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Perpendicular magnetic tunnel junctions with the p-SAF structure having strong interlayer exchange
coupling by the iridium spacer layer and their spin-transfer-torque switching properties

A. Sugihara, K. Yakushiji, A. Fukushima, H. Kubota, and S. Yuasa
(National Institute of Advanced Science and Technology)

A perpendicularly magnetized magnetic tunnel junction (p-MTJ) is promising for a memory cell of
spin-transfer-torque switching magnetic random access memory (STT-MRAM). For steady read and write operation of
the cell, perpendicularly magnetized synthetic antiferromagnetic (p-SAF) coupling in the reference layer is one of the
key technologies. So far, p-SAF with a Ru spacer layer has been intensively developed because of the high AF
exchange coupling field (Hex). Although there have been other candidates such as Ir and Rh besides Ru, they have not
been extensively investigated yet. In this study, we systematically investigated magnetic properties of the p-SAF films
with an Ir and Rh spacer layer. We also evaluated STT-switching properties in the p-MTJs with an Ir spacer layer.

The p-SAF films whose structure is Si-O substrate / Ta(50) / Ru(60) / Pt(20) / [Pt(1.6)/Co(2.4)]n-¢/ Spacer(t) /
[Pt(1.6)/Co(2.4)]n-s/ Pt(20) / capping layer (thicknesses are in A) were fabricated, where n is repetition number. Figure
1(a) shows the antiferromagnetic exchange coupling energy (Jex) for Ir, Ru, and Rh spacer layers as the functions of t
and the M-H curve for the Ir at t = 4.5 in the inset. The maximum Hex and the maximum Jex values achieved 12 kOe and
2.6 erg/em?, respectively, being over 20% higher than that for the Ru.! Furthermore, the width of the first peak in fig.1
and annealing tolerance (not shown) for Ir spacer layer is greater than those for Ru, suggesting that Ir has very high
potential for manufacturability of STT-MRAM because they give wider process window than that for Ru.

We also fabricated p-MTJ stacks with the Ir spacer layer and microfabricated them into nano-pillars (18 - 60 nm in
diameter (¢)) to evaluate their STT-switching properties. The TMR ratio, RA-product, and Hex were observed to be
133%, 5.2 Qum?, and over 8 kOe, respectively. Figure 1 (b) and (c) show STT switching properties of the nano-pillar
whose size is 25 nm¢. Average switching current (l¢o) and thermal stability factor (A) were estimated to be 43 pA and 85
by fitting from theory.? The switching efficiency which is calculated from the I and the A achieved high value of about
2.3 These results indicate that the Ir has more suitable properties and no disadvantage compared with Ru for the spacer
layer in p-SAF structure for STT-MRAM.

This work was supported by the InPACT Program of the Council for Science, Technology, and Innovation.
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Fig.1 (a) Antiferromagnetic exchange coupling energy (Jex) for functions of spacer layer thickness (t) and magnetization (M-H) curve
for the p-SAF film with a 4.5 A-thick Ir spacer layer (inset). The STT switching properties of the nano-pillar with an Ir spacer layer
for (b) the parallel to antiparallel (P> AP) and (c) the antiparallel to parallel (AP->P) configuration.
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Theoretical analyses of magnetic tunneling junctions with semiconductor barriers CulnSe, and CuGaSe;
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BERSREEN— KT 4 AT RTA TOFELB) ~y ROREFERMRT VX LT 7 8AAEY (MRAM) &\ o7
RN FEERERIA LIZEHNT S AORB O 0120, fEREER ST TEZmWBEEEFL (MR &) 2z,
0.1~1 Qum? B DI WVEFEHEHT (RA) BRI R TH 5. #1065 ITITAE, LAY I-E K CulnggGag,Se, (CIGS) /3 7 &
WZHFO MTI OFERICARTh L, Z DR TEb MR B (IR T~100%, =XiE T~40%) &%\ RA (0.3~3 Qum?) 2 EEFIZE S
HZ L ERLT [1]. RRICET 2EFMTIEZ OFRE TIIATON TE ST, EV MR FLOERZIE U, BEEmiIci s
DI ENDNEHENRE L SN T

ZDL D BRRIEEZT, RFETERLILCIGS LRI U AN a1 54 Mk a2 AT % 8K CulnSe, (CIS) & CuGaSe,
(CGS) =Y LiFf, Zhba U TR DR N v RS (FelCISIFe 35 L UM Fe/CGSIFe) DA B UARTEZEFEIEIZD
WCE—FHHBEICE SO M 24T o 72 [2]. ABFJETIE MR AKX v v 7O RE & L PO X 5 B Z R0
WO RBEERT =< ThHD. T TNV FF¥ v v T2 RZHINCELEE D Z ER3FEER Cud 3dRRBIZR T 24 W
A+ Coulomb HHEAEM U 2B EBICANGEEZIT>7=. X 1(a) 1 Fe/CIS/Fe MTJ (U=5eV) D EATRHLIRREBICH T D
Majority-spin FEF BB RO kKFEETH 5. B < 5N 7= FelMgO/Fe Ot F & FRRICHiV B — 7 #i&23k,=(0,0) IR 6h,
IORTab—L 2 b N FRBEEBGNREL TND 2 ERbnD. FEOIES % FelCGSIFe BT HHfERT 5 =
ENTE Tz, B 1(b) X CIS, CGS, MgO ENENAENY TREICFHESOMTIDORA & MR ILODFEEREZ EL OO THS.
Fe/CIS(CGS)/Fe i% 100%p(# D MR k& 10um? L FORWRA 2495 Z L pvbinotz. 2D X 57 RA DEIZANY
TR ARG D FelMgO/Fe £V b+l b D TH S, FhoFx 1L, UEKRELTDH EREERY Y v 72 RELT
%) &L HIZ FelCIS(CGS)/Fe D MR R KEL D & bR T HZ LN T,

B, AWFFEO—EITEFRINIFE R HEE 7 10 7T & (IMPACT) O ZZITIThbN=bDTH 5.
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1. (a) Fe/CIS/Fe MTJ (U=5eV) D FEATIELAIRREIZIS 1T 5 Majority-spin & 183K D kM17E. (b) Fe/CIS/Fe, Fe/CGS/Fe,
Fe/MgO/Fe MTJ 123517 %5 RA & MR L. N U TR (tess, tes, tugo) 1173V TITH bITWEA O Fe [ OB TR - 72 %
DThHb.
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Magneto-transport properties of fully epitaxial Fe/GaO,/Fe magnetic tunnel junctions fabricated by
solid-phase epitaxy at low temperatures
N. Doko™™, N. Matsuo™"", N. Kurishna”, H. Saito”, and S. Yuasa
("AIST Spintronics Research Center, ~Chiba Institute of Technology)
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BT, PEARM B A fefabuiEfE & L R EERBA N oS (MTY) I8\, BIERINCE D bz
JUBIRZSF[A]RC 1Qum? BL T OIRHSHUE A [2)55 OBk AE - FENHE ShER Sh T b, Fxidv 1 Fx
¥ THERRE T Y 7 N(GaOy) & FEEERE & L 7o A HUKE L Fe/GaO,/Fe MTI A /EHE L, =EIR C 92%I25E 3 21
KIHEEE (MR )2 @i L7z [3], Hibsh Gao, FEEEE 1T, Ak D7 L7 7 A GaO &+ D7 =—
NTHZEITEVHELNDD, £ DERITK 500°C D EIRNSUNE TH D Z &b FEMHFEF~O I ITIAEE R
D D, AL TIE, 7 =— VSIS E RHRINCE (L S 72 5t MTI Z2/ERL L | f5 i 36 X O %
R 2GR~ T2
ERGE
JFEEHI Y TR B X o —iEIC L W ERL S Lz, MTI A& 1S Au(20 nm)
/ Co(10 nm) / Fe(5 nm) / GaO,(2 nm) / MgO(1 nm) / Fe(30 nm) / MgO(001) #:
WTohD, LE Fe BRI EIZEZEFIZTEDEET =—/L% 250°C TIT
ST, D=, LER Fe lIEATIC GaO, & # e B R P T DT =
—/L (250°C ~500°C) L7=3tkEt&ER L 7=,
ERER
Figure 1 (2458 O S & % 1-#R1E1 47 (RHEED) 4% /53, BIEf% D GaOy
B> RHEED #13/~u—IRTH Y (Fig. 1a) . [FEN T E/L 7 7 AIREE
HHZ L ER L, BT E/NT 7 A GaO, 8 LIZpkE L7z L Fe **’ﬁﬂ%
Tra— R R Z— %R L (Fig. 1b), 2T 5 2 L BARR S
ntoﬁaﬁﬁﬁ’k’ %#%%@NWED@i%WCT@T:%
I &0 B AR T A R U — 27k (fig.1c) & 72 o 7=, Wi - B B 2
X0, [FED GaO, JEILHAEm Th D Z & DR I LTz, I’Jﬂ?i%ﬁﬁu\t
MTJ @ MR IZER T 102%TH Y  GaO, B DE DT =— L2 &ie 7' n ' ’ ,
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Low resistance epitaxial magnetic tunnel junctions with an MgGa,Oj4 spinel based barrier
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EDOREFIEAMEN R, REFRRRENE/ N Y T RE DRSNS Z &5 D TMR D S 7 A EFRFEO SE
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EEREMEE L THTAH Y U LARALE R MgGa,0y (Eg~49eV) IZFHFB L, 2 —L v b b pghif
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AU TIE MgALOs Y THERLD L RIARIZ, BERE MgGax04 7 — 7 > b E @A ANy 2325 Z LIZ X VI
U7z, fbddh & MR D72 124K g & iR L 72tk AR A Mu?ﬂkﬁ!ﬁ%ﬁo 7oo EI 4 SRS L B 1E
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Fig. 1 \Z13/EH L 7= Fe/MgGa,O4/Fe #i1 OWriii STEM 14 % 7~ L C
B, XX v (00N EPHERCTX 5, £/ Fe @ & mmks
FHREE LTl CEHARRmE R EI I N TS Z L bbhnDd,
TMR FIEEER 121% (4K @ 196%) & EERYEVEDR G B, 2 giiiiii
FUEMeGa:0: 8 TE A L3t —L o b b JARRIC L 5% .
HLZEZ N5, F—Y 7R OEREE — /17 AEED lﬁ"
MxET = hOLE (Fig.2) 2EHH5 8510, MgGa0s/3Y Fig. 1. High resolution STEM image of an
T1E MgALO4 /N U 7 N ARIEFITHEBIAMES (K 1/50) . £728  Fe/MgGa:04/Fe MTJ.

Wl

MEENE LRI 554 7 AEE (RAD 13 MgGay04 (ZFUWNT & 10°
D/, ZTNHEDZ LT MgGaOu MENY T ESZFLZ L% otk
ALTHEY, HTMR B ZHA - MTI S 7 E LTRSS
ThD, AFRO—EIT, FHOFIEMRIEHLE T 1 7T 2 20T
(ImPACT) I2 & ¥ B S IR 238 L CERFES L CH T o7, 2o}
BN S o't
1) T. Scheike et al., Appl. Phys. Express 9, 053004 (2016). ol
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MTIJs with MgGa204 and MgALO4.
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Inverse Tunnel Magnetocapacitance Effect in Fe/AlO,/Fe;0,4
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LA, BREEPE b o BEER (MTI) 12815 b FVBIR ST v /R Z A (TMC) ZhRIE, RfAe &
AF I AHET HH AR E B2 b b —F, BEERRE Y —, BEAEKESA v E—F R
FAL~DOIHLHFREIN TS Z ENDENATREREEHZEDTWVAH[1-4], BEF O TMC ZhETIEL,
SRBMEE ORALN AT THD L X v XU H U R GRREL, AT TH D & & Cop VNS 5, K%
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RERALLEZOTHRETB[5],

EBGE

Sy TR A % Uk (R BIEEZEE: 10° Pa)[6]IC L W MgO(110) 2mﬁlﬁm;""'f
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VIGT 4= ArAF I ) T EERG T, BATRIE 10x10 pm® § | |
L Uiz, TMC SRR RS P 4 FiEe B0, e 8 240}:!1’ \Z \1 3]
JA B IE 20-1MHz, ZRFHEIE BT 35 MV, KEUINBSG I 14 © ]
kOe & L7, 2367'-1600‘ 500 0 500 1000

Magnetic field (Oe)
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&R LT, £72. Z OB Zhang BT L HADENY TR Q 10 T ]
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Bbhole, IHIT, KEFEMHRIZ iék6ﬂ&9@%@2t/\ﬁ4 O —— 1
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Buffer layer dependent magnetoresistance effect in CozFeo.4MngsSi/MgO/CosoFeso magnetic tunnel junctions
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RMERAFHBEEA TV OF N BEMHE LT, AVVEAEAMOBR T VX LT 7 8AAE]Y
(STT-MRAM) MEHZIBRTWD, FFICXFHE Y N7 T ADFLEBAEEZEBRT L7720, @0 b U RURR
BH (TMR) b2 i 2 7 BERAL b o 2 8E (MTIs) BNLEE 7250, Co DTNV A ZA T —E4&I1XA
USRS L THHN—T AZ M ELE S TEY, @ TMR ESICH T THERMEICh 5, —TF. £
D fl e S 1T B A2 TR TH 0 RERER R EN NS W o n | BEBULKRA AT —EEEHDT
DITIIMGERE D ER & FmE R T O 5B R R Th b, Fox DT N—7"TIiL, CoFeosMnoeSi (CFMS)
TNHRA AT —REICER L, BEMBKETEO FHEMEI P, Ru XX CnREANCHRTE -2, MEER
{EIEAERL D 72 O IR, L 72 CFMS B AW T, THIM B E OILB O T AV R MME T4 25 2
ENBEIND, £ 2 CABIETIEX. CFMS/MgO/CosoFesy (CoFe) MTIs (245115 TMR bt O EVLERE FE & Y
CFMS EEARFIEZ B0 D THJE 2 W =REHC W TR T2 2 L2 HM L Lz,

EERAE

MEEZE LT~ 7 % b A8y ZAEE Z VT, MgO(100) B b HapR 2 “THiE” /CFMS (tcrms)/MgO
(2 nm)/CoFe (5 nm)/Ir2Mnzg (10 nm) /{5 )& | terms= 30 nm, 10 nm, 5 nm, 3nm, 0.8 nm & 4 % ff e ilkl 2 /ERL L 7=,
“FHIE” 1ZPd, RuXiZCr& L, D955 Pd O Ru BT FHMEHEDTZDIZ T CriE@EfEE L. T
FICRRE L=, REHE 7+ N V5T 40— TAIAF IV T L) 7 A TETEFITEMI T L
Too FTINTALICEZEFENLEYF C 2002 725 500€ % T 50€ %A TR 21T 572, TMR IR OHIEIX
FERTAMT T —"—Z2HNTTo7, 7ok, BIEROHIIBSG XIS TmN AN TH 5D,

ERiER

temes = 30 nm, BVLEE FE 400€ OSF TR, THUBMEHIK & 32 TOREFTK 120% D TMR 235 5
77, temrs =30 Nm 238 1F D TMR LD Lk 5 BAVILERIE 12 DWW T, Ru O Cr FHIUE 1% 500€ TH -
7=DIZXF L, Pd FHiE Tl 450€ T TMR L3 LEE®H 72, —F . tomes =5 nm (235 1F 5 BVLERIR LK 71k
1T, Ru KON Cr FHIEZ W73 BHT tomrs = 30 nm DIGE R TH - 72725, Pd T HUE D551 I3EVLELE
FEITH ST TMR L 1%L T & 72 572, & 51T, tomrs = 0.8 nm OFENTI, Cr FHUE 2 W 550k O 2 250€
TOEPE TR K 22%D TMR ez R4 —75 T, Pd LT Ru THIE 2 AW 7250BHE 5% AT D TMR ez~ L
Too ULbED X 572, TMR EEOBULET DN tepms IKRTFPEIX T HIMBHZ K 0 B2 2 AL OEA WL 5
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