetoresistive random access memory is the ultra-low energy consumption
non-volatile memory based on voltage-controlled magnetic anisotropy (VCMA). The VCMA coefficient was
reported to be 30-40 fJ/VVm for the MgO/Fe/Au and MgO/CoFeB/Ta films [1, 2]. Recently, large VCMA of
290 fJ/Vm was demonstrated for the MgO/Fe/Cr film [3]. However, VCMA effect larger than 1000 fJ/Vm is
required for realizing the voltage-induced magnetization switching in magnetic tunnel junctions below 30nm.
The purpose of this work is to design the magnetic film exhibiting larger VCMA. We theoretically
investigated the effect of 5d transition-metal layer insertion into the MgO/Fe interface on the electric-field
modulation of magnetic anisotropy.

We have carried out first-principles electronic-structure calculations employing the projector
augmented-wave with plane wave basis set by using the Vienna ab initio simulation package [4]. We
estimated magnetic anisotropy energy (MAE) and its electric-field modulation  for
MgO/Os(Ir)/bcc-Fe/Cu(001) films. The MAE was estimated by using the magnetic force theorem.

Figures 1(a) and (b) show the electric-field modulation of MAE for the Os/Fe and Ir/Fe films, respectively,
with and without MgO capping layer. The VCMA coefficient is estimated to be -173, 298 fJ/Vm for the
MgO/Os/Fe and MgO/Ir/Fe film, respectively, and these values are one order of magnitude larger than that
for the MgO/Fe interface. These VCMA coefficients are comparable with that of Os- and Ir-monolayer on
the Fe surface. However, perpendicular MAE is drastically decreased in both Os/Fe and Ir/Fe film by MgO
capping. In the case of Ir/Fe film, opposite sign of VCMA is obtained for the film with and without MgO.
These results indicate that the bonding between 5d transition-metal and oxygen plays an important role for
the MAE and its electric-field modulation. At the MgO/Os and MgO/Ir interfaces, the density of states
(DOS) projected on the majority-spin 5d(3z>-r?) orbital, which contributes to the in-plane MAE, is increased
near the Fermi level by the hybridization between 5d(3z%-r2) and O-2p(z) orbitals. This is the origin of the
reduction of perpendicular MAE by the MgO capping. In particular, MgO/Ir/Fe film shows the huge in-plane
MAE, since the DOS of 5d(3z%-r%) orbital is located just at the Fermi level. In the presentation, we also
discuss the origin of the sign change of VCMA coefficients for the Ir/Fe and MgO/Ir/Fe films.

This work was funded by IMPACT Program of Council for Science, Technology and Innovation (Cabinet
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Electric field control of magnetic anisotropy in bilayer contacts with
Rashba-type spin-orbit interaction
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Uniaxial magnetic anisotropy (MA) plays an important role in spintronic applications in which ferromagnetic (FM) thin
films and heterojunctions are utilized. The MA in such magnetic materials originates from spin-orbit interaction (SOI)
expressed by L-S coupling and the low dimensionality of the lattice structure. As a result, out-of-plane MA often occurs
at surfaces and interfaces of these magnetic heterojunctions. The magnetization direction in ferromagnets is usually
controlled by an external magnetic field. Recently, control of magnetic ordering by using spin-transfer torque, the
magnetostrictive effect, ferroelectricity, the piezoelectric effect, and electric field has attracted much attention in the
field of spintronics.

Quite recently, another type of SOI, the Rashba-type SOI (R-SOI) was proposed to be a source of MA.
Theoretical analysis of MA was performed for a two-dimensional layer by using exchange-split free electron and
single-orbital TB models with R-SOL'™ The study using TB model” predicted that the layer shows in-plane MA for
both low and high electron densities, while it shows out-of-plane MA otherwise. The occurrence of MA by the R-SOI
may be attributed to a characteristic change in the Rashba-split energy state under an exchange field produced by the
FM layer itself or by magnetic ions/atoms in an FM material attached to a non-magnetic (NM) layer. It is interesting to
note that the R-SOI may be controlled by an external electric field because of its intrinsic nature.

In this work,” we theoretically study the uniaxial MA of a bilayer made of NM and FM layers putting an emphasis
of relative role of the R-SOI on NM layer and L-S coupling, that is, atomic-SOI (A-SOI) on the FM layer. We construct
a simple model for the bilayer based on the first-principle calculation of the Rashba-split bands of the Au(111) surface.
In this model, the electronic structure of NM layer is given by a single-orbital TB model, while that of FM layer is
presented in the full 3d-orbital TB model, in addition to the orbital mixing between NM and FM layers. After numerical
calculation, we have shown that the R-SOI of the NM layer produces MA via p-d mixing between the NM and FM
layers. The MA energy caused by the R-SOI is less than 1 meV, while that caused by the A-SOI is a few meV per unit
cell. Both interactions show an oscillatory dependence of the uniaxial MA energy on the electron number. Because the
"phases" of these oscillations are different, the uniaxial MA originating from the R-SOI alone could be the same order
of magnitude as that produced by A-SOI alone under certain conditions. The result indicates that an external electric
field with reasonable magnitude may change the MA from being out-of-plane to in-plane, and vice versa.

This work was partially supported by the Grants-in-Aids for Scientific Research (no. 16H06332) from MEXT, Japan.
J. 1. would also like to acknowledge financial support from the projects "High Performance Magnets" of JST and
ESICMM of MEXT, Japan.
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