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Numerical simulation study of 3D-MQCA NAND/NOR logic gate
K. Iwaki, H. Nomura, and R. Nakatani
(Graduate School of Engineering, Osaka Univ.)

Wtk & LT —4— b~ Z (MQCA: Magnetic quantum cellular
automata[1]) % 1L U oD & T DI NMEMERZ W27 34 2%, RIHEE Top view 30 nm

J) - AEFEBLL o A . D7, WA IR 5 T (iiEE} K:EE>

NARAL LTHIFFSNTWD. MQCA FE1& LT, FhEICEMERE 100 m | 60 rim

| Input, | 200m
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Bl Lo 70, IR CH, SWOthZE 2 T 5 O LIRS Front view =
NTWD [B]. UL, =koefk Ui B NgtEr i oo fe B 1k | | |20
FIOWMES D, BHESRBIEEATS Ky b oBRShs ,  [Cmm Commr{ignm
3D-MQCA IIRZBE SN TRV, 22T, ABFZETlE 3D-MQCA T . | : — Iig::
NAND/NOR 7" — h D& 2124 L, OOMMF (the object oriented 7 4
micromagnetic framework) % V72BN ERRGE AT © . i _>i r% nm i

Figure 1 (2, 3D-MQCA NAND/NOR % — b O % 7~ AFE 11X
3 SO A (Input) /v & —D>DH I (Output)y B /L2 H 5. HREEFEA
YER 2LV, InputA & Output [T5EELMEAIIZ, InputB & Output, InputC
& Output [ISGEBEMERICHE A LT 5. 220 Input 2> 5 Output

Fig.1 Schematic illustration of the
3D-MQCA NAND/NOR logic gate.
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KON 45° OEZIZAML, Z O % 0kA/m 25 100.5 kA/m
F T 1.26 kA/m A A TE{L S HT-.

Figure 2 IZfRFEM 72T 2 2 L— a3 UHERAZRT . Fig 2()iE(, s, L) = (0, 0, 0) & 52 E L 7= AN 2 FIN
T HHTORAIRAE %, Fig. 2 (b)IXAM b6 % 57.8 kA/m EIIN L 72BRORALAIREE A 7R3~ Z DA, InputB NAND
InputC = Output £ 72, NAND 7' — h & LCEWEL TWDH Z &2 02%. Input 72 5 NZ Output DELY 15257
NTOYHIREEQ = 16BN DH Y 2 b— a Y EITo T kER, SMTBETRE N 57.8 kKA/m 725 64.1 kA/m
DRI TAFEAF1X, NAND/NOR 1 /' F<7 )7 — k& LCEET S Z LRS-,

AFFAERICL Y, I E TR T RELE TOAEH I Tz MQCA 17 =Rt J7 M HLIE Al HE
bHZENRINT. BFEZWIETHZ LT, HRETOEELZR LIELENTES. B, &
nrZ77 4y AEY ERE, ZRTRIEROEZ AL, HAHAH L EIT O T A AL UDHE/\%EQVE?“C% 5.
23 Tk
1) R.P. Cowburn and M. E. Welland, Science, 287, 1466(2000)

2) H.Nomura and R. Nakanani, Appl. Phys. Express, 4, 013004(2011)
3) R. Lavrijsen, et. al, Nature,493, 647(2013)

Fig.2 (a)lnitial state and (b) logic
operation result of the 3D-MQCA.
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Analysis of the domain wall motion induced by the slope electric field
Soh Murayama, Keisuke Yamada, and Yoshinobu Nakatani
Graduate school of Informatics and Engineering, University of Electro-Communications

[ZLHIC

BIE., WEEERRENTL T NA 23, BEIML2H O RGEEEE & L CHER SN TWA[1], MEEERENT T N1
AT, BEEEDHIENANTE R 2 A 5 FIESRCA Y VRBEREZEAT 2 FERHVLN TS, LALR
DO ZNDOFET, MBI O DOMENNL L, TORBAFEL 2o T\ 5D, T, BE &K
?é%k&%&&bf\%ﬁm;é@%ﬁ%ﬁﬁﬂ%éénfwémﬂoL#L\_m%@ﬂnfi CEf
72 Tl SR BN THREREDBEEN 21T > T\ 5, FEFEFR A 13, BRIERICE D ER OIS TREEZ 5 E)
éﬁé%&%%ﬁbkmo:@%&fm\@ﬂ%ﬁmiwm@m%$®£ﬁﬁMﬁ#%%_&’Wm¢5%
B [5,6]. BATIC L DBEET RV —DENEL, ZOMEBET XL —DENLHMEBEEBIINEX S LE2 060
57, AR TIE, ZORGEHEET 5720, BREROHITET VEIERL, Y Ia2b—Ta U ERED
AT o T,

EBRER

FRHTE 7 L IE, SMESRE SR (He) & | 8 DB (DT D REEES R L — D2k (90 /0r) & 0 BEREICIND 5 £
DX [7] 1 F(r) = 2MH, — 0 /0r % I T- (Ms : B3FREAL., o'mwizw%w\o—aMK;A.x@XT
A4 7 R AER, Ko BER R IR, SMERRER & BaEE = R L X — DAL L ERE LR O - TR, H, =
(06/07r)/2M TR IND, ARKET VBT, 00 /or i XEAER LV B LI-BEE xR L X —2 W5, E-,

YIalb—vary THWTW DM OBEIZ ARG nm)D 72D, KR (HP) DB % Z g L 1= 3220
BT (KEFR) &2 T (KEFF = Ky — HPM/2) o KRGS HP 13X BRI L7 Lz, b eT
Z JHWT, ERHER 2R S 5 i N A N (D)ISR T,

2vVA Ky—HPMg/2—/(Ky—AKy+r)—HP Mg /2

He =22 - ). )

Z OEBER OB X DRIBEBENEE &V, = yAH, /a X O FEH L72(Z 2T, y: BRIEERI, A @ EE
MERT A= o HEREH), M1DO ke hmik, VIa2b— g TROMBERER L IBHER (Hex) 12
X B HREBIEIE DL AT, Vie & G ORIRE Y | 3 HexOc)

B L TR L —F LT D D L AR S, ¢ 05 1T 15 2 25 5 39
7o EAENE R AK=1.7 Gerg/cm* TOEE L, MR DRERER
FFHECTD 1.8 0e YU TH o7, Ve & Va DHER LD |
WREDRBBEN, THEN KL TWD I ENynhoTz,
LU, ERER DO ROEE L 72 (=1.8 0e) & 2
a2 b—3a U BRD TR (=2.5 0e) TiX, 2D
Walker field 28— LAR2WZ & b0 ho7-, ZOR—EIL
S%OWEHRETH 5,

v(cm/s)

¢ 05 1 15 2 25 3

AKu(Gerg/cm4)
Fig 1 Comparison with analysis (Vest), the simulation results
BE by the slope electric field(Ve) and by the magnetic field(V+)
[1] S. S. P. Parkin, et. al., Science 320, 190 (2008). [2] A. J. schellekens, et. al., Nat. Commun. 3, 848 (2011).
[3] D. Chiba, et. al., Nat. Commun. 3, 888 (2012). [4] FHil Al fhasfifn, B ARBIRFSEH 38 BIEiTH#HS
[5] M. Weisheit, et. al., Science 315, 349 (2007). [6] D. Chiba, et. al., Appl. Phys. Lett. 96, 192506 (2010).

[7] T. Shiratori, et, al., J. Magn. Soc. Jpn 22, pp.47-50 (1998).

— 121 —



9aC -3 F39ME HAMKER IR (2015)

DM HHEER T OHMEHIGERE(CH 1T 5HEBEHO
vE2alb—oaVEm
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BEXRBEEKXRYE FHREIZHRHE
Simulation of the field-driven magnetic domain wall motion
under the Dzyaloshinskii-Moriya interaction
Keisuke Yamada, and Yoshinobu Nakatani,
Graduate School of Informatics and Engineering, The University of Electro-Communications,

FL®IZ
BE, Vv 12 A% —  SPR AR (DMD 238 < SREEIE I OREERL 8h 751k H 2520 T 5 [1-4],
DMI 73ME) < 5RIGENE R TIX, Néel RGN L EIT R D728, TR VES I E T steady motion (28 5

WREREN N Z 0 | 7o RERER ENE LAY Walker W45 CRRENE my/s & IERITH LS 22 5[1,2), LivL, Z
NETITONTZ I RTEET ML AL 2 RTET A Z AWV I 2 L—3 3 > Tld, Walker M%L
D F TOMEBEBENZ DWW TIRE L TWA D, FILL EFRVVESS . %712 Precessional motion 23N Z 5 5H
W CORMBERB B 2 35T TV e, ZOEIKTIX, BEOBIHCT v v R T4 0L - B X
o> THEERENHE N T 272 D[5]. MO 2 WLET L Z HWCEEMICIHR 2 BN H 5, 4RI~
%, DMI %47 2 5@BaMEHIFR A2 V. BOGERENC X AREERBEN S X = L— 3 U &{TV, FFIC Walker
WL B COBEHEEIZOWTREL < T,

BER

V3alb—yvarTIH 2RIED~YA T a~x T RT 4 7T NE RV, SEREMEMRIE. X 1.2 nm,
g w =50, 100, 200 nm D KX X & L Z O##E % 2.0X2.0X 1.2 nm’ DE S IRICHERL L CHE AT - 7=,
MEFEHE ., Co/Ni JEREDE 2 I 2[6], BEE(H)IE. FIHEYE S 512 H,=0~1.5 kOe O Tz 7=,
X 1 1%, DMI fi(D) & W52 k3 2 BERERB B BE 2 7R L 721X T, X 1(a-c)lTZ A2 FURIARIE 23 w = 50, 100,
200 nm DFERTH 5, X1 k0. Walker B LA FOWS TORBERENEE X, DMI OfE7Z1) Tlid7e <
Iz X > TH (L L, 2E nm OMIFRNE 2 FF BRIV Tid, BEEBER BN L O breakdown HLE )3 it
KIEEZDZ Lot

400 ,DIOD I’ 2I I I I 1 DIDO I" 2I I 1 1 I DIDOI[ 2I T T T L)
——D=0.0 erg/lcm —=— D=10.0 erg/lcm ——D=0.0 erg/cm
—+—D=0.2 ergk;m2 (a) ——D=0.2 erglcm2 (b) —+—D=0.2 Ergfcmz (c)
300 |+ D=o0.4ergiecm’ d L+ D=04dergiem’ | v D=0.4 erglem’
—_ D=06 ergk;m2 D=06 erglcm2 D=0.86 erg.'cm2
7] D=08 ergk;m2 D=038 ergll:m2 D=08 erg.'cm2
:E: 200k D=1.0 ergk‘.m2 dL D=1.0 erglcm2 -I B D=1.0 erg.'cm2 i
N i I
'/ - p— /'/‘I"‘ - p— /\ -
oor '\uhﬂm Y \ s
A — * ‘ ¥—¥¥r ¥ " TV Yy r T Y Y Y ey ryryry
0 ._. :\‘-"1**"’1"’1 YJM:; /L\::‘:\‘:I/:I mf“‘,—go4ox-:_—:— L Mmﬂ""ﬂ st
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Fig. 1. Field-induced domain wall velocity for different value of the DMI parameter D.
The results of the 2D calculation for the wire width (a) w =50, (b) 100, and (c) 200 nm.

AFFENT H AAAR B2 0 JARATZE(C) & R e BRI & 0 Bhpl & = 1 T b,

SEXHE

[1] A. Thiaville, et al., Europhys. Lett. 100, 57002 (2012). [2] O. Boulle, et al., Phys. Rev. Lett. 111, 217203 (2013).
[3] S. Emori, et al., Nat. Mater. 12, 611 (2013). [4] K.-S. Ryu, et al., Nat. Nanotechnol. 8, 527 (2013).
[5] K.Yamada, ef al., Appl. Phys. Express. 4, 113001 (2011).

[6] R. Hiramatsu, ef al., Jpn. J. Appl. Phys. 53, 108001 (2014).
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Co/Ni Z BRI 1T B A — I L ZEMEDORFH

FERE % Lm BT, s R
(FEREE R FWE TR
Study of the Skyrmion stability in ultrathin Co/Ni multilayers
S. Hozumi, K. Yamada, and Y. Nakatani
(Graduate School of Informatics and Engineering, University of Electro-Communications)

FLHIZ
AR FRREMEEIR 21T 5 2 v v v o A% — PR AEAE(DMDA R 28R & 3 53 U - b iE <,
AN — A EFEEN D R e E R STV B[1-4], A D —I 4%, BEEPE+»LEE T A
— bV ENE L RER CEREN S ATREZ R E ORI H D720, AT —I A EFHALEAT Y BZHfFSRT
W53y AN—IA L EAEY L UTHEMT 22T, sk LeEHRER 7 — I 4 ) 2 R Ff L7272
OF ., AN —IFUREENLRERNAFETEDLRMELZRRDLEN B D, AFIETIZ, DMI BRI A I
18) < BRBEMEIREIR D CoNi ZJBIRICIER L, ~A 7 ua~7 %7 4 v/ v 3alb—varyzZH0nT, Ah—=3
I UREIE N R EWNAFAET D GOV TIA L7,

EBRAE

Co/Ni OMEFESUL, fUFIRL M= 837 emu/em’® | ZRHEAT 4 7 F AEEL A = 1.0 perg/em & L, FEEEEK
BIMER K, % 4.0 ~6.0 Merg/em®, DMI ZE% D % 0.0 ~2.0 erg/em® & 2 b & ¥7=[5], FHHMEEIL. HE 1.2
nm, M 200 nm, £ 200 nm OEFEE Uiz, HARM RS, HREBIICA T — I 4 2 9RE &
LTCTHZ, ZTRNENOEETIZEB T D AN — I 4 OB A — I A GBI OV TR,

EVTEES

Fig. 1 IZ K, & D AL SE D AN — I A U RBEICHOW TR T 5, K, <4.3 Merg/em® DA%, 7N
WAL IE I 2 D720, AW — I F BNV, K,=5Merg/em® DA, D> 1.1 erg/em” TIELRLX A & 72
0. D<04erg/em” TIXAD—I AV NERLTZ, 05<D<1.0erg/em® Tlik, AW — I A UHEENLE L TF
EL, AW—I AV OERT D O#NE K& RoTz, K,24.4 Merglem® DFAFTlE, AH— I A 4
ENREE L THEET HEMIE. K, O8NELZ D OELENTA2MNERH D 2 b hoiz,

Fig. 2 1%, Fig. L IZBT DA I —I A UAFHERFE AN — I A UV ZHB S TZBEO T R L F—2E2 R LI T
HbH, RE(BFO)NL, AT —IF UV HEREOZ AN —DHFREOARWGEFEEZRLTWD, HRaIX, =3V
F—ENRVWEIETH D, FlzE, MEOZRAX—ERNROFER ATV ICE L& EEZXD L, A
OFEIR(Fig. 1 £V ER 100 nm)DSEMAN AT VIZH LIZGFEEE LD,

SR CII AT — I A VAR - RO =RV X— ) T EBZERICOWTHLMET L2 TETH 5.

2 T 140 2 3
18 Fogtbdetedeb 18
16 '% multidomain state 15120 16 multidomain state 2
& 14 F 8 : 100 . <& 14 = =
5 12 2 80 E NE 1.2 -__ ' 1 g
> 11 8 £ o 1 02
& 08| E 60 & & 038 ! i
q 06 § 40 Q 06 A3
04 ¢ o 04 F e — ] 2
0.2 & uniform state 17120 0.2 U e
(o] S— i i A O 0 -3
4 4.5 5 55 4.5 5 55
K, (Merg/cm?) K, (Merg/cn)
Fig. 1 mEMKESTE, DML EHE A D — I 4 OEROBGR Fig. 2 AW — I A U 7E(EH L EHIFED = R L ¥ —38
L ZB N

[1]T. H. R. Skyme, Proc. Roy. Soc. Lond. A 31, 556 (1962). [2] X. Z. Yu, et al., Nature. 465, 901-904 (2010).
[3] J. Iwasaki, et al, Nat. Nanotechnol. 8, 742-747 (2013). [4] S. Rohart, et al., Phys. Rev. B 88, 184422 (2013).
[5] R. Hiramatsu, et al, Jpn. J. Appl. Phys. 53, 108001 (2014).
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W A7 E CPW-FMR I EIZ X 5 Ni-Fe RO X o v 7 EE O LA

RS, R ErE CGRAERD)
Study on the Damping Constant of Ni-Fe Thin Films Using Field-domain CPW-FMR Measurements
Yasushi Endo, Masahiro Yamaguchi (Tohoku Univ.)

[ZC®HIC GBI (Ferromagnetic Resonance: FMR) JIENL, /L7 OWEEMN S 72 DMK D L 0 T ER o
ERMETZHIEED 12 LTHLNATWS V. 4, MR EEEL T, X7 MRy NI—2T7F 74 FEHNT
SRSl a 7 L —F U —T H A NI L DB (Coplanar waveguide—FMR: CPW-FMR) JIZEA W 20D
W7 N —FIZ X DIRRENTWD 9. ZOHIETIE, CPVOBRVMES# LICE AR R 2 ET S5 N TEX L0
IZ, cavityZ W2 EROFMRIIE & IXEL 7R 0, RS I B50H 3 CREPE R 721 ) C 7 S SV INMEPE IR D FHIAS FIRE T 5.
7o, BHEERICB T AR OBIEIEE LT E D AL T, B A EE EE L COAMRR 2 iR S w7
CPW-FMRIIEIZ L 0, Ni-Fed@lRICRIT 54 v BV VB a DIRBERAMEEZRFT LT, £/, BoTofRIc o0\ T, #Ek
O JE W AT S W72 CPW-PMRIFIE LS & 0 574 L7245 R & O Lt 217 - 7.

EEBAE CPVOERIZIE, 74 NV YT T 7 4, DO R ha ANy X2 BIOY 7 b4 73E%E Aviz /E# L 7-CPW
OFRIT— BRI NI 1 A— MR CTH Y, ZOBHESRIIT 7 AHMR (FX : 550 um, HaEERe, 1 7.0) kil
fEEE7=Cr (5 nm)/Cu (300 nm)/Cr (5 nm) FEJEIETH 5. CPWOMRKE, 1E 58, 77 7 FBREBIOMESRE 7
7 v RO ¥+ » ZiEIE 1000, 50, 88 BN 12 um& L. HEEREIOERICIX, RFv 7R hr A8y X 2 iz,
HEEORERE, ARSI BICHRE L 72 3-50 nmEONi-Fel R TH 2.

PERL L 7= Ni-Fe MR 1T DA & BRI L OFEMICIZ VM %, £724 2 v 78S (o) OFHMEICIE, MARURIEB X
VB ST CPW-FMR & & Fv 7=,

R HSURFICPV-PMRIIEIC X W & 5172 5 nmlEDONi-Fedd#ffic BT 5 s, O EEBOI R L DB b2 K 1 ITRT.
WTNOFRREETICB N THT v 7Bl SN, ZOMEIFEREOBEME & bIZL Y EOBERE~BE L Tnd. =
NODOF 4 v FIEINi-FedEROMRICER L TW5. L7z2-> T, BHISNZFMRE — 27 ONEIFALE, TD L & OEEK
FEOBBENOLF L T ER o BB LT 0T T 1 T T T T

2 ARG K QYRR CPW-PMR JI7E1C & 0 sk 7= Ni-Fe 0714

}

0.712 z
HIIZB T 5 o« DBIFRIFECH 5. WIROWEDSAS, a0tk 8 T
AT B ELHEEAB L TG, 2D, 10 mELDHOB osal 0 20 0 40 0 6w
N S Vz - N T TN —~ 0.540[— 1=3.0 GHz —
T @ ARSI N LTS, ORI, RO HOBIEIZEN T F o scofmmr0 E
MBEAOX B I THERR CTHNBERICELLZ X B 7 8 os3s

0.216
TITFIREN & R EAREIORIEIC L Y aDERRKEL B> T 0.215

a \
[ [ J ]
5. ZOERITEN S NS R E— 2 FORHEO-E KT 5 g;]‘;m

> . = | A - . 1 - 1+ 1+ 1 4+ 1 47
boLBExbND. —TJ7, 10 nmJELL EOBFIZEB N T ol 3URE—E 0212 = A
THY,ZDEIE0.009~0.011 FZETH D, Ni-Fe @317 fi (0. 007) External Magnetic Field,He, [O€]
ICHARTREL 2o TWD. ZOFEEE, LIt oS RS —E (% Fig 1 Field dependence of Re[As;] for CPW

CORITHNE) 1C LD EE2BND with 5—nm—thick Ni-Fe film at frequencies.
FITVETT Z .

BDREALTWELZ LIZEDbLDEEZLND. £77, 3 nmm JEDHE 0537 00 200 300 400 500 600

o

0.05
BEE AHIZCIT R ARRTZE (B) (No. 26289082), HEH&AIHIZE (No. f o.o4:1 Q | Ficld comain GO TR
26630296), HEHLA | L— SHIIHELEREHE (SRO O 0 b & Tiibh  § 00F
. 2 0.02}0
§ 0018 e o & °
SZX# 1)]. H. E. Griffiths, Nature 148, 670 (1946). e 0"1 | I N RN B |

0 10 20 30 40 50
Film Thickness,t [nm]

2) G. Counil et al., J. Appl. Phys. 95, 5646 (2004).

3) M. Toda et al., J. Magn. Soc. Jpn. 31, 435 (2007). Fig. 2 Thickness dependence of damping

4)Y. Endo et al., J. Appl. Phys. 109, 07D336 (2011). constanto. for Ni-Fe film measured with
field domain and frequency domain CPW-FMR
measurements.
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~ A 7 S LV i 4172 ColPt £ JE i
Ky ROF 7 B— 4 X B M oM E

Soufmin L, REAR Y b REL BE L, BRATR 2
(*#IEK, 2JASRI/SPring-8)
Nano-beam XMCD measurement on a Co/Pt multilayer dot excited by microwave field
N. Kikuchi', S. Okamoto?, O. Kitakami?, T. Shimatsu*, M. Suzuki?
(*Tohoku Univ., 2JASRI/Spring-8)

[ELHIC
Pt # 5L EHCABIIRE MR R GTEEA BB TEX L0 0IHAELEETHY, BIAWIFIEOX S L
o TWD. BB L PtEZHE LI5S, ZOREICEBWTILPURFIZRKREIRBAE— A Y MRFHR I
HZENHMBNTWAL Fi2, TOXHIRRITBWTE, MESRHEEICHRTH BV IRELLRE
ST D ERRESNTEY[, TOHEMNREZELL->TWND., LNLERRL, —INRERM - BX
BRIEFETIIRE CTHOM LU PtOEFOALEZSEEL TEmT 52 & il%ﬁf&”aé. T, AR
TIETCHR BRI 2 B> X s @t (X-ray Magnetic Circular Dichroism : XMCD) Z W% Z & T, rf
T X0 b S 47z ColPt 28 K > M D43 L7z PtR1- O ZFENZ OV TIA T
RERAE - BR
Co/Pt 22 & 513 MgO(100)E:Ai 12 sub./Ta(0.5)/Pt(1)/Ru(24)/Pt(0.5)/[Co(1.4)/Pt(0.5)]s/Ru(10) D&k T DC ~ 2 X%
ha 2y Z Y XD LT, TS OBE CHALIZ nm Th 5. ZREIEEERY V777
4= AT A F Ty F U TICE Y ER 3um DT ¢ A 7RI L,
B Hall 20 5(AHE) R H I O SRR 1 OV JE M SN 4 25 3 "
H (08 3 um) ZTERR L7-. fmfrig 2 A CHEE N7 0 O of B %
RAET DL, MBMELBEIICRBO URSENFELESNDS Z LT
P T AR S AT 5. 02 b A RE Hall hRB L = of
XMCD (2 X W B L7=. 723, XMCD O#IE T SPring-8 & — AT
4 > BL39XU ’Té@ﬁﬁb Pt ® Lﬂ%wﬁ%%ﬁﬁb\fc. At O TE Sy

WIRFE 2 FFO X 90 X m I C mELIZ A L7z, [} 112, 2% Hall . : .
hEIC X v HlE Ltpé 3um @ b v b —E OB LR 2 T, SR H (kOe)

Vi rf B A FUINE IS, SERU R K fir= 3GHZz, RIEHY 4000e O rf

B3 BN L7 RBETRIE L7 TH 5. B R Hae IR 12
EAZEINL, @51 FmixENSA TR TH S, Hee=3 kOe T ;Eﬁﬁu

PEILIEIZ K DR 2T« » TR BN TR Y, Z ORI KIEE DR

ZEIEEN & SO U CHE R R 2R T, [} 218, fir=2.8GHz @ rf f%

B R CHIE L7- XMCD (FE#)) o542, Ra Hall 208 (@) Off

READLETORLE. Wb faffE CHEI L, BboREERY

M, & LT/ L7z XMCD OHIEITAI 300 nm ED T/ B — A TITLY, 075}

Ry b oM CTEAIL 72 ﬂﬁﬁﬁz PEIEHS ©°— 7 DALE - IR - 5h

FEDS S ORETFIEIZBNTELS —HLTEY, CoBlaikEni Pt

JEEIE—RRICRZER 2 LTV D 2 EAURIE S T,

ZEZ3CHR [1] M. Suzuki et al., PRB 72, 054430 (2005), [2] S. Mizukami H,. (kOe)

et al. APL 96, 152502 (2010)

BIEE ABFEO—ERIE, XRE [T~ 0l « T3 A « VAT AAIRL

TIAT A BEORIE, JST TEEIEHA 2 _—3 g VAIHHEE 7 o

75 284 7 )] 72BN SRC 5 b DB O FiFbiLi-.

Fig. 1 AHE curves of single Co/Pt
multilayer dot measured with and without
rf fields (frr =3 GHz).

1.00 -

0.50 -

Fig. 2 Magnetization curves of a Co/Pt
multilayer dot measured by XMCD and
AHE under application of rf field (fir =2.8
GHz).
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<A 7T A MR & R g E R o
[f]— Co/Pt F/ K+ FalEt COHIE

BHERAE, MA B, ZgufRed, dbb & EERC
(AER)
Relationship between microwave assisted magnetization switching and ferromagnetic resonance of Co/Pt nanodots.
Y. Kusanagi, S. Okamoto, N. Kikuchi, O. Kitakami, and T. Shimatsu
(Tohoku Univ.)

FLHIC
~A 7 a7 % MEgbREE (MAS: Microwave Assisted magnetization Switching) ¥kt 255 B 30 e B o A Fi4oe

e LTHERBEZED TS, MASIZBW T, BAE— A v M GHz HHIR O S 2 FIN+ 5 2 & THRET—A > b
DIEAEBDHE SN, T OMRKBRGEPKIBIEB S LS. it — e LT, Ky MK L C—RREE 721
T, @MRDAE EE S MAS ZENCKRE BT LI LN MAS EBR L &I a2 L—31 3 VO G430 > T
L0 Lal, EBEORNEE— K& MAS Z2E 0BT ERMICITE ZHER SN TWRW. AR TIIRNEE— K& MAS
ZEORBRETARD 72012, BE Hall ZhHR1C X 2 ipEMEIERE (AHE-FMR: Anomalous Hall Effect based Ferromagnetic
Resonance) 2 & MAS Bk % [Fl—o Co/Pt + / Ky FRBHIX L TIT- 72D T, ZORERIZOVTHRET 5.

RERAEEBR

FEER AV TR R IE, MgO sub./Ta(2 nm)/Pt(25 nm)/[Co(1.1 nm)/Pt(0.5 nm)]s/Pt(10 nm) & L7=. il DC~ 2% b
By ARy A ERANE. ZOZBEEEBY V7T 7 X VINT L. R—&EHREIC Ry b7 LA 2K L. AHE i
EROBMES L O~ A 7 ol HINA O CuftiE b b TEM L. Ky b7 LA ® Ky NERIE 80 ~ 1000 nm
TRy hﬁﬁﬁﬂﬁ%ﬁ 1£60~200nm & L7=. Ry b7 LA OBELEFEKITH S5XS5 um? TH S, MAS, FMR W OHIE TS de
19355 Hae % I IC Z-6 ~ 6 kOe OFFATEIM L, Cu BRI & B
Z FIIN U AQ S hee= 200 Oe % B NIZEIAN L 72. AHE-FMR & Tl
ZEHEEIC K zﬁuﬂzmﬁ By DEAL % F O Hall BE D& k& & LTt
D, 12720, BoNDEEBHIFITH D70 & EIKERRE BV CIRIEZE
L, [EH Lf: Hall Sk &bz e v 7 4 > 77 THRIHLTZ. Fig. 11
Ky FES 160nm, Ky NEEEEE6Onm O Ky F 7 LA TR LN RE
Hall FEE D2 A Vare 28T . VB ERER fie O LA mRES M I 2w ‘ | |
W37 VT DEBOT 4 v TR TE D, BRSO T >~ (Fig. 1 -2 -1 0 1 2 3 4
OV) [T—HFE—F (m=1), EEHEMOT + v~ (Fig. 1 OV) 1IEKRD Magnetic field H, (kOe)
T—F m=2) XA HLDTHD. Fig. 212 AHE-FMR IE L v 5 5h7=
FEIEREESS He & MAS JIE X 0 15 5 72 SRR Hew % 2SHiEBE3 A 3K f
B E U CORd. H D Haw DT —/3—| i}iﬁﬁﬁﬁﬁ@ THERLTND

't = 15 GHz ]

13 GHz

AV (V)

v 11 GHz

Fig. 1 AHE voltage change AVanEe as a

function of dc field Hdc

Haw X7 ¥ A FIRIC XV f OBEANZ LW EFRIZ A L fir = 3~ 10 GHz @%ﬁ 3 Resanoren ol " A g
P TR 0.8 kOe D Hew DIRIHAMEFE T /2. ZHUTiEIZ Co/Pt /7 K @ m =1 (uniform) 5
A m=2 -

RS SIUFRER DTN S A Ha b Tl Y, 7 r— ke MAS 8 Wl

$BLpoTHG. ZOFRKE LTI Ry MBSO Licka8r O 77IIIT { [ B

BHEERORENREZHND. HiTm=1,2 1 ThoE— b il L Ii Hi s {IAH”HH
TR L2 R L TR Y, ARG MAS IRII m=1 O —KE—F e ’ Switching fed H.,

DEMCBB L EET HREBE LN, -3

0 5 10 15 20
BE I rf frequency rf(GHz)

1) M. Furutaet. al., J. Appl. Phys. 115, 133914 (2014). Fig. 2 Resonance field Hr and switching

2)  N. Kikuchi et. al., Appl. Phys. Lett. 105, 242405 (2014). field Ha as a function of rf frequency fr.
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Switching probability analysis on epitaxial Co/Pt multilayer
single nanodots

B. Lao, S. Okamoto, N. Kikuchi, and O. Kitakami
(Institute of Multidisciplinary Research for Advanced Materials, Tohoku University)

Magnetization switching is a fundamental function of various magnetic devices, such as magnetic recording,
spintronics, permanent magnets, and so on. Thus understanding the magnetization switching behavior in a single small
magnetic particle is essentially important to develop the high performance magnetic devices. The underlying physics of
magnetization switching has been discussed through various experiments and simulations in Co/Pd and Co/Pt
multilayers [1-3], which are important materials for practical applications due to their tunable perpendicular magnetic
anisotropy. Through these large number efforts, it has been widely accepted that a nucleation of a reversed domain with
a dimension of domain wall width initiates the magnetization reversal of the dot. These previous experiments, however,
were carried out in polycrystalline samples, many of intrinsic switching properties would be hidden behind some
distributions of magnetic and geometric properties. In this study, we have investigated the magnetization switching
behavior in a series of single nanodots of epitaxially grown Co/Pt multilayer.

The film structure is Sapphire(001)/Pt 20/[Co 0.8/Pt 0.5]4/Pt 1.5 (in nm).All deposition processes are performed at
room temperature after substrate annealing at 800 °C for 1 h. The epitaxial growth R CRIg6l[
of Co/Pt film with fcc (111) structure is well confirmed by x-ray diffraction X
measurements. The Co/Pt film is patterned into single nanodots with diameters d
varying from 120 nm to 1.6 um by using electron beam lithography and Ar ion
etching. Subsequently, the Pt underlayer is patterned into a cross-shaped electrode
for anomalous Hall effect (AHE) measurements. An example of scanning electron  Fig.1. SEM image of a single dot with
microscope (SEM) image of a Co/Pt dot of d = 200 nm is shown in Fig. 1. The  d =200 nm with a Pt electrode.
magnetization switching of the dots is detected by an AHE curve under a vertical dc field Hy. from an electromagnet.

dot

Magnetization curves of the single Co/Pt dots exhibit a rectangular shape, and show a Stoner-Wohlfarth like
angular dependence of coercivity, which suggesting a nucleation reversal

mechanism in the dots with bi-stability magnetized states. To analyze the switching ST w 13
process, switching probability P, of the dot is evaluated by repetition of g ** N N
magnetization curve measurements. The Py, plotted as a function of Hg. is well gﬁ""'- <~ Si‘;
fitted by the Néel-Arrhenius law P, = 1 — exp{—tfoexp[—Ey/ksT]}. The ™ S
behaviors of P, changes drastically below and above d = 400 nm, indicating the 0| —> I’

i - . . . 200 400 600 1600
change of energy barrier E,. The fitting analysis on the P, by assuming a simple diameter (nm)

energy barrier function of E, = E,(1 — Hy./H,)" gives the intrinsic switching ~ 9-2 Eo/keT (black circle) and Ho (red
field Ho and energy barrier height Eo/ksT, as shown in Fig. 2. Note that these two ~ Square) as functions of dot diameter d.
parameters exhibit dramatic change at d ~ 400 nm, strongly indicating the change of reversal mechanism. For d < 400
nm, the value of Eq can be well explained by the single barrier of reversed embryo. On the other hand, d > 400 nm, the
evaluated value of E, by assuming simple energy barrier function is hard to be explained, suggesting the somewhat
complicated reversal mechanism, such as multi-barrier.

Reference

1) J.W. Lau, X. Liu, R. C. Boling, and J. M. Shaw, Phys. Rev. B, 84, 214427 (2011).

2) N. Kikuchi, S. Okamoto, and O, Kitakami, J. Appl. Phys. 109, 07B904 (2011).

3) M. Delalande, J. de Vries, L. Abelmann, and J. C. Lodder, J. Magn. Magn. Mater., 324, 1277-1280 (2012).
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SRR T LA 121 D A B R & B

AR R CEILEZ P Z8WE P ZRTE L NFER?
Lo L5 T AN TR S5 RN N N i €
Spin wave coupling in ferromagnetic wire arrays
S. Kasai', H. Tsukahara’, S. Hirayama1’3, S. Mitani'?, C. Mitsumata', and K. Ono*
(NIMS', KEK?, University of Tsukuba®)

[TLC&HIZ

A, Ay har=2 A58 G, fiA B UiEWTERME S A F 7 ZADRHE & IR 2D T
D, TTH AL UAR—ANRITENRICHA C A AR T2 2 LN TE 5720, BUERE I MTH
NTWD W) KR TIIER AR A Ay FEEE2AETDET U F Ry MEFICBIT S A RS A T
U AR A LT, BBV T LA DO SN D 7 o F Fy MEEIL, kil L 0SS bk s h
HAIEENFORERELTEHZAZENTELD, AL UVKHEERAEZHRRL 9 2 TCRVWEFLRERD
e NS,

EEBRAE

PUBHE RF A% # 5 TRl L 7= Permalloy/Pt @K%, E1HRY V77 7 4 —BIXOPAr A A IV 7
EEHWD Z L TR L, X1 ICRIR 7253080 SEM 4 2R3, #iEIL 100 nm, #& 7O & #1% 500 nm T
Hb, FEEERZEHZIAMT 2 Z LItk > T, RSB LI OAE a2 AR L, BAMERSHT R
EHWERES A VRRIEIZE - T, AV ORI EIT > 7, F 2SR 4% 3 L 7= Landau — Lifschitz
- Gilbert FREAZFMEMNCHES ZLICL - T, AV EX A F I 7 AOFEMIZ OV TRETZ1T - 72,

R

X 2 126=60-90° 28I} D AT hLZERT, 0=90° TIIH 0B — 7 NS TWD DI LT,
0=60-80° TIX oD =7 IZHHT DA DBHARICBHI SN TS, 2, K a Fofifk e, b Hm
DI THIEISGDORE SRR D720 Th D, —hH., BRGANCEN S B — 2 ORI ELN S
=7 OMELY b REW, v 7 a7 32T ¢ 7 AFHEIZIIUL, 6=90° DOGAITITA RS DR 3B
MIZNDIZHRT LT, =80 OLEITIL, R DI OEE D FHBEL STV D, SV UL, SRR
DHFMNC L > T, REEIN LIZAE U EHAAERHOBENGIFEFTEECH L Z AR LTND

S E R

1) V. E.Demidov et al., Nat. Mater.11, 1028 (2012)
2) S.Kasai et al., Appl. Phys. Lett. 104, 092408 (2014)
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Fig. 1 SEM image of a sample. Fig. 2 ST-FMR spectrum under

various conditions.
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Pt(2nm)/GdFeCo(100nm) B2 1) % B Eﬁﬁb@i@%@

BRE—RR, JIAHL, FEEpEY)
(BHITHERT)

Current induced domain wall motion in Pt(2nm)/GdFeCo(100nm) bilayer magnetic wires
Yuichiro Kurokawa, Masaya Kawamoto and Hiroyuki Awano
(Toyota Technological Institute)

FFi
B L DMBEDOREENL, L—ARNT v 7 AF Y 2T LD E LIHRBER A TV R T~ OIS H A
HHEINDAE L ba=g ZAOFH LWHESE CTH D, ZHE TOMIET, Fex OV —7 TIIBEIEFR
SRR 72 BIZHW B U5 TbFeCo CTIIMEEE 2 BREN ™25 72 O DGR BFR B L 5.8 X 10'°A/Mm* &0 H /NS 7 fEIC
705 Z EaFER LTz, GdFeCo % TbFeCo & [F] U < RN FicdkiRic v 6 2 LHEREM Bl Ch 5, &
[BlDO#FFETIL Z D GdFeCo % VW CEIMBRENEERS B 2 Bl LT,
RBRAE

ARELO R L R X 2 U o 735 E & T T 72, GdFeCo % 100nm A% (ZF0E D ERE % B < 72 812 2nm
@HE%G&&bLK%ﬁLtoﬁﬂ@ﬁﬁm@MIi*%t LYY TTT 44—V T hATEERNT
1To7=, ML LUZARROMER 1.5um T, £ 31X 20um TH D, Z DHIFRIZ 20ns D7V AME 2 523V 2R EHE
ZHIINT 5 2 & CEIRBREEES B A 8152 Lo, BIRBREIREERS BT — b R B EE A VTl Lz,
ERER

Fig. 1 |2 PYGdFeCo REMERMAR O BEIEE FEIZ %3 2 WEREHE 271 L7, KIZ L 5 & Pt/GdFeCo it AE#R O i i
BIRAEEIL 1.1620.04 X 10"A/M* FRECTH 5, F7z, BIHE J=1.55X 10" A/m* FL B CREREESE v =36 m/s
’@Jéﬁ—é ZEMWGhots, I, WEEXERICL -

BT NIEREI XD Z & b ymoT-, W DE 50

i

Kﬁ&%%@fi\m%%%®x5/ﬁ@ﬁ%®ﬁf@ 40
LIZ & » CThghE 2 BREh 4~ 5 O T, BEREILER & 130 71,
BV OBRE N LR CHBICEBI?T S, —FH. O ,330 +
FETII A VLB BER O KR EWESE & BERO R E %
HTIIAE VR —ILhR ey a o A — - SFTAMEA ‘; 20 Jﬁ |
YER DB L - TER G RICHEESBENIT 5 2 & AR 10 l
SNTWD, LLAERL, ZA50RRF m TRl %
T 57, REEHEOMES 27~ 3 WA TIER B L7 0 .
WEEZ LD, EEIZ, Ueda 512X 5 &, PY/[CoNi], 10 12 r4 16 I8
SBIEOBE. 7 OBITAR L T< b REO BB J (107 A/m?)
X< 720 6.6nm LA Co/Ni IEJE TIIREEE N ER IT1H &
MBI 5 = L ARER TS, U AEOBETIE, fx  Fig 1 GdFeCo BALMHRIZI 1T 2 B
100 nm &5, FEFICIEN GdFeCo Rtz T g,  EKy SHEREL S & @F*E”*

ZDOZ NG, ARIOFK 2 OFEFIL. GdFeCo MeMEMIKEH Tk
AEUR—IVIRRLV ¥ u v AF—  SFAFAAER & W o I RmIZ B0 B EAER ASIE S ORI b
_RPENSTFHFICEVWIREECH - THHERFF SN Z LA RLTWE EEZBND,

L ZDEN

1) K. Ueda, K. J. Kim, Y. Yoshimura, R. Hiramatsu, D. Chiba, H. Tanigawa, T. Suzuki, E. Kariyada and T. Ono, Appl.
Phys. Express 7, 053006 (2014)
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[Co/PdRsM: MR~ DRE X A 35 1T 2 8t T HiJg o %h 3R

BLE M 0 EA R IR BR L ER de— L GERR SR AR B I S
('NHK Ft BATRFZERT. 2 #OR LERFER PR
Effect of Soft Underlayer on Formation of Magnetic Domains in [Co/Pd] Nanowire
M. Okuda'?, Y. Miyamotol, M. Kawana', E. Miyashital, N. Saito', N. Hayashil and S. Nakagawa2
('NHK, *Tokyo Institute of Technology)

[FL®HIZ

VAR, BEPERIRR SR D REBED BIRERENC B+ 2 A58 DICIEE M EE D, L—A F T v 7 AE® ) DITfAES
O LWEEOAEY BREINTWD, &0 DITREMRIRRZ TN AEERELE L, 26 ORX 2 B
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Z 2 CHA I, [Co/Pd)FEE A LRENEMBR H DOREX Z 2LV ZEHRIC &L 0 @RS S 58 LW T /31 A D
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order resolution) Y75 % T, [A U < WAET B iidk~ v RERIC X o THEMEMIBR P ISR 2 TR L 72 #%, 7SV A
EIAIINC L0 ZOBKZBRE) L, A~y REIICL Y Z2OERZRNT 5 Z LIZBEICEPILTWD, L
L7273 B A~ > RIT K 2 BRENME X O R FZ I3 IEF IT@m Wb DD Fidk~ > NI X DBEIXIER A ZE LT
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AR L OB R CHEE LT RR &R ZEIN L, 2 Ok K E D2 b &2 FAE~y FEIC L - THlIE LTz,

EERER

Fig.1 i%(a). (b). (c). TNZN D SUL KTV T, [Co/PdIBEMERIRR & ok~ > N DOHIRRIE J5 16 O AH L
EIZXT 5, LE LT RIS 2 B2 B R Ga sk~ v REE O BfR Write head
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&wﬂﬁf TEgk v RBSHLD BN L REK 2 BT 5 72 H1c | Nanowire |
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BHDOLEL LD, HFETIE. SUL BB OMEHILK L Btk 5 2 S/ CoriN e
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1) H. Tanigawa et al.: Appl. Phys. Express, 2, 053002 (2009). Fig.1 Relative distance between the center

2) S.S.P. Parkin et al.: Science, 320, 190 (2008). of nanowire and write-head dependence of

3)  EARM: BUBEIERA T« 7 FEEE, 68, (1), 134 (2014). critical current for writing magnetic

4) T HAMKTFSSWE <1, 6, (6), 357 (2011). domains.

— 130 —



9pC -1 F39lE AARBASERTAITREE AR (2015)
SOt MBE HEIC KD = v 4 & 2 % /L Sn,Fes, O, i D {ERL

FEARTLN, *HEME, *RHBE, *RIEKHS
(AbRBe# b, *JERT)
Fabrication of epitaxial Sn,Fe;.,O4 thin films by reactive Molecular Beam Epitaxy method
M.Araki, T.Yanase, T.Shimada, T.Nagahama
(Hokkaido Univ. of Graduate school of Chemical Sciences and Engineering,
*Faculty of Engineering, Hokkaido University)

[FLHIZ

AN T 2 T4 b (MFe,04: M =Fe, Co, Ni, Sn, etc) [/ —7 XXM A7 0 X —8h 8 munF
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1) T. Nagahama, et al Appl. Phys. Lett. 105, 102410 (2014).
2) R. K. Gupta, et al Front. Mater.1, 10 (2014)
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Evaluating transport property of epitaxial Fes04/AlOx/Fe tunnel junctions
S. Sasaki, T. Nagahama®, T, Shimada”
(Hokkaido Univ. of Graduate School of Chemical Sciences and Engineering,
Hokkaido Univ. of Graduate Faculty of Engineering®)
IXC®HIT
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MLZER L, I-V JIER L ORI R ORIE 21T - 72,
EBRRER
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Fig.1 I-V measurements for FesO4 MTdJs Fig.2 TMR observed for FesO4 MTdJs
23R
1. A Yanase and K. Siratori, J. Phys. Soc. Jpn. 53 (1984) 312.
2. T.Nagahama, Y. Matsuda, K. Tate, T. Kawai, N. Takahashi, S. Hiratani, Y. Watanabe, T. Yanase, and T.Shimada,

Appl. Phys. Lett. 105 (2014) 102410
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Fabrication of LiTi,O, epitaxial films and spin-filter junctions by MBE
T.Takagi, *T.Nagahama, *T.Shimada
(Grad. Sch. of Che. and Eng., Hokkaido Univ. *Grad. Sch. of Eng., Hokkaido Univ.)

[Introduction]

In recent electrical device industry, spintronics is a crucial technique which develops the memory technology
from volatile to non-volatile. In the research field, high functional materials are required to realize novel
spintronic devices. For example, Fe;O, are predicted as half metal, that have 100% of spin polarization, and
CoFe;04 is expected to be spin filter tunnel barrier. These oxides have spinel structure, so that spinel oxides are
considered to be important materials. From the viewpoints of the epitaxial growth, the conductive spinel materials
are suitable as the electrodes, although Pt has been used as the electrode in the spinel spintoronic devices. If the
materials with spinel structure are used as the electrodes, significant improvement in the magnetotransport
properties is expected. LiTi,O, are reported as an electrically conductive oxide with a spinel structure. Recently,
Chopdekar et al. Y and Kumatani et al. ? succeeded in the fabrication of the epitaxial LiTi,Oy thin films by PLD
method. In this study, we fabricated high-quality LiTi,O4 epitaxial films and spin-filter junctions by molecular
beam epitaxy (MBE) and examined transport properties.

[Experiments]

Films were fabricated by an MBE system. The first sample structures were Al,03(0001)/LiTi,O4. LiTi,O4 thin
films were formed by reactive deposition at 300°C in an O, atmosphere, and
then were annealed for 30 minutes in vacuum. The second sample structures
were Al,O3(0001)/LiTi,04/CoFe;04/Al,05 /Co/Au spin-filter tunnel junctions.
CoFe,04 layer were formed on LiTi,O4 thin films by reactive deposition at
300°C in an O, atmosphere. Al,O5 layer were deposited at R.T. in an O,

atmosphere. Co and Au layer were deposited at R.T. in Vacuum. Partial

pressure of O, was 4.0x10™* Pa. The epitaxial growth and the surface Fig.1 RHEED pattern of
structure were observed by RHEED and AFM. LiTi204 (60nm)
[Results]) —
Fig.1 shows the RHEED pattern of LiTi,O; grown on Al,05(0001) at Lx\\ 2
300°C and annealed at 700°C. The clear streak pattern was observed. From \ ) ‘

the AFM measurements, the surface roughness Ra was estimated at 0.23 nm.
These results indicated that LiTi,O4 was flat epitaxial film. Fig. 2 shows

Kerr rotation angle [arb.unit]

L\
MOKE hysteresis loop of Al;0; (0001) /LiTi,04/CoFe;04. This figure R\\,\C&
indicated that CoFe,O4 on LiTi,O4 thin films shows good magnetic property. R R T S-S R
On the presentation, we will discuss about the tunneling properties. Magnefic field [kOe]
Fig.2 MOKE hysteresis
[References] loop of CoFe204 (10nm) on
1) R.V. Chopdekar et al, Physica C 469 1885-1891 (2009) LiTi204 thin film.

2) A. Kumatani et al, Appl. Phys. Lett. 101, 123103 (2012)
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Effect of applying magnetic field during deposition on crystallization of epitaxial ferrite thin
film by PLD

Kumasaka Wataru, *Shinozaki Kazuo, Sakamoto Naonori, Suzuki Hisao, Wakiya Naoki

(Shizuoka Univ, *Tokyo Tech)
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[11 T Kubo, N. Wakiya et al. J. Mat. Sci. Eng., 485 (2011) 221.
[2] N. Wakiya et al. J. Magn. Magn. Mater., 310 (2007) 2546. Fig.1. XRD patterns of CFO

thin film on (001) MgAl,O,.
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Epitaxial growth of cobalt ferrite (111) thin films on
sapphire (0001) substrate using RF sputtering

Ritesh Patel, Yuki Hisamatsu, Takeshi Tainosho, Sonia Sharmin, Hideto Yanagihara and Eiji Kita
(Institute of Applied Physics, University of Tsukuba)

A previous report showed that the cobalt ferrite (CFO) (111) thin films grown by different methods present
difficulties with regard to thin films quality and magnetic properties [1, 2]. This suggests that the magnetic
properties of the CFO(111) films are dependent on film thickness and deposition parameters. In this study, we
report the magnetic properties of CFO(111) thin films grown on a-Al,05(0001) at different deposition
temperatures. The purpose of this research is to understand the optimum temperature conditions for growth of
better quality CFO(111) thin films.

Epitaxial thin films of Co,Fe;,O4 (CFO) (111) were grown on single crystal a-Al,05(0001) substrates using RF
sputtering. A metallic alloy target of CoFe (Co: Fe=1:3) was used, for reactive sputtering. The total pressure of
Ar and O, gas inside the sputtering chamber was maintained at 0.5 Pa. These substrates were annealed at
growth temperature for one hour under vacuum prior to deposition. The films were deposited at various
substrate temperatures (7) of 300°C, 400°C, 500°C, 550°C, and 600°C.

The RHEED pattern was ascertained before and after the experiment to observe the structural growth of the
films. RHEED measurements show a spotty pattern at low temperatures but a streaky pattern at higher
temperatures. X-ray reflectometry suggested that film thickness was about 50 nm. In the magnetic hysteresis
loops presented in Figure 1(a) out—of-plane saturation magnetization increased with the increase of 7 and
reached to 381 emu/cm’ as T, = 600 °C. Figure 1(b) shows that the saturation magnetization is larger at a higher
growth temperature, close to the bulk value of CFO. This suggests that single crystalline thin films may develop
at higher temperatures.

400 500 | ‘ ‘
300 CFObulk Ms = 425 emu/cm’
400 -
G 200 (b) A &
£
s
= o
g 100 E 300 a :
k) g
s 0 £
= (]
© —
N » 200 .
3 1% = a
c
& 200 A
= 100 -
-300 |
-400! i | ! | ! !
60 -40 20 0 20 40 60 300 400 500 600
H(kOe) Growth Temperature (°C)

Fig. 1(a) M-H loops of CFO (111) thin films grown at different temperature. , (b) Saturation magnetization (out
of plane) vs. Growth temperature of CFO (111) thin films

Reference

1) H. Yanagihara et al., J. Appl. Phys.,109 (2011) 07C122.
2) C.-W.Cho etal., J. Magn. Magn. Mater., 368 (2014) 149-154.
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