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Relaxation responses of magnetic nanoparticles immobilized by
hydrocolloid polymer (agar)

S. B. Trisnanto', G. Shi', R. Takeda'!, T. Yamada', S. Ota?, and Y. Takemura'
''Yokohama National University, Yokohama 240-8501, Japan
2 Shizuoka University, Shizuoka 422-8529, Japan

Upon current research-trend in magnetic theranostics (e.g., magnetic hyperthermia, magnetic particle imaging), the
interparticle dipolar-magnetism in an interacting magnetic-nanoparticle system principally highlights a significant
difference of magnetic properties observed. For a fluidic environment, to confirm how this magnetic interaction changes,
is practically easy through controlling the particle concentration, in which such a dense ferrofluid may be associable
with a close mean-interparticle-distance of the suspended particles. However, for a solid-phase medium in which
magnetic nanoparticles are supposed to be physically immobilized, it is more difficult as particle packing-density may
vary upon sample volume. To this concern, such adjusting the shell-thickness of silica-coated magnetic nanoparticles?
may become an option to study the corresponding magnetic properties from a simple powder-sample, but we preferably
offered the use of hydrocolloid polymer (i.e., agar) to solidify the initial liquid-sample while attempting to maintain its
volume. Agar is a polysaccharide complex which can form a thermo-reversible gel due to the molecular interaction of
3D helix structural framework holding the water molecules within the respective interstices. Therefore, this work was
aimed to identify the relaxation behavior of the agar-solidified ferrofluids owing to the density of agar.

Experimentally, we solidified the sodium olefin sulfonate-coated magnetite-nanoparticle suspensions (i.e., M300
ferrofluid purchased from Sigma-Hi Chemical) having the particle concentration adjusted to 27 mg-Fe ml’!, by varying
the mass of agar powder for 0.1 ml sample-volume. The measurements of complex magnetic susceptibility, then, were
performed via a phase-sensitive detection (i.e., lock-in amplifier) for 100 Hz to 100 kHz at 50 Oe field-amplitude. As
illustrated in Fig. 1(a), adding agar to the ferrofluid sample may restrain the random Brownian motions of the
suspended particles, after gelation process finishes. Fig. 1(b) further confirms that a sufficiently high agar concentration
leads to a perfect particle immobilization, in which the Brownian relaxation responses diminish. We indicated a spectral
shift of relaxation response suggesting the existence of the oscillatory-field induced particle rotation for an increasing
agar concentration. We believe that the underlying mechanism was not the morphological change of hydrodynamic
volume, but it might be related to the viscosity change of the micro-space on which the particles occupied.

Acknowledgments: This study was partially supported by KAKENHI No. 15H05764 and 17H03275.
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1) Q. A. Pankhurst: J. Phys. D: Appl. Phys., 36, pp. R198 (2003).
2) T.Yoshida, etal.: J. Magn. Mag. Mater., 427, 162, (2017).
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Distribution of Magnetic Nanoparticles Anisotropy Energy Estimated from
AC Susceptibility and Magnetic Relaxation

Ahmed L. Elrefail?, Teruyoshi Sasayama?, Takashi Yoshida!, and Keiji Enpuku?
!Department of Electrical and Electronic Engineering, Kyushu University, Fukuoka 819-0395, Japan
2Department of Electrical Power and Machines, Cairo University, Giza 12613, Egypt

Magnetic nanoparticles (MNPs) have been extensively studied for applications in biomedicine such as magnetic
immunoassay, magnetic particle imaging and hyperthermia. For these applications, one of the key parameters of the
MNPs is its anisotropy energy E. This is due to the strong dependence of the Néel relaxation time of MNPs on the value
of E. Hence, the anisotropy energy E of MNPs should be appropriately selected in order to be suitable for the intended
application. Therefore, estimation of the E distribution in MNP samples is significantly important to develop MNPs that
are suited for specific applications. Distribution of E can be estimated by analyzing experimental measurement results
of the magnetic properties for MNP samples, i.e., the AC susceptibility (ACS) and the magnetic relaxation (MRX) of
immobilized MNP sample [1].

In this work, the distribution of anisotropy energy E was estimated from the frequency dependence of the ACS for
immobilized MNP sample that was measured from 10 Hz to 1 MHz. The distribution of anisotropy energy E was
estimated by analyzing experimental result using a method published previously [2]. Next, the AC susceptibility
measurement in much lower frequency range was substituted by the MRX measurement. For relaxation measurement,
immobilized MNP sample was first magnetized with an excitation field of 40 mT. After the excitation field was turned
off, magnetic relaxation of MNP sample was measured from 2 to 10 s. This time range corresponds to the frequency
range from 10 to 0.5 Hz in the AC susceptibility measurement. The relaxation curve was analyzed using a newly
developed analytical method to estimate the E distribution of the MNPs in the range of large E values. The distribution
of E estimated from the ACS and MRX was expressed by E vs. n(E)E? curve, where n(E) represents the number of
MNPs with E value.

Figure 1 represents the estimated E vs. n(E)E? curve obtained in this manner for commercial MNP sample of
(SHP25, Ocean Nanotech). The estimated E vs. n(E)E? curve from ACS is shown by circle markers, which we were
able to estimate in the region of 3.7x10%° J < E < 6.7x10"% J. The obtained E vs. n(E)E? curve from MRX is shown by
triangle markers, which we can estimate the distribution of E in the region 9.5x10%° J < E < 1.3x10"%° J. The proposed
method can be useful to estimate core size distribution of MNP samples.

References
1) F Ludwigetal., J. Magn. Magn. Mater., 360, pp. 169-173, 2014
2) Enpuku etal., J. Appl. Phys. 119 184902 (2016).
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Fig. 1: Estimated E vs. n(E)E? curve. Circle markers were obtained from the ACS measurement, while triangle markers were obtained
from the MRX measurement.
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Evaluation of harmonic intensity of magnetic nanoparticles for magnetic particle imaging affected by
particle size and structure
Yu Ichikawa?, Satoshi Ota?, Ryoji Takeda!, Tsutomu Yamada?, Ichiro Kato®, Satoshi Nohara?,
Takashi Yoshida?, Keiji Enpuku?, Yasushi Takemura®
(*Yokohama National Univ., 2Shizuoka Univ., *Meito Sangyo Co. Ltd., *Kyushu Univ.)
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1) B.Gleich, J.Weizenecker: Nature, 435, 1214 (2005).

2) T. Yoshida, N. B. Othman, K. Enpuku: J. Appl. Phys., 114, 173908
(2013).

3) N. Nitta, K. Tsuchiya, A. Sonoda, S. Ota, N. Ushio, M. Takahashi,
K.Murata, S.Nohara: Jpn. J. Radiol., 30, 832 (2012).

4) KR8, Pr|s =, 1%, MFZe]: 55 39 Al A AAUFR
FATRRIE 2, 08pE-5, 44 /=, 2015 4 9 H.

5) S. Ota, R. Takeda, T. Yamada, I. Kato, S. Nohara, Y. Takemura: Int. J. Fig. 1 TEM image of magnetic
Magn. Part. Imag., 3, 1703003 (2017). nanoparticles (CMEADMO033-02).
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Magnetic particle imaging of long circulating blood pool magnetic nanoparticles.
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1) B.Gleich, J.Weizenecker: Nature, 435, 1214 (2005).

2) S.Ota, R. Takeda, T. Yamada, I. Kato, S. Nohara, Y. Takemura, Int. J. Magn. Part. Imag., 3(1), 1703003 (2017).
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Effects of magnetic fields on anticancer drug potency and
drug uptake to multidrug-resistant cancer cells
Y. Endo, D. Matsui, S. Yamada, M. Kakikawa.
(Kanazawa University)
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Preparation and heat evaluation of gold-plated LSMC perovskite sphere samples for magnetic hyperthermia
M. Kobayashi, K. Fujita, Y. Akai, T. Nakagawa, S. Seino, T. A. Yamamoto
(Osaka University Graduate School of Engineering)
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Evaluation of liquid-dispersion and AC magnetization property of magnetic PIC aggregate
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1) K. Nakai, M. Nishiuchi, M. Inoue, K. Ishihara, Y. Sanada, K. Sakurai, and S. Yusa: Langmuir 2013, 29 9651-9661.
2) S. Ota, T. Yamada, Y. Takemura: J. Appl. Phys., 117, 17D713 (2015).
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Alternative magnetic fields might affect germination of wheat
T. Nose, S. Oue, T. Hatta, *A. Hayashi, **Y. Hirata
(Okayama University of Science., * Forestec Co. Ltd., **Hokkai-Gakuen Univ.)
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2)  A.Hayashi etal., The 39" Annual Conference on MAGNETICS in Japan | http://www.magneti cs.j p/kouenkai/2015/
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2282 50 mm DfgENA =P — I T [
hod S R S AR5 8 AR 2 E D AR S & WG R A
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(RBRRFERF B THREFER)

Fabrication and magnetic property estimation of
the 50-mm gap magnetic circuit type magnetic field generator for magnetic hyperthermia
R.Hasegawa, N.Sato, T.Nakagawa, S.Seino, T.A.Yamamoto
(Osaka University Graduate School of Engineering)

1. B;l;q'ndhi

TH, MADRBIRIED— D> Th DR NA =P — I TEENER SN TS, BRANA = —37
FAEITE O 2 BRZ DS A BERICHREA L, RS0 B RIS 2 N 2 2 & TRABEZINET 5. FEYEL
ZRRA L CORABEZ T 2RISR T 2 Z E N AEETH Y, IEFTRAL~D RN D 72 MR TR 7 1R A
Thd. HEERE L TEBRROFSOMME AL 7K, BYERIKR ERBEENTEBY, b D% 35 EE
DGR KT 5. 22T, BEERNEERANDO EOMNEIZH > THREREEE TEAIEL72D
2, KNDIRWGETE— (£5 %) M OmmRE DS 2R AETE LIEEDROLNLTWVD., ZRET
CHexlx, 7= T4 a7 CTHRAIEIE 2R U 2B A B O f M 2 B SRATIC L R L CE 2 .
ABIF SR CITREHG RS 50 mm, BB EFEAY 90 mm X 90 mm D& & (ERL U, SEERIC i 2 BRE) & & R
AT 9 T & CHERIEIEE ARG T AR AL E D A 3 & R T
2. K8

Ea7Zzmhrnab i sgidd (k) [ZaA vz, JiZ 50 mm D 22 & £ O i B R iG55 56
AEHEEAER L7 (Fig. 1. MKRRIEIZIZZ =F 4 8 (TDK,PC40) % o, JbksER% 8.2A-rms & L,

ZERR T AR 30 Oe-rms DRSS HAESHE, E v 77 vy 7 a4 (WEfE: 1 ai, #iz: 1.5mm) (2 X > ThS
SRS DZEM A 2 E LT (Fig. 2). 72, EMGMNTY 7 & (ANSYS Maxwell 3D 12) % MW TFEAL TW

% Wb 50 B 0D 22 [ 53 AT A REA L 72
3ERMRLEEE

E LB ST, 7 = 7 A P OMKHERICERNT DR B 30 M OBEN T 14 FE L o7z, £z,
7 =74 bOFRRZERE (BAR) OB EIL A VOBEFEHE TH LT OMGRENRE LS b Ly,
FEH & AT TRESG AT O A —E L7 (Fig.2). = LT, EH LR EITRHBEED 5 %UNDY
—MEREOZ Lo T

Ferrite Coil

270

...........

Evaluation area

20mm 97 103 (%)

270 ’ Fig. 2 Distribution of normalized magnetic field strength.

Fig. 1 Magnetic field generator. (Left: Experimental value, Right: Analytical value)

L Z D& N

1) M.Takahashi, T.Nakagawa, S.Seino, T.A.Yamamoto, “Design of magnetic circuit for radiofrequency hyperthermia”, J. Magn.
Soc. Jpn. 38 (2014) 102-106.
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A S — T YA XA VDR - B OB

FAMURY WHEESF Y KL 2 MmsRES, IHmEsh e 3 Prkges=]t
(B ENZ RS L FRIARSE 2 &R 9)
The effect of magnetic and electric fields produced by a human body size applicator for hyperthermia
T. Aoto!, T. Yamada?, S. Ota?, Y. lkehata®, S. Yamada?®, Y. Takemura®
(Yokohama National University?, Shizuoka University?, Kanazawa University?®)

T LHIT

R G U To RGBT IR SR D & 2R itihse i % )
N+ 22 & TEERFET 5, RN A =T —I 7B
ENTW5B, HININARRTES DN HET HRMmELIC LY, 4
TRARR~ D =1L ¥ — RN 2 5 7230 IR DB D B \ &
NOERENREIND, 72— T, TMS(Transcranial ‘ -
magnetic stimulation, % 58 35 4 & BV <>, TTF(Tumor
treating field, JEBIAEEL)D L W o7, REL NIRRT

Fig. 1. Human body size applicator.

W5, = A |LP : >
= 150 | 16 &

g o

RBIjiE 8 100 | 14 &
e \ o a >

ABFFETIE Fig. LIDRT LD B ART A XD M(H o S
B 250 mm)CIEMICH G LRtk /KT 2 dkEmRs S 507 12 &
BRAN A=Y= ITEMELTOE Y 2N, £ [ " 3
HREE0.06 mm D YU v V250 AR 24, PEOTK & 1 10 100 1000 3,
Z Y KO ITIBIRR IR A AT R E e o TR, &5 Frequency [kHz] 8

WCHHEIBA O 7 v B R REERE Tl Sz r— A THE

b TWb7=0, K TA00Ams D RKERZBAETHZ &

NTE D, £7-, 8L 142 kHz TEES N TV 9,

MR BT 8 KAIm ORGSR AZFIINT 22 Lick vy,
B MEE AT O—ERIL, B 15H05764, 17H03275

Wi 2 W % D17 F 4 AT BT DR B A % f;wﬁé; ’ #

ZEMTED, 2Ok X OB &M LIz, -

Fig. 2. SLP and ILP of Resovist®
(dotted vertical line indicates142 kHz).

BE R
4
% 1) M. Sekino, and S. Ueno: "Comparison of current
T RG2S 8 KA/IM D AZTRBALBEIE OfE R Iz S x| distributions in electroconvulsive therapy and transcranial
i o . magnetic stimulation.”, J. Appl. Phys., 91(10), 8730-8732,
Resovist® 7 3¢ 2\ & |2 B L T SLP(Specific loss power) & 2002.

Foei i . N 2) Y. Palti: "Management of recurrent or progressive
ILP(Intrinsic loss power)®> 2 SOfERTR L7 b O 45 Fig. 2 glioblastoma multiforme with low-intensity,
ThbH, 2Nk, AMEY A Xaf VvoREEEEETH medium-frequency alternating electric fields.", Eur. Oncol.
. . Dis., 88-89, 2007.
% 142 KHZ IZHWT37KWIKG D SLP Z/R 2 E DD | 3y s “Bibk) /K7 OREGHRER b /5o br— 7

T ORBBCLLH LI BRI OWE LRSI TE S 9, A S AV A0 AR
e . e s c=p iTeil 2>, 08aD-1, AU, 2016 4.
B TIE, AN O Y T RFRGICNA ., TIDBFE g imsd o “SREED -0 77 LS b —%

B D RMER T WS o Tc, T ORkY; - w5 AR IANVLRAT LAOBRE | BRFRV T KT 4 v T A
. . . e, MAG-15-013, 4, 2015 4.

z AN sl - SEEN S e .

(CRIFT B BRI ERRME TR NS A Aad 5)  T.Aoto, etal.: “Specific loss power of magnetic

IV L DR T 7 R OFFENNE 2R U 7= iR e & nanoparticles for hyperthermia excited by pancake-type
S & = applicator” | TEAUFEFHICEE A 2017 4F 8 F 5. (FIAl
DFIUHENE A L 720 Tl T 5, PP R 5 (FR)
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Wby 7 VA ERW T 7T U NET

BRSO, EROEfR, PR su—
ON/EN)
Fan-out element based on nano-magnet shift register
Hikaru Nomura, Naomichi Yoshioka, Ryoichi Nakatani
(Osaka Univ.)

XL &I

T, WVER VT 4 — h~ 4% (Magnetic quantum cellular automata : MQCA)! (ZfX3% &3 5 0/ Mg EIR %
FIF L= R MEHEE ), Wl ot 2 @m0t EORENHIER ZEH TS, 2 TH N1 )
U TS W] BE 7o i i B B 35 - (magnetic logic gate : MLG) 213 0E 3 D =38k 2 Foi & U 72 3@ B — b 20
TOHHHELE LTSN TS, FxlZZnE TIZ, MLG %3 & L7- NAND/NOR #@#L 7 — b=, 4
P T L UAZIRRELTCE . L, ElEBATSLE, BROWHET — Nl sbERignid
RBIRV. ZOTOIZE, 77T U MU EOFRFNRARERD. £ I TCARMIETIE, BE 7 ML
VARIIHESLS T 7 T U MR2 DB T ERET S,

External magnetic field

%ﬁjﬁ% - Clock4 y '7.‘.‘ Clock 1
B LB 7 b LA B S TR 7 7 Q) P
_._.-"’-.,_.._)x
T NETOEAKERT. BT 7T U RRETE o C:),y'|mﬁ
A N MLG NOT type shift register — Clock 2 Clock 3
L T, Au(3 nm)/Ni-20 at.%Fe(20 nm) o 54 % % Ff <:>
MR ZEFRY V7T 7 40—, A F L E—b AR T - Output 1
v BV, T A TEE VT S HER B /ER .\‘MLGfa” out

Ui, %7, ABROBIERIAEATS 720, hdlcig QA QO

71 5E% &5 7 (magnetic force microscopy: MFM)IZ & % fédt: O O 0 | O
Yobtal—ya rEHVEROEZ AL EITo T, ' : ‘ ‘ : |
fﬁjb‘f, #4{§f£%ﬁ|§@%% ]\ U ﬁw <E LC7 7 7 ]7 MLG normal type shift register MLG normal type shift register
MRIFZEIT L. KRS, @S ET— FEKIE R1 B 7 ML R 2R S BT 7
PRBEEIZ LV R T DA F U IREE %ﬁ;bt.mmﬁ: VT R ETOERI.

AN = e — I XD I FTREIC L7 BNiNA T

7 WA o Z AR ﬁﬁﬁ@nA%m%%wt MFM D45z > ke —F21% LabVIEW FPGA % fv TR
FLIZMBEOa Y hue—F%, MFM#EEHTIETHIRO B > F L o3— (SI-DL40) &A1 A E— ARy X Y
7% % VT Co-17 at.%Pt (80 nm) Z B L 7= & o & v 7=,

ERER
Wtk 7 7 > 7 7 RREFITKL, Input ~1 % A1t%, 11 H D Clock 1 ~Clock 4 (27797 [\ & (23 B 72 SR EE D

NG A FIN L7 /55, Input ~FE XA E 72 1EH2Y, Output 1 & Output 2 ~ZF L4157 L7=. Output 1
IENOT o7 N LU A X THH7= Output 1 = NOT(Input) = 0 DIFRAH /I I 7=, Output 2 [ 3EFE DO 7
LY RZTHDT-, Output 2= Input =1 DIFRMAH SN, 2O b, KEFIE, BEr7 Ly
AL EHAETZIRETT7 7o T U M2 0OFETE LTEMET D22 EWRENTE. AKETEHNDZ LT, &
VR, B OER S — DA L7 MQCA BN EIES NS D EHF LTV D

L Z &N

1) R.P.Cowburnand M. E. Welland, Science, 287, 1466 (2000).
2) H. Nomura and R. Nakatani, Applied Physics Express, 013004 (2011).
3) B 6, BRHEBIK, hasE—, [E%E0HR, vol. 113, no. 407, MR2013-39, pp. 35-40, 2014 4 1 H.
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U Co XA L7z Pt/Co/Th-Co ZEHI#R D ERFHEREEELB)

B)IRE—RR, B>, Sz >
(FUPIREE, B H THER)

Current-induced domain wall motion in Pt/Co/Tb-Co multilayered wires with inserted thin Co layer
Yuichiro Kurokawa, *Satoshi Sumi, and *Hiroyuki Awano
(Kyushu Univ., *Toyota Technological Inst.)

i

BRI L ABEBEDOBEENL, L—ART v 7 AF Y ZIIUD & LEFHHRBR AT RmELE - ~OIs AN
SN DAY hr=7 A0 LWMIES T Ch 5, Fox O 7V —7 Tl DEBEMEMREZ AW T Z 0E
VB RERREN A BlE L C & 1o, R OMFE T, MR- BB R E CAE Y A— R ESHE) E Yy r o
Xﬂ%%%ﬂ“ﬁﬁﬁ{’ﬁﬁﬁ(DMl)#%{%L FANR RV L LT E B EMERENCTF T 52 & bho TE

7o T OWFZETIX. PUTb-Co BEMEMIAE 2 /ERL L. PUTb-Co RAEIZHE W Co BAIHAL TV Z & T, Pt D
TFELD ww ﬁiz%{m“é ZLEEMIGL, EREiToT,
EERAE

B ORIEE A Ry & Y v JAEE & VL TIT > 72, Th-Co A4 % flfE L. 3 nm-Pt J& £ 5 B HERE L 7=,
F-ZORE, t=0-0.3nm £ TORE t ZF5> Co % Pt & Tb-Co DRIZFA L7z, Th-Co & & Co JBix&7t
U CHEE DS 6 nm 1272 5 & D IZE&EH L7z, MEBIOMIBR~DOM LIXEF -2V V777 4 —L V7 NFTEE
HAWTITo 72, L L7ZHIFROIEIX 1.5um TH D, Z OFFRC Lus DL AME &5 L 2B &2 FNT %
Z L CEIRHEMEESRE A B Lo, BN EREREII Y — S REMEI A VT LT,

KRR

Pt/Co(t = 0 - 0.3nm)/Th-Co(6 - t nm) D FEWRFF L  — 10
WEEBBEEE L 25, £ TORCRE 8

DEIST MBS D Z LN ghoTe, Zhix ~ 8 ¥
PURBO M2 12 ko TREERBBI SR TG 2 b
ZEERLTWD, RIT, EIINERE I3 %) 61 =03 zr—L02
SRR IE DA A 1 IR, B K | Z o4
A Co BOBIE A ZLSE T L, Colgn  F =01
BIEASKE < A2 DIC LItso TIRVERBEET g 2 - y L
L0 REEEREICBIET 5 2 Lo T, % . | anBfes =0
PUrLD V7 OZFRY LT SFAEIF A 0.5 1 15 2 25

Yo rav gy B A G TIREENS[L], Co Current density, J (1011 A/m?)
JEZEATHZETHRETOGNENTDHZ L Fig. 1 Velocity (v) of domain wall in Pt/Co(t
WXV, Co@aALTEGAEDIED N X0 peRE nm)/Tb-Co(6 - t nm) wires as a function of current
DRI LTS Role 2 ENEX LN, density (J).

B

ARBFFENIRLSL R P RIS OB R BRI R SR 2 (X 7 1 A VISR L 28 7 ) — BT H#
-« BOBHE AT O HARTE 2 (2014-2019) 35 K OEHFEE No.26630137 (2014-2016) D3 HEA % 1T TIT o712 b
DTY,

BE R

[1] W. Zhang, W. Han, X. Jiang, S-H. Yang, and S. S. P. Parkin, Nat. Phys. 27, 496 (2015).
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Co,MnAl_Si, VI I 1T 5 @ B w2 R & Z OEH

BEFERROR | EA—% 2. SRaRE] L EARIREIE ?
(" WokABess, 2 AERPE L)
Large anomalous Nernst effect in CooMnAl,,Six Heusler thin film and its origin
Y. Sakuraba', K. Hyodoz, S. Mitani' and A. Sakuma®
('NIMS, *Tohoku Univ.)

de =
A=

BV A N RUTIRBENE R I BRI BRIC . IRE AR & AL OSME S ICER R AE L2854 ThH
Bo —HRMREVENRTH LB —_y 7R TIRRE AR & ERASREET BN S 1 RTBRTH D D
Zxt L, B v A M RIIEAE - BT - BRA 3 RTMICAE L L7280, BVEXTIOEERAES TH Y K
m AR 2 R L7 BB IS H A IRF & 5[1,2], RAEICKAUE, pW-mW OFENINEEE S HFEH
BRETEELMICIT L, HIETH 10-20 pV/K UL EOBGEREN KON D03 [1]. ZHETIZERU EOF =
U —IRE 2 FE OB IC B W TEI S TV D B R L A RARIC K HEVERRIL, FePt X° MnGa TH#i5
SNTVDIUVK BERTH V3], 7 &b MU ERE RNV A NIRERTHE A BRI 505
DD, REREFEHIN A NIRERTHEHER OREHI E 2/ SN TIW R WS, BROBIEILE D
KADD[4], BEAR =V O, B— v 7R S EXIRGTEp, BVERT YV VIR A H oy (9°doy/de) K
EVMBIRFEHETHL LEZOND, AR TIE. ZNODEELGDOEROMER L LT Co,MnAlL
Si(CMAS)ARA AT —A4IZHER Lz, CooMnALIZE WVHNRMER G R— ViR aemrdZ R THIEND &
& BT, doyldeld 7 = v IERLEE TRIRTH S, 16> T, ALSI OfpkIL & 2, 7 = /v I HEAL Z il {3
HZ LT, KRERBEHIL A NIENAET HAREMERH 5,

EKERAE

T E X F T ¥ /L CMAS #5(50nm)iE Co,MnSi & Co,MnAl # —747w F &R Lz Ay Z B2k - T
ALSI #ESHE x 22 b S 7, BT ER TV, % IZ 500-700°C DRVILVER 21T > 7=, B RV A MR
ik, mANGFRICEE 2D L. mEAES 2T 2EE CHIE L7211 3 AX),

EERER
PFEL L 72 CMAS D AR — L B2 E U725 CooMnAl(x=0) T K D Bk 78 — /AR EE AN BLH S
oo x B L L HICHRD Lz, — . B¥ R A MhEIE CooMnAl TIPS xRk E L hlakx<
720, x=037 OFRELTHRK 4 VK BBHISN7-(K 1), £72Z0REH%E 600°CLL EDO @R CELEE L, L2,

HAEZ D5 Z & THANL 6 uwWK £ T ELE, ZHITSRERMBEMMEE L TR bRERETH
b O x IKTFHEEMEAT LTRSS, x=037 128

. 0.37
FBREAREILL A MR, Py %) - 048
RXBER—NVIHRIZL S THELDIFE Loy D - - o
FHD 2 SOBHRIICHN TN = LR - S o1
fo BOREHEIC L Vo, HEMLIMR, £ 2 { CoMnAl (x=0)
BAER E EEMICHRIIEN—EN R 6T, > Co,MnSi (x = 1)
B% Y 5,

O
1) Y. Sakuraba, Scripta Materialia 111, 29-32 =
(2016). i

2) Y. Sakuraba et al., APEX 6, 033003 (2013) 2 -1 H(()T) 1 2

3) K. Hasegawa et al APL 106, 252405 (2015)
4) K. Behnia J. Phys. Cond. Matt 21, 113101 (2009)

1 fER L7 CMAS D 55 x v X FEE
GRLEE AJBC & FUBHIE CHUR L) ORGSR AFE
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R/ FEREME & B A E ~D RUBAIZL D

A B -y 7 EES DO
THFLR L PR L R L SR sE 12
(LJLINKRS:, 2JST PRESTO)

Spin Seebeck voltage enhancement by inserting Ru layer into interface of oxidized magnetic
material/nonmagnetic metal
F.Nakata®,R.Nakamurat,S.Inami!,H.Yuasa'?

(1.Kyushu Univ. 2.JST PRESTO)

20aB - 4

[FLHIC
AEREOFHTHILAL L=y VT REIZHONWT, TOREBNEZREMTDIEERRTA—ZD—DT
HHAER—NVAICERL, ARy 7RBEBORENH EZXK -7, TaPWIEPt LY AV LK
—IAPRKRENCHEDLLT V23 YIG LMARETLE EORENIRELS 20VY, ZORKE YIG & DR
HOBILICE DA I X T av X 2 ADHLEB T, TNEUGET D720, Ta®W L0 bRk
LIZ< W EHE SN TN D TasoWso B @ 2 JEWMEBICERH L7 & 25 9, Bfkifilic k2 A 1% 7=
VEI R ZADHEBIIR SN o2, TasgWsg DA B AR— VAR W L0 b RENWZ ENgho72 9, K
AT, REICHBEIEDO S WS B EAFAL, AV IXF o ravy 20 2%%ETHH8E LT,

REBRAE

fif%f%ﬁik LTCES 1 mm D807 BEFEIR YIG & Fuy,
A FEIEREEE 2 2 3 &2 LB A ER L7z, Fig.l ﬁwT
Lf:%i‘wfﬁ%%%%)ﬂb\mitﬂ ZIREE ALz EEZREL,
AV U=y 7R E R LT,
KRR
FERENE R IR DRIEIE 5 nm IZB1F 2 A BB —~y Z{RHD
R&E S % Fig2 1TR7, FEIATHFEA L TORWEEL, Fm
DAL B3 < < FLmiZ Pt 2 0.5 nm A L72308, [F U<
SEIZ RuZ 0.5 nm i A L72alkt &2 T Zhufkpk LTz, 2 2T,
Pt, Rulx Ta, W, TasoWso & A B R— L ADHE SN TH 5
ZEICHEBEPMLETH D, FmIC Pt A LCRETIE, X
VIR T ar gy B ANEE Ta, TasoWse TlIfiEd
WA=y ZJEREPEIM L7200 KERDFEITED
o lz, WIT, Ru A L723EHClL, & ToBTcR
BBy JREITHE R L LT BRI A E R — L D
K& TasoWso DFEFT, AR L5 UEt o Tl b KE 72
A=y VR AR LTs, S HIT, YIGPt IZHRT
YIG/RUPt DEENNRKENZENH RUDAE L IF T T
AVHE TR UANRPLEDENZ ER o T,
HiEE
ZOWFFRIX, IST ZE= 2315 (No. JPMIPR15RS) .
WA O X8R A = AT E Lz,
BE R
1) L.Liuetal.: Phys. Rev. Lett. 106, 036601 (2011) etc,
3) Qiang Hao et al.:Phys. Rev. Appl. 3, 034009 (2015). etc,  4)
5) Yoda et al.:J.Japan Inst.Met.Mater. 361121 (1972)
6) Nakata et al.: The 64™ JSAP spring meeting 14p-P10-78 (2017)
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Spectroscopic generalized magneto-optical ellipsometry of Py/Ag/Bi trilayers
S. Tomita', P. Riego? 3, K. Murakami', T. Kodama', N. Hosoito!, H. Yanagi', and A. Berger?
('GSMS-NAIST, Japan, >CIC nanoGUNE, Spain, 3 Universidad del Pais Vasco, Spain)

Spin-orbit coupling (SOC) is a key phenomenon in modern magnetism and spintronics. Much attention has been paid recently to
the Rashba-type SOC at interfaces. Large values of the Rashba coefficient have been found at interfaces between heavy elements
with strong SOC, for example, bismuth (Bi), and non-magnetic metals, for example, silver (Ag). In transport measurements, the
Ag/Bi interface with a ferromagnetic permalloy (Py) layer gives rise to a very large spin-charge conversion !, due to the Rashba-type
SOC at the interface. From the microscopic point of view, SOC is relevant to magneto-optical (MO) properties as well as to electron
transport. However, MO responses in the ferromagnetic Py in proximity to a Ag/Bi Rashba interface have not yet been explored. In
this contribution, we study Py/Ag/Bi trilayers using spectroscopic generalized MO ellipsometry (S-GME) 2.

Py, Bi, and Ag layers were deposited onto silicon substrates at room temperature using magnetron sputtering with an argon gas
pressure of 4.2 x 1073 Torr. The Py, Bi, and Ag deposition rates were 0.10, 0.15, and 0.25 nm/s, respectively. In the trilayer sample
labeled PSB1, a Bi layer having 10 nm in thickness was deposited on the Si substrate first, after which a Ag layer of 5 nm and a Py
layer of 30 nm thickness were sequentially deposited. The other trilayer sample, which is labeled PSB2, has an inverted structure,
meaning that a 5 nm thick Ag layer was sputtered onto the initially deposited Py layer, which was furthermore covered by a Bi layer
of 10 nm thickness. The control sample has only a Py layer with 30 nm thickness. All samples were coated by a 2 nm thick tantalum
(Ta) layer to avoid oxidization of the functional layers.

Our three samples have been characterized in detail using this S-GME setup at various wavelength A in visible and near-infrared
regions. A multiparameter least-squares fitting procedure 2 of the acquired data enables us to extract the reflection matrix. From the
reflection matrix elements, we evaluate the Kerr rotation ¢ and ellipticity ex
values, we have evaluated the Kerr amplitude |@ ()| = \/m

In Fig. 1(a), |@k(A)| of the three samples are plotted as a function of

A. Overall, the three samples show a decrease in |®(4)| at a longer A.

Experimental results in Fig. 1(a) demonstrate that the PSB2 sample (blue 051V 8 v Control (a)
circles) has a smaller |@k(A)| than the control sample (black triangles) . vv. ® PSBI

over all the explored spectral range. This seems to be consistent with the 'g 0.41 v.vl . e PSB2

fact that the ferromagnetic Py layer is buried below 5 nm of Ag and 10 ‘é‘ _ Vyvl

nm of Bi, which are not magneto-optically active themselves, and thus ~ ® Vy: " . o
the overall MO signal of the sample is reduced. @M LY

<
<
<
<
<
<
<
<
<
<

Contrastingly, the PSB1 sample (red squares), in which the Py layer

has an Ag/Bi underlayer, shows an enhanced |®g(1)| at every A with re-

e e
R i\ ° B S)
®
®
)

spect to the reference sample. In order to make this enhancement clearer,

we have normalized |®k(4)| of the PSB1 and PSB2 samples to the one 1 4] (b)
of the control Py sample. The experimentally observed “enhancement = ~ u
factor” |@k(A)|/|®k()|(Control) is shown in Fig. 1(b) as a function of g 1.2 . g P _l— : o

A in red squares for PSB1 and blue circles for PSB2. For PSBI1, the en- g 1.0

hancement factor for |@k ()| is 1.2 at 2 = 450 nm and increases up to 1.4 9/ )

at a longer A in the near-infrared region (4 = 800 nm). On the other hand, @M 0.8

for PSB2, the enhancement factor is smaller than one for all values of A, ~ 0 6_ ceo®

starting at approximately 0.5 at 4 = 450 nm and increasing modestly to ®M 0.4, - - m
0.6 for a longer 1. We therefore conclude that the presence of the Ag/Bi —_— ‘ ‘ ‘ ‘
bilayer enhances the MO response of adjacent Py layers, particularly in 500 600 700 800

the near-infrared region .

A (nm)

Fig. 1 (a) Kerr amplitude |@k(1)| of PSB1 (red squares),
1) Rojas Sanchez J C, Vila L, Desfonds G, Gambarelli S, Attané J P, De Teresa PSB2 (blue circles), and control samples (black trian-

JM, Magén C and Fert A 2013 Nature Commn. 4 2944
2) Berger A and Pufall M R 1997 Appl. Phys. Lett. 71 965 gles). (b) [@k ()| of the PSBI and PSB2 samples nor-
3) Riego P, Tomita S, Murakami K, Kodama T, Hosoito N, Yanagi H, Berger malized to the control sample’s |@k(1)|.

A 2017 J. Phys. D: Appl. Phys. 50 19LT01
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Microstructure dependent magnetization dynamics of polycrystalline YIG thin films

Satya Prakash Pati and Yasushi Endo
(Tohoku University)

Studies on microstructure-dependent magnetization dynamics of yttrium iron garnet (YIG, Y3Fes0;,) have received
considerable attention after it was first studied by Lecraw et.al.[1]. YIG has been proved to be an efficient material for
magnonics and spintronics application after discovery of spin pumping [2], spin seebeck effect [3] and spin hall
magnetoresistance [4] phenomena. Being a magnetic insulator, YIG often considered as the best medium for spin-wave
propagation due to its very small intrinsic damping parameter in bulk ~3x10”[5]. Moreover, for device application, it is
required to fabricate YIG thin films over a metallic electrode without affecting its damping parameter. In this study, we
report the use of a platinum electrode to control the microstructure as well as Gilbert damping parameter of
polycrystalline YIG films.

Amorphous YIG films (#;;6=400,100 and 50nm) were deposited on Al,O; (0001) substrates without and with a Pt (25
nm) buffer layer by RF magnetron sputtering at room temperature while maintaining a base pressure of ~4.0 x 10™ Pa.
YIG deposition was performed at an RF power of 180 W in a mixed gas of Ar = 3.8 SCCM and O,= 1.2 SCCM. The
deposition rate was 2.17 nm/min. The as-deposited YIG films were post-annealed at various temperatures (973—1173
K) in air for three hours. X-ray diffraction (XRD) and X-ray fluorescence (XRF) were used to analyze the structure and
composition, respectively. The surface morphology of the films was studied by atomic force microscopy (AFM). VSM
was used to investigate the static magnetization properties while magnetization dynamics of films were estimated by the
field domain ferromagnetic resonance (FMR) spectra using the coplanar waveguide (CPW).

Figure 1 compares the AFM image of 100-nm thick YIG films without and with the buffer layer exhibiting surface
roughness 4.50 nm and 2.47 nm, respectively. The grain size of the YIG film with the buffer layer is much larger than
that of the YIG film without the buffer layer, and the average values are several hundred nanometers. This result means
that the Pt buffer layer improves the grain size and surface roughness of the post annealed YIG film. Figure 2 shows the
thickness dependence of Gilbert damping parameter () in YIG films without and with the Pt buffer layer. In every case,
a increases as the film thickness decreases. Their values of the films with the buffer layer become lower than that of
films without the buffer layer, and are very close to the bulk value [5]. For example 100-nm thick YIG film has
a~3.5x10™ and 11.4x10™ for the Pt-buffered and non-buffered cases, respectively. This result may be extrinsic in
origin, as Pt-buffered films have both larger grain size and lower roughness, thus lower ¢, however due to the high
structural in-homogeneity in the films without the buffer layer have highera. On the basis of these results, it is revealed
that the damping parameter can be significantly reduced by improving the surface morphology by using a Pt buffer
layer which may act as a lower electrode in magnonics and spintronics applications.

This work was partly supported by JSPS KAKENHI Grant Number JP26289082, JP17H03226, JP17F17070 from
MEXT, Japan and Murata Science Foundation and ASRC in Japan. S. P. Pati would like to thank JSPS for the
international post-doctoral research fellowship (ID no: P17070).
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Preparation of core/shell particles using sub-micron sized Fe-Pt particles
Y. Hayashi, K. Ishiyama
(Research Institute of Electrical Communication, Tohoku University)
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Magnetic characterization of well-isolated magnetite nanoparticles
H. Mamiya, H. Fukumoto¥*, J. Nishigaki*, J. Cuya*, and B. Jeyadevan*
(NIMS, *The University of Shiga Prefecture)

Introduction
In recent year, method for synthesizing magnetic nanoparticles has made remarkable progress. However, the
true magnetic characteristics of the nanoparticles such as magnetic anisotropy is yet to be revealed due to
interactions between nanoparticles. As a consequence, the application-oriented design of magnetic
nanoparticles has become difficult. Thus in this study, we have prepared ideal interaction-free magnetite
nanoparticle system by coating magnetite particles with silica of enough shell thicknesses and measured their
magnetic properties to clarify the true magnetic anisotropy of individual magnetite nanoparticles.

Experimental
First, magnetite particles with average diameters of 7.8 nm and 13.1 nm were synthesized. Then, these
magnetite particles were coated with silica shell of thicknesses 20.8 and 28.9 nm, respectively. In the
first-order reversal curve (FORC) diagrams (Fig. 1), we can find that interaction field disappears with
coating. In other words, the magnetite nanoparticles are magnetically isolated by the silica-shell. This fact
can be confirmed by the proportional relationship between isothermal remanent magnetization and DC
demagnetization remanence.

Results and discussion
Using these well-isolated magnetite nanoparticles, the magnetic measurements yield intriguing information
as follows: (A) Remanent magnetization from the magnetic saturation is just equal to a half of the saturation
magnetization, and magnetization curves can be explained as the superimposition of Stoner-Wohlfarth
hysteresis loops considering the switching field distribution derived from the remanence analysis. These
results clearly indicates that uniaxial magnetic
anisotropy is predominant in the individual Distribution(a.u.)
magnetite nanoparticles in spite of the cubic 500 =
symmetry of their crystal. (B) Blocking

temperature distributions calculated from thermal & 300 ¢
decay curves of isothermal  remanent % )
magnetization at various applied fields show that p= 0

the coercivity significantly varies even for the %

same size, although their mean value becomes i'g 566 .
higher when the size is smaller. These results

indicate that the magnetic anisotropy is not only 2
correlated with the surface/volume ratio, but also o080 = 500 50 B00 1200
considerably affected by the other factors such as Coercivity (Oe) 0
crystallinity, lattice strain, or particle shape.

Further discussion will also be reported. Fig. 1 FORC diagram for magnetite particles of 13.1 nm.
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Mn 7 = Z A MR DVERL & e XU MERTEAR

HPEE, Hawa Latiff, FARME, E25490, PIFEZEA
(LB R A E R AT
Synthesis and characterization of magnetic property of Mn ferrite nanoparticles
R. Shigesawa, H. Latiff, M. Kishimoto, E. Kita, and H. Yanagihara
(Institute of Applied Physics, Univ. of Tsukuba)
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Rotational hysteresis loss analysis for SiO2 coated a”’-Fe1sN2 nanoparticles
Masahiro Tobise, and Shin Saito (Tohoku University)
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Columnar-structured assembly of iron-nitride nanoparticles fabricated by external magnetic and electric
fields and its static and dynamic magnetic properties
“T. Ogawa'*, Y. Honnami', Y. Endo’
("Eng. , "RaMGI, Tohoku Univ.)
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Development of Mn-based novel magnetic materials through
lattice engineering

T. Shima', M. Doi', H. Okada', M. Tsujikawaz’s, M. Shirai*?
' Faculty of Engineering, Tohoku Gakuin University, Tagajo 985-8537, Japan
?Research Institute of Electrical Communication, Tohoku University, Sendai 980-8577, Japan
* Center for Spintronics Research Network, Tohoku University, Sendai 980-8577, Japan

High performance rare earth based permanent magnets have been used widely as a magnetomotive force in
applications such as motors, actuators and sensors for Nd,Fe 4B alloy’s large magnetocrystalline anisotropy (K, = 4.5 x
10° J/m® at room temperature) and relatively high magnetization (M = 1.6T). Recently, the consumption of Nd-Fe-B
sintered magnets has increased due to the utilization for hybrid, plug-in hybrid and electric vehicles (HV’s, PHEV’s and
EV’s). However, due to the scarce natural resource of key elements such as Dy and Tb, a lot of efforts have been done
to find another permanent magnet materials instead of rare earth based alloys. One of the candidate materials is
Mn-based alloys. The binary Heusler-like compounds Mn,Ga (x = 2~3) have attracted much attention due to its high
Curie temperature and large magnetic anisotropy" 2. However, as shown in Fig. 1, for Mn compositions of x =2~3, the
tetragonal DO, structure possesses ferrimagnetic property, and consequently it demonstrates a low saturation
magnetization. Recent studies revealed that Mn,Ga alloy with the D0y, structure demonstrated large coercivities” ¥ in
exceeding 2 T at room temperature, this arise from a large magnetocrystalline anisotropy (K ~ 10 Merg/cm®). Such high
magnetocrystalline anisotropy makes Mn,Ga alloy possible alternative to rare earth and noble metal based magnets in
future permanent magnet applications. In this talk, in addition to the theoretical prediction, our recent activities of the
lattice engineering on the preparation and evaluation of the bulk and film samples™® for D0,, and L1, structure of
Mn,(Ga, Ge) alloys with the addition of third elements will be introduced.

Mn-based bulk alloys have been prepared by arc melting in an argon gas atmosphere. All samples were re-melted at
eight times to perform homogenization. The samples were powdered by diamond file or grinding in an agate. Then, the
powders have been vacuum sealing in a quartz tube and annealed from 350°C to 550°C at Muffle furnace. For the
preparation of film samples, MgO(100) single crystal substrates were selected and they were prepared using an
ultra-high vacuum (UHV) electron beam evaporation system or UHV sputtering system. The substrate was heated to T
=300 C during the deposition and they were annealed at 300 ~ 500 “C. The crystal and surface structures were
investigated by XRD and AFM. Composition of samples was analyzed by EDX. Magnetic properties were measured by

using a SQUID or PPMS-VSM, and M; and K, for each thin film were evaluated from magnetization curves.
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Strain-induced magnetic anisotropy in spinel ferrites
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Magnetic anisotropy is one of the more important properties of magnetic materials. Since the magnetic anisotropy arises
from spin-orbit interaction accompanying local/global symmetry reduction, both the anisotropy energy and sign can be
controlled by a relatively slight perturbation such as lattice strain. Because of their large spin-orbit interaction, most
magnetic materials exhibiting large magnetic anisotropy energy contain heavy metals or rare earth elements such as
palladium, platinum, bismuth, neodymium samarium and so on.

Among some 3d-transition metal oxides with degeneracy arising from their peculiar electron configuration in the #,
states, orbital momentum of ~1 pg is seen on the 3d ions. If the relatively large orbital momentum couples with the spin
momentum, a large magnetic anisotropy can emerge even in the absence of rare metals. In fact, some spinel ferrites
containing Co*" ions have been known to show large anisotropy as well as high coercivity'. The crystal field for Co*" ions
in a bulk cobalt ferrite is primarily cubic because of the Co?" ions being located at the octahedral sites (B-sites). Moreover,
since the B-site cations of the second nearest neighbor form a trigonal crystal field, the 7, electron configuration of the
Co?" ions is split into a single lowest level and two degenerate levels. Since the single electron occupying the doubly
degenerate states has ~1 pg, it therefore exhibits a large cubic magnetic anisotropy K; as well as magnetization
enhancement®>.

When cobalt ferrite is grown as epitaxially strained thin films, the films undergo compressive/tensile stress depending on
the lattice misfit between the cobalt ferrite and the substrate. The induced uniaxial magnetic anisotropy K, from the
uniaxial strain (or tetragonal distortion) can be understood by a phenomenological treatment within the framework of the
magnetoelastic effect. The induced K, is also interpreted by an electronic model as equivalent to K; of the bulk cobalt
ferrite*. Since the tetragonal distortion also splits the #, electron configuration of Co?" into a single lowest level and
double degenerate levels like in the bulk case, a significantly large K, is induced. The epitaxial films of cobalt ferrite
grown on a square lattice such as the surface of MgO(001)(tensile stress) and MgAl,O4(001)(compressive stress) are
tetragonally distorted and consequently show K. If the induced K, is greater than the demagnetization energy of 2nM.> ~
1.0 Merg/cm?, the film exhibits perpendicular magnetization. Practically, we have demonstrated that a high-quality
epitaxial film of Cog7sFe22504(001) /MgO(001) exhibits K, as large as 10.0 Merg/cm?.>

Thus, in order to develop new candidate materials for permanent magnets, it seems to be a promising strategy to
intentionally induce a lattice strain in spinel ferrites containing Co?" ions. According to the phenomenological model, a
larger distortion produces a higher magnetic anisotropy in a linear relationship. However, this picture is valid only for a
small distortion. To evaluate the potential of cobalt ferrite as a large magnetic anisotropy material, it is worth investigating
how we can apply epitaxial strain and induce a large K,,. Moreover, by introducing a large lattice distortion into the bulk
or particles of cobalt-based spinel ferrite, this magnetic compound may become a new candidate material of the rare-earth
free magnet. In this presentation, we will show our attempts to enhance the magnetic anisotropy of cobalt ferrite in both
film- and particle-forms.

Epitaxial films of Cog.75Fe22504(001) were grown by reactive magnetron sputtering with an alloy target. In order to induce
a large lattice distortion into the films, we investigated many different oxide substrates and buffer layers. We found that
the inverse spinel of Mg>SnO4(001) is appropriate as a buffer layer with a large lattice misfit and that a 10-nm-thick
Co0.75F€2.2504(001) film grown on Mg>Sn04(001) exhibits K, larger than 25.0 Merg/cm?®. To our knowledge, this is the
largest K, ever reported in a spinel ferrite thin film. Although the lattice misfit is as large as ~3.1%, the induced K, can
be quantitatively explained by the magnetoelastic theory.

Since lattice strain of several percent effectively induces large K, in cobalt ferrite, we attempted to spontaneously distort
the spinel ferrite particles via the Jahn-Teller effect. Jahn-Teller ions such as Cu?* were chosen on a trial basis though
expected saturation magnetization for this compound is small. (Cu, Co)Fe,O4 particles were prepared by coprecipitation
method followed by flux treatment of KBr. After the flux treatment, (Cu, Co)Fe;O4 with a cubic spinel was obtained. Post
annealing process in the atmosphere facilitated the crystal structure transformation from cubic to tetragonal. Although the
magnetization curve of Cog 1CugoFe,O4 particles grown before the post annealing process shows coercivity as small as



300 Oe, after annealing 2200 Oe of coercivity was observed, reflecting the induced tetragonal distortion. All the
experimental results indicate that Jahn-Teller ions definitely induce local/global distortion into the spinel structure and
the distortion increases the magnetic anisotropy through the locally distorted crystal field of the Co?* ions.
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Recent progress and future development of synchrotron X-ray analysis
of high-performance permanent magnets
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Studies of the magnetization reversal process provide a key clue in uncovering the coercivity mechanism of
permanent magnets. The magnetic domain structure inside a magnet forms a three-dimensional network in which
one magnetic domain couples with its neighboring ones which have opposite directions of magnetization and are
separated by inter- and intra-grain magnetic domain walls. When the magnetization is saturated by an external
magnetic field that is sufficiently larger than the magnetic anisotropy field, the magnetic domain structure
vanishes. Therefore, a clear-cut aim of studying the magnetization reversal process is to understand how the
reversed magnetic domains are initially nucleated as the external magnetic field decreases and how the magnetic
domain structure changes with other nucleation events and/or magnetic-domain-wall displacements.

Since their invention in 1984 [1], Nd-Fe-B magnets have been the best permanent magnets and have become an
indispensable material for various electric products, hybrid vehicles, and power generators, which are now key
technologies for energy sustainability. In the case of Nd-Fe-B sintered magnets, it is known that the coercivity in a
polished surface is rather moderate in comparison to that of the bulk [2]. In stark contrast to the significantly
decreased coercivity of the polished surface, we presented that the coercivity of the fractured surface closely
resembles that of the bulk in a previous study [3]. The higher coercivity of the fractured surface is attributed to the
particular way in which Nd-Fe-B sintered magnets fracture, where the majority of the fractured surface remains
covered with a thin layer of the grain boundary phase. Although the similarity between the fractured surface and
bulk coercivities cry out for magnetic domain observations of the fractured surface, conventional magnetic
domain observations using Kerr microscopy, magnetic force microscopy, and photoelectron emission microscopy,
have only been conducted on polished surfaces or thin films.

In order to observe the magnetic domain
structure in the fractured surface under (Y J
various magnetic fields, we developed a oz B y
scanning soft X-ray spectromicroscope ol g
equipped with a superconducting magnet
with a maximum magnetic field of £8 T.
When used in combination with X-ray ey ]
photons of opposite helicity, and R 0123
total-electron-yield  detection, magnetic e
domain observations of the fractured surface o2 A
become possible. Fig.1 shows the magnetic :
domain structure of the fractured surface of
a Dy-free Nd-Fe-B sintered magnet (with
composition Ndy4oFe797CUg1Bs2) at an o—®
applied magnetic field of -0.7 T (after R 1"0 I O
almost saturating the magnet at +3.0 T). In e ﬁoH= 0T
the figure, both the microstructure and the
magnetic domain contrast are clearly
observed. The magnetic field dependence
of the magnetic domains has shown that the
precise location in which reversed domains
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Fig.1 Magnetic domain structure of a Nd-Fe-B sintered magnet
under an applied magnetic field of -0.7 T (right). Magnetic
field dependence of XMCD intensity, A and B, give the local
magnetic hysteresis loops in the selected grains.



are initially generated is always identical, and independent of whether the magnetic field is increased or decreased.
Further analysis has allowed us to characterize the local magnetic hysteresis (MH) loops for areas ~ 100 nm?. The
observed local MH loops show a wide variety of magnetization reversal characteristics depending on the
particular grain. As an example, we have plotted the MH loops for two different grains in Fig.1, labeled A and B,
whose magnetization reversal characteristics are rather different. The observed differences between grains suggest
that the magnetization reversal of each grain is very sensitive to the local effective magnetic field.

To understand the variety of local MH curves observed, we need to understand the local effective magnetic field.
Prohibitively, the local effective magnetic field is very difficult to determine because it depends upon the stray
magnetic field from the surrounding magnetic grains, which in-turn depends on the precise orientation of each
grain, together with their intrinsic coercivity and the exchange coupling with the grains in the sub-surface layers.
Unfortunately, the angle of the easy magnetic
(c-)axis between each Nd,Fe 4B grain and the
intended direction cannot be estimated from
the local MH curves. Generally, the electron
back-scatter diffraction (EBSD) technique is
the most popular method to analyze the grain
orientation. However, EBSD cannot be
applied to the irregular fractured surface of
our sample (which is the favorable target for
magnetic domain observations). Therefore,
we are developing a scanning X-ray
micro-diffraction (SXMD) instrument which
can probe any surface, independent of their
roughness and irregularity. Moreover, the
SXMD has a much longer probing depth than
that of EBSD meaning that it is not necessary
to worry about the surface state of the target
sample, which makes sample preparation
much easier. Fig. 2 shows a 3D schematic
diagram of the SXMD apparatus under
development at SPring-8.

In this presentation, | will discuss our research involving the use of synchrotron X-ray diffraction to investigate
the crystalline phases that constitute the microstructure, and scanning soft X-ray spectromicroscopy techniques to
directly observe magnetization reversal process in Nd-Fe-B sintered magnets. | will also describe the progress
made in the development of the scanning X-ray micro-diffraction instrument.

Fig.2 3D schematic diagram of the scanning X-ray
micro-diffraction apparatus under development at SPring-8.
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High-throughput experiment of X-ray magnetic circular dichroism
spectroscopy with machine learning
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X-ray magnetic circular dichroism (XMCD) spectroscopy is a powerful experimental technique to
directly probe electronic states and magnetic moments of magnetic materials. Recently, by
combining XMCD with X-ray microscopy, it has been able to visualize magnetic domains and
conduct spectroscopy experiment in several ten nanometers scale [1]. This method is useful because
a specimen with the size of only several square micrometers can be measured. Therefore, one does
not need to prepare large single crystal samples. The method is also useful for heterogeneous
systems such as microstructures in permanent magnet materials. However, one must scan large
area (several 10 pm?2) with fine steps for an application to heterogeneous systems. In the present
experimental system [2], typical measurement time is about 2 hours for an area of ~10 um?2 with
200 energy points. To reduce the measurement time, we examined reduction of the total
measurement energy points with a machine learning approach. Gaussian process (GP) modeling [3]
was applied to predict an XMCD spectrum from an experimental spectrum with limited energy
points.

XMCD spectroscopy experiment was performed at the BL-13A of the Photon Factory, KEK,
Japan. Sm Mis X-ray absorption spectrum (XAS) and XMCD spectrum were measured for an
SmCos specimen. X-ray energy was scanned around the Sm My edges with a total energy points of
216. GP modeling was performed to predict XAS and XMCD spectra by following way. First, initial
30 data points are sampled with equal separation along the energy axis. GP modeling predicts a
spectrum with input of experimental data points. Next sampling point is determined by several
methods. After the sampling, a spectrum is predicted again. Orbital and spin magnetic moments,
and their ratio were evaluated for each prediction by using magneto-optical sum rules.
Measurement is stopped with the convergence of magnetic moments.

We tried three methods to determine next sampling point; (1) energy point with maximum
variance of the predicted spectrum, (2) random sampling, and (3) random sampling weighted by
maximum variance. Orbital magnetic moment evaluated from predicted spectra converges to
reference value in total data points of about 40 points by sampling with maximum variance. Other
sampling methods need more data points to converge to reference value. Maximum variance
sampling was revealed to be better than other sampling methods in GP modeling of XAS and XMCD
spectra. Therefore, total measurement data points are reduced to 1/5 by GP modeling as compared
to conventional method [4].

In conclusion, we demonstrated the reduction of the total measurement energy points of XMCD
spectra with a machine learning approach. This method enhances efficiency of XMCD spectroscopy
experiment.
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Development of alternating magnetic force microscopy:
Local magnetic domain analysis by advanced magnetic field imaging
with high functionalities for high performance magnets

H. Saito', Y. Z. Cao?%, Y. Zhao?, Y. Suzuki', S. Yoshimura'
! Graduate School of Engineering Science, Akita University, Akita 010-8502
? Center for Regional Revitalization in Research and Education, Akita University, Akita 010-8502

For further development of high performance magnets, magnetic domain observation is important to study the
relationship between the nanostructure and hard magnetic properties. To observe the magnetic domain structure of
magnets, technique with a wide range of imaging area from nm scale to pum scale is required for domain boundary and
inside parts magnetic grains. Recently, the magnetic domain observation of NdFeB sintered magnets by X-ray magnetic
circular dichroism microscopy revealed that the coercivity of magnetic grains on the grain boundary fractured surface
was higher than that on a polished surface and was similar to that of the bulk magnet [1]. Therefore, magnetic domain

observation of rough fractured surface is highly desired.

Magnetic force microscopy (MFM) is a
technique widely used to investigate the fine

magnetic domain structure with relatively Maéﬁ‘;gﬁgﬁ‘fﬂ?;“;:;em Conventional MFM Altemaglg MEM
high spatial resolution. In order to improve near sample surface X [AIl magnetic tips]
the spatial resolution of MFM, decreasing Separated detection of %
tip-sample distance is quite important. magnetic field (including short range [ Aﬂma;etic tips]
. . forces)
However, conventional MFM has a difficulty Polarity & zero detection of § o
to reduce the tip-sample distance because of magnetic field [All magnetic tips]
topography artifacts near sample surface Vector magnteﬁc field y O
measurémen : :
where short-range forces, such as van der _ [Soft magnetic tip]
. Stroboscopic measurement O
Waals force are dominant. To solve the of AC magnetic field x [Hard magnetic tip]
problem, we have developed alternating Fixed measuring direction N O
magnetic force microscopy (A-MFM). This of magnetic field [Superparamagnetic tip]
. . Precise magnetic field
enables near-surface imaging of DC and AC measurement on rough % O o
magnetic fields with high spatial resolution surface [Superparamagnetic tip]
. Simultaneous imaging of
of less than 5 nm by using our developed DC & AC magnefc fild O
.. . . . X 1 1
sensitive ferromagnetic tips [2-3]. Here the (SpetctrfOSCOPlctmegl_SlllchC- [Siﬁgf;g;i‘;egiz;ﬂip]
. X . . ment of magnetic fie

definition of spatial resolution is the half of Spatial resolution = 10nm = 5nm

T alf of the minimum ecessary for vacuum Air atmosphere is OK.
the minimum wavelength where MFM

L . . detectable wavelength) atmosphere.)
magnetic signal reaches white noise level for [Soft magnetic tip]
the A-MFM image. A-MFM utilizes [Hard magnetic tip)

frequency modulation of a cantilever

Table 1. Characteristics of conventional MFM and Alternating MFM.

oscillation generated by an off-resonance alternating

magnetic force between a magnetic tip and a magnetic

sample.

Table 1 shows the characteristics of conventional
A-MFM has
functionalities than conventional MFM. For detecting

MFM and A-MFM. The

more

DC magnetic field, A-MFM uses AC magnetic field to

drive the tip with periodically changing magnetic
moment M “cos(w,t). For high performance magnets,
it is noteworthy that the tip should not be magnetically

saturated by magnetic field from the sample. Therefore,

Fig. 1 (a) topographic image, (b) A-MFM signed image of
DC magnetic field gradient, (c¢) A-MFM polarity image of
DC magnetic field gradient for a fractured surface of
demagnetized anisotropic Sr ferrite sintered magnet.



we have recently developed a sensitive FeCo-Gd,O3 superparamagnetic tip. A-MFM with a superparamagnetic tip enables
the precise imaging of near-surface static magnetic field with a fixed direction parallel to the tip magnetic moment driven
by AC magnetic field. Even rough fractured surface can be imaged in this way.

Fig, 1 shows A-MFM images on a fractured surface of demagnetized anisotropic Sr ferrite magnet. Fig, 1(a), (b) and
(c) are the topographic image, the signed intensity image of DC magnetic field gradient (Lock-in X image) and polarity
image of DC magnetic field gradient (Lock-in #image), respectively. Lock-in amplifier signals of A-MFM as follows.

X +iY = R exp(if) o« M cos(m, t)(@*H*/6z>) + i M “sin(w, t)(0*H* /6z°)

R=vVX*>+Y> ac M*@H*/07%) o (0"H® /07°)

HE = —H®, X =MX*@*(=H*)/oz%) cos(w,t) =M * (6’ H " /o7%) cos(m,t + 7))
Here X, R and 6 signals correspond to in-phase signed magnetic field gradient, intensity of unsigned magnetic field
gradient (absolute value of magnetic field) and phase of magnetic field gradient (The &change of m corresponds to the
polarity change of magnetic field gradient and surface magnetic charge), respectively.

A-MFM can clearly observe DC magnetic field gradient and polarity change of surface magnetic charges in Fig.1 (b)
and (c) even on the fractured surface of which surface roughness is about 1pum. On the other hand, the interpretation of
conventional MFM image is not easy due to the topography artifact.

The superparamagnetic tip can also solve the problem of ferromagnetic tip that the strong magnetic force of the
ferromagnetic tip in high magnetic field from the sample deteriorates the control of constant tip-sample distance near the
sample surface. However, the moderate magnetization of superparamagnetic tip prevents its magnetic snapping to the
sample surface.

Simultaneous imaging of DC and AC magnetic field by A-MFM is also valid to understand the magnetic homogeneity
of magnets by changing the amplitude of AC magnetic field to sample space including a tip and a sample. The magnetic
imaging of AC magnetic susceptibility at magnetically reversal area becomes
possible. €)) (b)

Fig, 2 shows A-MFM unsigned intensity images of DC and AC magnetic :
field gradients (Lock-in R images of om and 2 @ (om : AC magnetic field
frequency) under external AC magnetic field with the amplitude of 0.2 and 1.0
kOe for the fracture surface of demagnetized anisotropic Sr ferrite sintered
magnet. By using the lock-in R signal of 2 @ (oc M2 (8°H*/62°)), the grains
having reversible magnetization and generating AC magnetic field can be
imaged. With the increase of external AC magnetic field amplitude from 0.2
kOe to 1.0 kOe, the number of magnetically reversible grain increases. These

grains have a large scale distribution of DC magnetic field intensities, which
source is unvaried magnetization in external AC magnetic field. Simultaneous ' Ly -

imaging of DC and AC magnetic field is thought to be useful for analyzing the
magnetic inhomogeneity analysis.

In conclusion, our developed A-MFM with the superparamagnetic tip can
provide precise magnetic field imaging with a fixed magnetic direction. It is
thought to be quite effective method to analyze local magnetic domain
structure of various permanent magnets.
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More accurate hysteresis curve measurement in large Nd-Fe-B sintered magnets
at elevated temperatures
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The hysteresis curve for large Nd-Fe-B sintered magnets has usually been obtained through the hysteresis
graph (HG) method. Recently, widespread discussion has addressed the accuracy limit of hysteresis curve
measurement for large Nd-Fe-B sintered magnets at elevated temperatures. The abnormality of magnetization (J)
on the hysteresis curve is known to directly affect squareness measurements, such as the differential susceptibility
(dJ/dH) near Hc; and Hy/H,y, in the HG method for Nd-Fe-B sintered magnets with higher coercivity (Hc;) at room
temperature, where H and Hy are the magnetic and knee fields, respectively. The abnormality of J is caused by the
distortion of magnetic flux distribution around the sample at high fields. To obtain a more accurate hysteresis
curve for large Nd-Fe-B sintered magnets at elevated temperatures, we employed a superconducting magnet-based
vibrating sample magnetometer (SCM-VSM) with a maximum magnetic field (H,,) of 8 MA/m. The values of
dJ/dH near H; and H/H,; obtained from the SCM-VSM were compared with those obtained from the HG method
at 298 to 473 K. The HG method employed a large electromagnet (H,, of 2.7 MA/m) with improved fixture of
heated Fe-Co pole tips. The values of H; for the Nd-Fe-B sintered magnet samples A and B were 1.2 and 2.7
MA/m, respectively. The compositions of samples A and B were Ndig4PrzoDyosFepa CoosAloeBs1 and
NdgsDYs.1Fepa CogsAlgsBsg, respectively. Cylindrical and spherical samples were machined from the same
sintered block for the HG and SCM-VSM measurements, respectively. The cylindrical samples used for the HG
method had a diameter (D) of 10 mm and lengths (L) of 7, 14, and 21 mm. A spherical sample with a D of 7 mm
was prepared using the two-pipe method for the SCM-VSM measurement. To remove the deteriorated surface
layer of approximately 8 um, all processed samples were chemically etched in 3% HNOj; solution for 1 min.

In the results obtained from the SCM-VSM and HG (in all cases of L/D) measurements, the values of dJ/dH
near He; increased gradually as the temperature rose for sample A, which had a lower H;. The differences between
the values obtained from these methods were small. In contrast, the values of dJ/dH near H.; obtained from the
HG method (in all cases of L/D) increased rapidly as the temperature rose for sample B, which had a higher H,
as shown in Fig. 1. The values obtained from the SCM-VSM method gradually decreased as the temperature rose.
However, the measured values from the two different methods generally agreed well at temperatures above 423 K,
where H.; was reduced below 1.2 MA/m. The values of H,/H.; obtained from the SCM-VSM method at 473 K
were superior to those obtained from the HG method (in all cases of L/D) regardless of H¢; (Fig. 2). Greater L/D
led to easier uniform magnetization of cylindrical magnets, causing larger L/D to improve dJ/dH near Hg; and
H,./H.; measurements with the HG method.

g 45 I I | I ' ' ' !
- 098 -
o]
=
=30r I 3
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= —&— HGDI10L14 0.94 ++ 33231334 ’
‘g —»— HG-D10L7 i i : .
gSO 300 350 400 450 500 250 300 330 400 450 500
Temperature (K) Temperature (K)
Fig.1 Temperature dependence of dJ/dH near H, Fig.2 Temperature dependence of H,/H;

measured by SCM-VSM and HG methods for SampleB.  measured by SCM-VSM and HG methods for Sample A.
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Spin torque oscillator for microwave assisted magnetic recording

Y. Sakuraba, S. Bosu, W. Zhou, H. Sepehri-Amin , S. Kasai and K. Hono
National Institute for Materials Sciece (NIMS), Sengen 1-2-1, Tsukuba, Ibaraki, Japan

Microwave assisted magnetic recording (MAMR) [1]is one of the potential techniques for the next generation
high density magnetic recording up to 2T bit/in> and beyond [2]. MAMR is based on the principle where ac
magnetic field (uoH,.) generated from a spin torque oscillator (STO) is applied to the recording media having high
thermal stability for lowering the switching field of magnetization of magnetic grains[3-5]. One major challenge
for realizing MAMR is the development of a STO consisting of a field generating layer (FGL) having large
magnetic volume and spin-injection layer (SIL) with device diameter size D ~ 30 to 40 nm that is able to generate
a large enough uoH,.> 0.1 T from FGL with a frequency, f over 20 GHz at small bias current density Jc < 1.0 X
10° A/cm? [6, 7]. Particularly, the reduction of J¢ is the most difficult task because the magnetic volume of FGL
must be large for a sufficient ac magnetic field. Therefore, in our recent studies, we have fabricated various types
of STO for MAMR having highly spin-polarized Heusler SIL layer to investigate the effect of spin-polarization on
the oscillation dynamics in FGL layer. In order to simulate the behavior of STT-induced dynamics in the STO
against various material parameters such as magnetization and spin-polarization, we employed a micromagnetic
simulation using the code magnum.fe [8], which solves the coupled dynamics of magnetization (m) and the spin
accumulation (s) simultaneously using the Landau Lifshitz Gilbert (LLG) equation and the time dependent 3D
spin diffusion equation, respectively.

In this talk, we will show the result of two different STOs. First one has a perpendicularly magnetized Heusler
SIL in which thin Heusler layer is deposited on perpendicular magnetized FePt. In this device, we clearly
confirmed from both experiments and simulations that out-of-plane (OPP)-mode rf oscillation in FGL can be
excited under lower Jc by using Heusler SIL ; 60
compared with usual CoFe SIL.[9,10] The \M/
oscillation peak with the f'of over 20 GHz was

N i
detected by slightly tilting magnetic field g 40 ‘Ll m
direction from the device normal (Fig.1). In 2 M
order to reduce the total thickness of the STO 3 20 | Ilﬁm
)
device, we have recently fabricated the device a wmmm
|

with in-plane magnetized thin SIL, in which

Lblialflibil
30 40

the synchronized OPP oscillation was i

MIWMM ki L

10 20
predicted to generate between SIL and FGL by f(GHz)
flowing electron from SIL to FGL.[11] The

Figure 1. The stacking structure of STO for MAMR(Left),
analysis of R-H curves under different current

The rf spectra by applying magnetic field to 5 degree titled

density with the micromagnetic simulations  yi...t: 00 from the device normal (Right).[10]

will be shown.
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Physical origin and theoretical limit of the phase stability of a spin-torque oscillator stabilized by a
phase-locked loop
S. Tamaru, H. Kubota, K. Yakushiji, A. Fukushima, S. Yuasa
(AIST, Spintronics Research Center)
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Spin-orbit torque induced switching using antiferromagnets and
its application to artificial neural networks

S. Fukami'*, A. Kurenkov?, W. A. Borders?, C. Zhang'?, S. DuttaGuptal®, and H. Ohno®®
! Laboratory for Nanoelectronics and Spintronics, RIEC, Tohoku University, Sendai 980-8577 Japan
2 Center for Spintronics Integrated Systems, Tohoku University, Sendai 980-8577 Japan
3 Center for Spintronics Research Network, Tohoku University, Sendai, 980-8577 Japan
4 Center for Innovative Integrated Electronic Systems, Tohoku University, Sendai 980-0845 Japan
>WPI-Advanced Institute for Materials Research, Tohoku University, Sendai 980-8577 Japan

Spin-orbit torque (SOT) induced switching, a magnetization switching technique utilizing spin-orbit interactions in
heterostructures with broken space inversion symmetry, offers attractive avenues for high-performance and low-power
integrated circuits [1-3]. While the heterostructure considered, in general, consists of a bilayer with a non-magnet (NM),
e.g., Pt, Ta, and W, and a ferromagnet (FM), we here show that replacing the NM by an antiferromagnet (AFM) opens
up various opportunities beyond the conventional integrated circuits [4-6].

SOT switching in AFM/FM heterostructures can be characterized by the following three effects. The first one is the
spin Hall effect (SHE), which manifests in SOT. Several theoretical and experimental works revealed that noncollinear
AFMs exhibit direct/inverse SHE. We find that, in a heterostructure consisting of an antiferromagnetic PtMn and a
ferromagnetic Co/Ni multilayer, the PtMn exhibits SOT large enough to switch the magnetization of Co/Ni layer. The
second effect is the exchange bias, which is known to arise at AFM/FM interfaces and manifests itself in an effective
in-plane field. Whereas an application of in-plane field is necessary to achieve bipolar switching of perpendicular
magnetization for NM/FM systems, the AFM/FM system allows field-free switching as a result of the exchange bias.
The third effect, which arises in polycrystalline systems, relates to a variation of the exchange bias among the
polycrystalline grains, which provide fine stable magnetic domain structures [5]. This leads to an analog-like switching
behavior as is not usually observed in NM/FM structures. Thanks to these effects, the SOT switching in AFM/FM
heterostructures not only offers promising route toward SOT-based magnetoresistive random access memory
(SOT-MRAM), but also open unconventional paradigms such as neuromorphic computing.

Taking advantage of the analog nature of the SOT devices with the AFM/FM structure, we have shown a
proof-of-concept demonstration of neuromorphic computing [6]. In this work, we have developed an artificial neural
network using 36 AFM/FM-based SOT devices with a field-programmable gate array and software implemented on a
PC, and have tested an associative memory operation. The Hopfield model [7] has been employed to associate
memorized patterns from randomly generated noisy patterns. The learning operation based on the Hebbian rule is
performed by changing the Hall resistance of analog SOT devices, which represents a synaptic weight between neurons.
We have confirmed that the SOT devices have the expected learning ability, resulting in a successful associative
memory operation [6]. Since the spintronics devices have virtually infinite endurance and nonvolatility, the
spintronics-based artificial neural networks are expected to realize edge artificial intelligence with an on-chip learning
capability.

This work is partly supported by ImPACT Program of CSTI, R&D Project for ICT Key Technology of MEXT,
JST-OPERA, and JSPS KAKENHI Grant Number 17H06093.
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\oltage-Control Spintronics Memory (MoCSM) for a High-density and
High-speed Non-volatile Memory

Naoharu Shimomura, Hiroaki Yoda, Tomoaki Inokuchi, Katsuhiko Koi, Yushi Kato,
Altansargai Buyandalai, Satoshi Shirotori, Yuuzo Kamiguchi, Kazutaka Ikegami, Soichi Oikawa,
Hideyuki Sugiyama, Mariko Shimizu, Mizue Ishikawa, Tiwari Ajay, Yuichi Ohsawa, Yoshiaki Saito,
and Atsushi Kurobe
Corporate Research & Development Center, Toshiba Corporation

1 Komukai, Toshiba-cho, Saiwai-ku, Kawasaki, Kanagawa Prefecture, 212-8582, Japan

Technology to reduce energy consumption of computing devices, and especially that of working memories such as
DRAM and SRAM, is critically important because of the recent drastic increase in electric power usage due to the
information explosion. MRAM is the sole candidate for a non-volatile working memory because it offers the possibility
of fast switching and long life time. Application of MRAM to the working memories is a focus of high expectations
because of the potential advantages in terms of low-power computing.

Spin Transfer Torque (STT) has been extensively investigated as an MRAM writing scheme. However, because a
same current path is used both for reading and writing, scaling and endurance are limited by read disturbance and
breakdown of the tunnel barrier of MTJs, respectively. Voltage-controlled-magnetic-anisotropy (VCMA) has been
proposed as the ultimate power reduction scheme. It also improves the read disturbance and the endurance. However, it
requires very precise control of write pulse duration time. Meanwhile, Spin Hall writing can prevent the read
disturbance because different paths are used for writing and reading. However, there is a drawback in that shrinking the
cell size is difficult because it requires at least two transistors for 1 bit memory cell.

We proposed \Voltage-Control Spintronics Memory (VoCSM), an architecture combining VCMA and the Spin Hall
effect V. As illustrated in Fig. 1, multiple (for example, 8) MTJs are aligned on a heavy metal electrode that has strong
spin-orbit interaction. VOCSM handles all 8 bits simultaneously by a single write pulse. In the 1% step, all 8 bits are set
to one of the 2 bit data (for example, data “zero”) by applying the voltage on the MTJs and the current pulse on the
electrode. The voltage is used to lower an energy barrier between two states of the MTJs by VCMA and the current
pulse gives the spin torque on the MTJs by the Spin Hall effect to switch the magnetization. After that, in the 2" step,
the opposite data (“1” in this case) is written on the selected MTJs in the 8bit memory cells depending on the data set by
applying the voltage to lower or raise the energy barrier of the MTJs and also the write current pulse in the opposite
direction to that of the 1% step. This writing scheme reduces the power consumption because all 8 bits are written by the
single write current pulse and moreover the write current itself is reduced by VCMA. VoCSM also enables shrinking of
the cell size because one MTJ requires only one transistor.

We fabricated VOCSM TEGs to prove the concept. The MTJ structure was IrMn (8nm)/ CoFe (1.8nm)/ Ru (0.9nm)/
CoFeB (1.8nm)/ MgO (1.6nm)/ (CoFeB or FeB) (1.2~2.2nm)/ electrode and the MTJ size was about 50nm X 150nm.
We successfully demonstrated the magnetization switching of the selected MTJs on the electrode without switching
unselected ones. We also demonstrated the fast switching with 5ns write pulses which is shown in Fig. 2. The measured
write error rate with 5ns writing current pulses was lower than 1 10°®.

This work was funded by the IMPACT Program of the Council for Science, Technology and Innovation (Cabinet
Office, Government of Japan).
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Magnetization switching by voltage controlled DMI

Hiroshi Imamura, Takayuki Nozaki, Shinji Yuasa, Yoshishige Suzuki
(Spintronics RC, AIST, Tsukuba, Ibaraki, Japan.)

Dzyaloshinskii-Moriya interaction is the anti-symmetric exchange interaction postulated by Igor Dzyaloshinskii in
1958[1]. Two years later Toru Moriya showed that the spin-orbit coupling is the microscopic mechanism of the
antisymmetric exchange interaction [2]. The effects of the DMI on the magnetic properties of bulk materials have been
extensively studied, e.g., the DMI is the source of the weak ferromagnetism of Fe203. Recently the voltage control of
the DMI has attracted much attention as a tool for low power spin manipulation. One of the present authors showed that
the Rashba spin-orbit interaction at the interface of the semiconductor nanostructures induces the interface DMI whose
strength can be controlled by the gate voltage [3]. Very recently, Nawaoka et al. found that the DMI in the Au/Fe/MgO
artificial multilayer can be controlled by application of a voltage [4].

The magnetic anisotropy (MA) is another magnetic property which can be controlled by the voltage. The voltage
control of MA in a thin ferromagnetic film has attracted much attention as a key phenomenon for developing a
voltage-controlled magnetic random access memory (MRAM) with low power consumption [5-9]. Shiota et al.
demonstrated that the coherent magnetization switching is induced by application of voltage pulse to a few atomic layer
of FeCo[4]. During the pulse application the magnetization coherently precesses around the effective magnetic field,
and the magnetization switches if the pulse width is set to one-half period of the presession. However, since this is the
toggle-mode switching, pre-reading is necessary for writing the MRAM. To avoid pre-reading it is necessary to develop
a writing scheme based on the deterministic switching as shown in Fig. 1 (a), where the magnetization direction after
the voltage pulse is determined by the polarity of the voltage and is independent of the initial magnetization direction.

Here we propose a new writing scheme of MRAM utilizing voltage-induced changes of MA and DMI. Based on the
micromagnetics simulations we demonstrated that voltage-induced changes of MA and DMI can switch the
magnetization of a perpendicularly magnetized right triangle deterministically; i.e., the magnetization direction is
determined by the polarity of the voltage pulse

The system we consider is a perpendicularly magnetized right triangle (64 nm x 32 nm x 2 nm) shown in Fig. 1 (b).
The micromagnetics simulations were performed by using the software package MuMax3[10]. The system is divided
into cubic cells of side length 2 nm. The following material parameters are assumed: saturation magnetization Ms =
1.35 MA/m, exchange stiffness constant A = 10 pJ/m, Gilbert damping constant o. = 1. The external field of 100 Oe was
applied in the x-direction. The anisotropy constant (K) and the DMI constant (D) are assumed to vary with the applied
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Fig. 1 a) Schematic illustration of the deterministic switching. The final magnetic state is
determined by the polarity of the voltage pulse. b) Top and side views of the ferromagnetic
triangle we simulated.
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Fig. 2 Temporal variation of the z-component of the averaged magnetization, m, and snap

down

shots of magnetization at the end of the pulse duration. The result for positive (negative)

bias voltage is represented by the solid red (dotted blue) curves.
bias voltage in the different manner. In the absence of the applied voltage the anisotropy and DMI constants are K = 4
mJ/m2 and D = 0, respectively. When the positive (negative) bias voltage is applied they are K= 1.4 mJ/m2and D = +
(-) 0.1 mJ/m2. The width of the voltage pulse is 1 ns. The temperature is assumed to be zero.

The calculated results are shown in Fig. 2. The z-component of the averaged magnetization (m,,) for the positive and
negative bias voltage pulse are plotted by the solid (red) and dotted (blue) curves, respectively. The initial state is set as
the perpendicularly polarized state with m, = 1. Application of the voltage pulse for 1 ns tilts the magnetization to the
in-plane direction and creates nucleation sites at the edges. The positive (negative) values of m; are represented by red
(blue) tones. The magnetization of the nucleation site at the left down edge points slightly down (up) for the positive
(negative) bias voltage pulse due to the DMI as indicated by the circles on the snapshots. After 1 ns the bias voltage is
turned off, and the magnetization relaxes to the perpendicularly magnetized state. The magnetization of the final state is
the same as that of the nucleation site at the left down edge. Therefore the magnetization switches only if the negative
bias voltage pulse is applied. For the initial state with m, = -1 the magnetization switches only if the positive bias
voltage pulse is applied. The systematic analysis for a wide range of parameters and conditions for switching will be
presented.
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Voltage-induced precessional switching at zero bias magnetic field in a
conically magnetized free layer

R. Matsumoto, T. Nozaki, S. Yuasa, and H. Imamura
(AIST)

Voltage-induced magnetization switching! at zero bias magnetic field has become one of the key requirements in
developing voltage-torque magnetoresistive random access memory (MRAM). In the conventional magnetic tunnel
junctions (MTJ) with the perpendicular magnetization, however, voltage-induced magnetization switching has been
demonstrated under a bias magnetic field having in-plane (IP) component.>¥ Instead of bias magnetic field, the IP
component of the shape anisotropy field, Hy, has been often used. Finite Hyis commonly obtained in a ferromagnet
having an elliptic-cylinder shape. In the case of a perpendicularly magnetized free layer, however, the shape anisotropy
field cannot move the magnetization from the equilibrium state because Hy is zero at (my, m,, m:) = (0, 0, £1) where m,
and m, (m:) are IP (perpendicular) components of the unit magnetization vector (m) of the free layer (see Fig. 1(a)).
Tilting the angle of the magnetization from the perpendicular direction is also necessary for switching of the free layer
magnetization.

To tilt the magnetization, we propose the usage of a cone state. Cone state is the magnetization state (see Fig. 1(b))
where the tilted magnetization is stabilized by the competition between the first- and the second-order magnetic
anisotropy energies, Kjerand Ky.*>) Here K eris the effective anisotropy constant, where demagnetization energy is
subtracted from the first-order anisotropy constant (Kyi). The MTJ we assume is illustrated in Fig. 1(a). x-axis is parallel
to the major axis of the ellipse. In our case,® (m., my, m;) = (0322, 0, 0.947) in the equilibrium state. The
voltage-induced dynamics is analyzed with the following Landau-Lifshitz-Gilbert (LLG) equation, dm/dt = —yomx [Hcs
+ a(m*xH.)], where ¢ is time, yois the gyromagnetic ratio, a is the Gilbert damping constant, and Hesis the effective
magnetic field defined as Hex= -(1/(1oM))VE. Here, E is the energy density of the free layer at a finite voltage given by
E = (112)uoMZ(Nymy? + Nymy? + Nam:2) + Ku(1 — m2?) + Kp(1 — m.?)?, where po is the vacuum permeability, M, is the
saturation magnetization, and Ny, N, and N. are demagnetization @)
coefficients. In Fig. 1(c), an example of the simulation results is
shown. The oscillation of m. extends from positive to negative
region. It indicates that voltage-induced precessional switching at -
zero bias magnetic field is available in a conically magnetized free Free
layer with the elliptic-cylinder shape.
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Modeling of defect signal from slit part of steel plate
R. Tanaka, T. Sasayama, K. Enpuku
(Kyushu University)

FEHIZ

M ITEVBERE o720, REIESDIERMEDOEBICH AR TEL 2D, X > CTRERIEEE
RAWEHIM ONE O & TORBICIHEEREE AW LERDH S, THET. ZRITAREREIC
LDBBRA I a2 —railio T, MERO R Y v MROBRZIKE K HERREEIC L -
TR TX 2 aREME 2R L, AFZETIE. &5I1I2, AOFETRAEDE SICXL D EFOEE
Rw1-, £, HoN-HEE % Cole-Davidson DT 4 v T 4 v T &7 o7,
YIal—VvarFE

Fig.l (T L 972 2 DORhlE A Va0 EANEATICEE L2 A0OEMA S I = L—
a v EfToT, AANETROEEEZ (V7 A7) 1Z5mm THY ., 250 aA )LHLEORBEX
9%5mm & L7z, IA/LOFEINED 35mm, FMEN 45mm, w28 3mm & L, &¥E 18turn &
Lkoﬁ@%ﬁ@%@ﬁlAhﬁﬁﬁﬂiWMsz'yz SR
UClebiz Uie, 7ads. BioHmE 2 soaqr N :
T\ & Lz,

ARG IIHRIE DS 10 mm DR (SM4A90A) % [
W, SR O, BT R & AT, B X ORE DT
AIZHE 20 mm, BE5S mm DR Y v MEOBZIE T
7=, BROBIdIZENEN2, 4, 6, 8, 10mm T
Hb, £ dIzoONT, xy P E@EZ=5mm)iciiT o &
UL > COBRFAET D 7 ST OREREE 5547 %
Kb, EDZERATIC BT DI KMEAB, (f) % KD 7=,
YIial—valrEgR

Fig2 [ZJE B f 2 0 )6 16 HZ £ TE(L S BB DAB,(f) & TN ENOBEE S d 1220V Tk
D= T T 7 T, K AB, () DFEER, HEEHZAB, (DM E /RT, 7T 71T L WA T
AR E R BRESICL ST

Fig.l f#ire7/1v (2T )V)

SRR DN S S D FRSTIANy

E72Fig3 ICFNENOBED T T AN
& SIZHB UV TAB(f) #AB,(0) T il g Y
HURs{k L7= b0 (OFD) %, Cole- £ SN Y,
Davidson DX T7 4 v 7 47 T 1 it i::m 0 30'4 17 e
L7 (XHD) %77, Fig3 7> ‘“\ \ 1 A
EAMBE I EORBESIT 0N L Wl ot et
BOTH, 4HZ U FTlBH & Hmﬁ}\ N S T
% 7 /l’ \y? ,]’ yﬁﬂ:ﬁiyj l_/ff_'_o 00 200 400 600 800 1000 1200 1400 90.4 -0.2 0 02 04 06 038 1

Re[AB] (uT) Re[AB, (/) /AB, (0) ]
Fig2 BHEIITXDAB, Fig.3 Cole-Davidson D=

LB T7 4T T



20pD -2 FALE]  AARBASERTAIREE AR (2017)

Ny T4 F—FHMO A A=V 77— e Wiz
PR ICASTRIES K D KRG DR 53 47 O 8 Sl B 1E O B %%

ROABRIEI, foae REE* BBE* P)IRESE, AifME:E
(REERIKR, * (BK) A7 ¥ A7 dF 0, =>4 7—2 ()
Development of quantitative measurement method for large area magnetic field distribution
using MO imaging plate with backlight utilizing polarization modulation method
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Development of Polarized Pulsed Neutron Imaging Technique at MLF J-PARC
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