TaA - 1 FA40lal  HARRS TR AIEE AL (2016)

Theoretical study on the finite temperature magnetism of rare earth
permanent magnets

A. Sakuma’, D. Miura, R. Sasaki', and Y. Toga
(* Department of Applied Physics, Tohoku University, Sendai 980-8579, Japan;
2 National Institute for Materials Science (NIMS), Tsukuba 305-0047, Japan)

1. Introduction

From an industrial viewpoint, magnetic anisotropy is the most important property of
ferromagnetic materials. It governs the efficiency of magnetic media in hard disk drive (HDD)
devices, permanent magnets in motors and so on. Permanent magnets have strong magnetic
anisotropy above room temperature, especially in motors of hybrid and electric vehicles. They are
consequently highly desired in terms of addressing energy problem.

In this symposium, we will first overview the general theory for the magnetic anisotropy at
finite temperature and show how the magnetic anisotropy constants (MAC) vary as temperature
increases.”  Next, we will discuss on the effects of thermal fluctuation (activation) of
magnetization on the reversal (coercive) field, on the basis of magnetic viscosity. Finally, let us
show some calculated results for the temperature dependence of MAC of Nd:Fe1sB and mainly
discuss the site dependence of the MAC’s at around the room temperature. 2.3

2. Theoretical evaluation of the magnetic anisotropy constants at finite temperature
Suppose that the classical Hamiltonian of a magnetic system having the uniaxial anisotropy is
given by
H =, Y sin? 6 +x, Y sin* 6, +H,, 6))
1 1

where the first two terms indicate the magnetic anisotropy energy and the last term the exchange
energy. Here the constants x; and x, can be expressed through the expansion coefficients of
the crystal field energy in terms of the Legendre polynomials P (C0S#), from which we have
K, =—3B) —40B and «, =35B; with B} being the crystal field parameter. The methods to
evaluate the temperature dependence of the MAC’s are listed as follows:

1) to solve the stochastic LLG (Langevin) equation involving the thermally fluctuated field, and
derive the MAC’s by the magnetization curves for the applied fields parallel and perpendicular to
the easy axis.

2) to calculate the free energy F(®,T) by performing the Monte-Carlo method with the average
magnetization direction of ©®, and derive the n-th MAC’s K (T) by fitting F(®,T) with
K,(T)sin’> @+ K, (T)sin*®.

3) to express directly the form of MAC’s by means of the first order perturbation theory in terms of

the anisotropy terms, which gives

K(T)=cx, +(@B/7)(c ~c)x,, K,(T)=c,x,, (2)
c, = (1/2)(3cos® 1), =(P,(cos)),, . (3a)
c, = (1/8)(35c0s* —30cos® O +3),, =(P,(cos®)),,_ (3b)

Note that K,(0) =x; and K,(0)=x,, since ¢, =1 when 7'=0.
Although the method 1) requires much computational time and resource, it is most realistic to
reproduce the magnetization curves. To perform the method 2), it is useful to adopt a new

technique proposed recently by Asselin et al.¥ Employing this method, we have successfully
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reproduced the temperature dependence of MCA’s of Nd2Fe1sB.» The method 3) provides us
physically transparent form of the MAC’s and is the most convenient way to realize the MAC’s if
one further adopts the mean field approximation for the exchange term. One can understand from
egs. (2) and (3) that K, (T) (T >0) is determined by x, and k,, and further by H, through
(P (cosh)), . Additionally, according to the Callen-Callen theory,” one should note the relation
(P (cosO)yy, = (cos@y{ D =(my"'? where (m), =M(T)/M(0) . Recently, we have
confirmed by using the methods 2) and 3) that the approximate relation (P, (c0s8)),, ~(m) I,_fle:l)/z
holds in the wide range of temperature as far as KgT < H,, is satisfied. Thus, the MAC’s can be
expressed by using (M), =M(T)/M(0) as K,(T)=(x; +8/7K2)<m>i|ex —8/71(2(m)1,fex and
K,(T)= K2<m>1,fex . In Fig. 1, we show the calculated results of the temperature dependence of
MAC’s of Nd2Fei14B based on the above expressions. Here, we input the experimental data of
(M), =M(T)/M(0) and took into accounted for sin® @ term in addition to x, and k, terms.
One can recognize that the above expressions can work well for the complex compounds like
NdzFe14B.

In addition, we should emphasis here that K (T) (T >0) is dominated by H, as well as
k, and k,, as mentioned above. This implies that the K, (T) at surfaces or interfaces exhibit
larger decrement with temperature than those inside the bulk. Figure 2 shows the temperature
dependence of K, (T) both for H,= 350 and 175 in units of kelvin.! One can see that the
K, (T) values for H, =175 [K] is much smaller than those for H_ = 350 [K] as bulk values, when
the temperature is above 200 [K], which leads us to consider that the magnetization reversal takes
place by a smaller field at the surfaces or interfaces of grains in magnets.

In the symposium, we will discuss the site dependence of the MAE and the effects of thermal

activation on the reversal field in Nd-Fe-Bd.
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Rare earth permanent magnets, particularly Nd-Fe-B, exhibiting strong magnetic performance are attracting consider-
able attention because of the rapidly growing interest in electric vehicles. The main focus of research in involving these
materials is to increase the coercive field H. and improve the temperature dependence. Recently, Sasaki et al."” conducted
theoretical studies in the quantitative level on the temperature dependence of magnetic anisotropy for a Nd,Fe 4B bulk

system. However, as these theories relied on the mean field approach, they are not enough to include the effects of magnetic

inhomogeneities. N
- . 06L® 100K o
Because of the above background, we constructed a realistic classical 7 00 -.ai‘w.i T 0[e 125K 8
. . . . . 2 Eoccossciod| = ° 200K
three-dimensional Heisenberg model using results from first-principles cal- § N 'y = o o0 ..."1
culations, and investigated the magnetic properties of the Nd,Fe ;4B bulk £ £ © 500 K'l' o
. . : E Yool &
system at finite temperatures. To analyze the finite-temperature magnetic E o8 £ 02
anisotropy, we applied constrained Monte Carlo (C-MC) method? to the L E: 0.0
above classical Heisenberg model. The C-MC method fixes the direction B a v a— ra——
of total magnetization, M, in any direction for each MC sampling without 0 [°] : angle from z-axis

external magnetic field. This allows us to calculate the angle 6 dependencies ~ Fig. 1 Angular dependence of torque (left
of magnetization torque and free energy. side) and free energy (right side) at each

Figure 1 shows the y-direction torque and free energy as a function of  temperature.

magnetization angle §. We can see that for 100K and 125K, the torque 4.0
(free energy) curve attains a local maximum (minimum) at § # 0, which "E 2(5)
reflect the spin reorientation of Nd,Fe4B. In contrast, above T > 200K, % 215
the local maximum (minimum) disappears and the torque (free energy) % 20
curve approaches o sin 26 (sin® §). This behavior implies that the magnetic i% 12
anisotropy constant K{* becomes dominant as the temperature increases. p% g'z
0

We also discuss the external magnetic field Hx response of the energy

Magnetic Field [T]

barrier (activation energy) which governs the probability of magnetization

. . . ) . Fig. 2 Height of the energy barrier, ¥, as
reversal via the thermal fluctuation of spins. Figure 2 shows the height of

. . . . . . a function of external magnetic field, He,
the energy barrier, ¥5, when H.y, is applied opposite to the z-direction of
) 5 0 at each temperature.
M. The H,y, response of 7p is generally expressed® by: Fp(Hex) = Fp(l—
H/Hy)". The exponent n can take various values, such as n = 2 for the Stoner—Wohlfarth model and n = 1 for the weak
domain-wall pinning mechanism.® The parameters ‘Flg , Hp, and n were obtained by fitting Fp(Hey) in Fig. 2. We can find
that n takes values of less than 2 in the low-temperature region (below the room temperature, 7r ~ 300 K) and approaches
2 as the temperature increases. This reflects the fact that the magnetic anisotropy is mainly governed by the K f term in the

high-temperature region.
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The magnetization reversal process of a Nd-Fe-B magnet has been long a controversial issue since its discovery.
Recently, the importance of this subject becomes more significant because of the growing demands of high performance
permanent magnets for electric/hybrid vehicle and generator applications. Since a Nd-Fe-B magnet has a microstructure
of the Nd,Fe 4B main phase grain and the intergrain phase, it has been widely accepted that the grain boundary plays a
crucial role for the magnetization reversal process. In Nd-Fe-B sintered magnets, however, the grain boundary direction
is randomly distributed with respect to the c-axis of Nd,Fe4B phase. On the other hand, a Nd-Fe-B hot-deformed magnet
has a microstructure of well aligned platelet Nd>Fe14B gran, and the grain boundary mostly exists along the directions of
parallel and perpendicular to the c-axis of Nd,Fei4B phase. Thus, a Nd-Fe-B hot-deformed magnet is expected to be a
model magnet for the analysis of the magnetization reversal process. In this talk, we discuss the magnetization reversal
process of the Nd-Fe-B hot-deformed magnets through the magnetic viscosity [1] and the first-order reversal curve
(FORC) analyses [2].

The samples used in this study are the Nd-Fe-B hot-deformed magnets with and without the Nd-Cu eutectic alloy grain
boundary diffusion process [3]. The former and latter are referred as GBD and HD, respectively. The coercivity H. of
these two samples are quite different, i.e. 2.2 T for GBD and 1.1 T for HD at ambient temperature. Under finite temperature,
the magnetization reversal takes place through the thermal activation process against the energy barrier Ev(H). Ev(H) is
usually expressed as Evw(H) = Eo(1 - H/Hyp)", where H is the magnetic field, Eo the energy barrier height at H = 0, n the
constant depending on the magnetization reversal mode; n = 1 for domain wall pinning and n = 1.5 ~ 2 for nucleation or
coherent rotation. Recently we proposed the method to determine these energy barrier parameters from the magnetic
viscosity measurement [1]. Fig. 1 shows the value of n for HD and GBD magnets as a function of temperature.
Surprisingly, the value of n almost keeps to be 1 irrespective of temperature and samples whereas H. varies significantly
with temperature and samples. This fact indicates that the domain wall pinning is the major magnetization reversal process
at H = H.. Fig. 2 shows the FORC diagrams of HD and GBD samples. For this experiment, the samples are shaped into
long rods of 3*#0.5*0.5 mm? in order to reduce the demangetiation factor N,. Both the FORC diagrams of HD and GBD
exhibit simple Gaussian patterns with narrow distributions. From these results, we may conclude that the effect of local
demagnetization field which has been frequently discussed is negligibly small, and the coercivity distributions are also
very small. This work was partially supported by ESICMM
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Fig. 1 Power inde?( nof energy barrier Fig. 2 FORC diagrams of HD and GBD samples at ambient
function as a function of temperature. temperature.
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Excellent hard magnetic properties of Sm,Cois-type
sintered magnets at elevated temperature make them the only
choice for the applications above 300°C. However, the coercivity
of Sm,Coy;-type permanents magnets strongly depends on the
cooling rate from aging temperature of ~850°C; No coercivity
for rapidly quenched sample while the coercivity is enhanced to
~2.0 T after slow cooling [1]. This has been correlated to the Cu
content and its distribution in the cell boundary phase [2].
Questions raise here; does just small increase of Cu in the cell
boundary phase substantially enhances coercivity or are there
other microstructural features influencing the coercivity of

Sm,Coy7-type permanent magnets? In this work, we have

revisited the microstructure of Sm,Co,;-type sintered magnets Ch

with different coercivity levels and discussed the coercivity ;“? g"’ :

mechanism by employing finite element micromagnetic :‘Eg saauna 8 Eg" L1 “’ 22

simulations to answer to these open questions. é, :2 im~ ::m é 1 "
Commercial Sm(Coqg784Fe0.100Cu0.083Z10.028)7.10 sintered § ,'E :: es s i1 15 18 21 §z§ 3 6 o s m

magnets with two different heat treatment conditions, one  § | cu Ps é:g Cu :

quenched rapidly and the other slowly cooled from 850°C were © foza i f1 36 s

studied. The magnetic properties of the samples were measured 31‘“: Al — z‘“l ﬁn z:; . 12'“ 'm oo

using a SQUID-VSM. Microstructure of the samples were Distance (~nm) Distance (-~nm)

analyzed using SEM/FIB (Carl Zeiss 1540EsB), TEM (Titan G2 (%5 (&) e (©) B EM(a O fmage ane (0 e
80-200)) and 3DAP. Influence of the microchemistry of the cell ~composition profile obtained from the SmyCo)s-type
bqundary ph.ase. to i'fs pinning strength was studied using Z;ﬁrgli?mgl:g;};:do faggofclfmy cooled down from
micromagnetic simulations.

The sample slowly cooled down from 850°C showed
the high coercivity of 2.6 T, while coercivity of the quenched sample was only 0.14 T. Figure 1 (a) and (b)
show high resolution STEM-HAADF images obtained from the quenched and slowly cooled samples
respectively. Sm,Co;; matrix phase, SmCos cell boundary phase, and Z-phase are observed in the
microstructure. Unlike the quenched sample, SmCos/Sm,Co;; interface is sharp and smooth in the slowly
cooled sample. Figure 1 (c) and (d) show 3D atom maps of Sm and Cu and their composition profiles
obtained from the two different cell boundaries of the quenched and slowly cooled samples. Enrichment of
8.6 at. % of Cu and 7.7 at. % Fe was found in the cell boundary of the quenched sample while the SmCos
cell boundary phase of slowly cooled down sample contains 15.4 at. % of Cu and 3.0 at. % Fe. In addition,
the distribution of Cu broader than that of Sm was found in the cell boundary of the quenched sample.
Micromagnetic simulations showed that the enrichment of Fe in the cell boundary and the broad distribution
of Cu results in a smaller gradient of K, through the 2:17/1:5 interface, which decreases the pinning strength
of the cell boundary phase. This explains the low coercivity in the quenched sample.

[1]1 D. Goll, et al. Appl. Phys. Letters 76 (2000) 1054-1056. [2] X. Y. Xiong, et al. Acta Mater. 52 (2004) 737-748.
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Effects of deterioration of grain surface-layer and grain boundary on magnetic property for neodymium
permanent magnet
F. Akagi, Y. Sakai, Y. Honkura*
(Kogakuin Univ., *Magnedesign)

[TL&HIC

T, RESORESCEROFBMENS, LVHROFENE—FZDOFEENEHE > TNDH, 1F VLR
REEAIITER A BENE < . VL - BEICENL TV DA, IR OB A BERREA X0 455 Y, Al
FOWE T, 1 HOMERLZ /NS 2B E LT MH L= %2R, 200y, #EFEEF b0 L L
THNES 23R, fEfbRiEE 0L BREGTEDORL) LT OREE SO 53 BN K O T
EHLESEDH AR LD, Lol fEARE OB BRI B L T oz, ABFZET
E. THRHEEE L. KRB OLERIFHAN MH L — 7 1Z RIET B LR L R ms T 5,
HEAE

IR Y R 2 L—& EXAVAG 2 W= Y, A7 n /7 AT, AR
B A F\ T Landau-Lifshitz—Gilbert FFE=C (LLG ) 2 fifx |
RO Z KD D, Fig. 1 IZRHRICHWIZAKABA DET VERT,
1 DOFESRIIE 40X 40X 40 nm® & L, AESRRLFUEIL 2 nm, FEALkIZRE D
FAvEONEIZ 2nm & U7, fEkio> fafomafbix 1. 61 T, KL 4R 13 0. 805
T & LTz, ZRMREAERIT., Al K OV ki &k A28 1,00 1071
[J/m], RIFUFHIX 6. 25X 1072 [J/m] & L7z, HEabRIo 40 0 B 5 MRS
16077 [kA/m] & L, REBHEOBFERFITEMD 10% L Lz, % Fig. 1 Permanent magnet model.

7o RLFURNIZERENE & LT, BT 1 [kA/m] & (Surface layer & grain boundary)
- IR : N __ @ w. o deteriorated & non-mag

L/f\_o MH /b—> ‘iﬁg]iﬂiﬁ }E @ Fig. 1 Oty $ﬂ]j§|ﬁ7}) & 6000 @ w. o. deteriorated & soft mag

+x {7 A 107 T oS TRD 7, 5000 Deteriorated & non-mag

® Deteriorated & soft mag

EEEER

E 4000 s « sExperiment from Aichi Steel

Fig. 2 13MEMBIRE ORI OA ML | RIRAEBIERIED 2 3000
BOREHE O 5 BRI OB AR OB 2 000
RThs, MLV, REBOHLPENGE, KNI 8 1000
MECh 2 BB B AT, KA ThIUE, O
BREINEBT D75, B OIS L AR IR 0w w0 s 100
< Stoner-Wholfarth B o> %% Sy ffy FEAR 7 E 2 o9~ — 5, Easy axis [deg.]
EBICEBILB N b BT R OB . FERMEIC 54 Fig. 2 Easy axis dependence of coercivity.

DIRME) DAIT/N SV, BT, Wi & BT, REDITEIICTVEL 725, AlS, RiEHIIREOHEIC

K& HKIFT D,

B 3R

1) Y. Honkura, Proceeding of the 19th International Workshop on Rare Earth Permanent Magnets and Their Application,
Beijing, China, p. 231, 2006.

2) F. Akagi and Y. Honkura, The 39" Annual Conference on MAGNETICS in Japan, Symposium 09A-1,2015.

3) Fujitsu Japan - ‘& T8 http://pr.fujitsu.com/jp/news/2013/12/10.html.

4) EbFE#m . BI3EAER =7 7 LA 2014,

5) http://www.magfine.net/magfine/imagessMAGFINE%20CATALOG%20A4%20ENG%20BACK .pdf.
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Jeg TR OD T PN TEL RS b il 4o TR PR 7RI E. Kerr 290 SR 11 e 2 18 oD B %%

/ANEYD HEST. IR R T BUR R, A R (AT — 2 Baa itk 2RAERSE)
MO Kerr effect sensing system for simultaneous detection of local magnetization components
along perpendicular/ in-plane to the film plane
Y. Odagiri, E. Yanagisawa, S. Meguro, S. Saito* (Neoark Corporation, **Tohoku University)

[FCOHIZ M /Ry b XU, BAER 2R O 51T D MRAMY oA ha =7 AFE 11T
RFEENDRMRER T SAAERELT D EEMECTHD, DD T SARIBEMER B O TR B 5 %5 L T
FREDRENDN ., FRIEROFEMR R T N L7 AOREEMEIZ LY, N - T EB BRI T h
SRR IE DN A U TR DR E 2 CEIRWIGA D B DT | 5D = (it PR 1B R O R bk 43 % 53 BiEC
X2 R TR R I AR A 2 e T 2 SR E F o QU AT — IC LA RE RO B O D HIE L.,
JRBREIZITW RS DS M D fREEA FEBL CELH LB 2 DAL, FoZ Of BRI KOFURL O JEmEME | FEAR O fif (H
P, FIEEA IR OSBRI R E IR T Db D Th D, F A4 ITZNET, L—W A O 1Tk 2%HR
72bh | BIRE—ROZEMBIOab—L v —OK T %4 FEB 3 53 E R FHR e b NI & OIS L5
T R - TR T D HEE AR G TS O W TRENL L CE 28, N/ E ALK 0 & o BT DRl BT ic o
VEEWRLA TR o 7o, RGBT, BB L o X2 T Kerr 25344 H o 22
s o R L SR B AL L2 N L2 3B A O RS A SRR 22 B HE 1
e —Zh Rk — S FNEE T DI EEF AL RN O D% 4 BEL TR AT AE2 £
LB ARG E (uW—MOKE, ui—SMOKE) ZBRZEL7=D T#E 45,

BIERE  Fig. 1 IZAERFLIZRDEAS TR ORL o X EFEE Y O St dih DR
W& X% 7~ d, [Rl— A CIE - ¥ i F bl —V a2 AR S 256 IS IR
H AR E T 72— EBAC SRR T8 5 IELFE S5, L
TR CINLDOEFEMENRFE LI T 2281280, mE S ABIOMEN S50 Fig. 1 Scematics of
SRR 6 IR > 5 R FTRE L7 12, e oation - direction
EEBRER Fig. 2 [IAFETEHHILE GdFeCo MIEORIABRE A =T, TE

WAL R R 3 D5 T RS TV D — 7 Tl N LA D1 B3 S TRb 7, KRB BRI T
HHZEN DD, FeTaN #EO KB CIX (Fig. 3) HmWBALETEK T H(E 5O A3 M S TERY,
ZORENH N LIETH D LD 0D, ZNHITHIL Fig. 4 (253 FeCoTaZr M CIL, mPEE LAy DOMLIZ
FEEACA DR SIUTEY  AFUEHCIIANERE I AT D2 D H B 5 B T NSRBI Z &N RS,

B RO 26 AR IEL DO i3 - — R B & 22 1 CEM S L,

&R 1) T. Nagaietal.,, EEE ran . agn., 39, (2003). 2)S.Meguroetal., nn. n. agn. . n.,7aF-10 (2010).
. 0.8
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Fig. 2 Hysteresises for a GdFeCo film  Fig. 3 Hysteresises for a FeTaN film Fig. 4  Hysteresises for a FeCoTaZr
with applying field along perpendicular  with applying field parallel to the film film with applying field parallel to the
to the film plane. plane. film plane.
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AER AR ) R O 15 oy R REA KA S 7] U 7o R TP AL B
(& 2 RIS FeCoSiB SR FEAR'E V) 7 MiMERE D BA%E
FRA&H], K. Srinivasa Rao, {LJIDTAK, FHAMHE, 7EHEE
(FK K2
Development of high-sensitive amorphous FeCoSiB soft magnetic tip by magnetic field annealing
for high resolution alternating magnetic force microscopy
Y. Akaishi, K. Srinivasa Rao, G. Egawa, S. Yoshimura, H. Saito
(Akita Univ.)

[FLHIC i, MK DBEMSIICE O CITE % E MR GLaR IR O R IZ X 0 ZZRafEeD m B3 < K
HDOHNTWD., Bx T e EICA % & 7o 23R R I CORIGRN A ATREZ, REBR S BEME
(Alternating Magnetic Force Microscope; A-MFM) % BHJE L, BEAE, Bif7e Y 7 MEKFHE & @it 24
9% FeCoSiB A FE Y 7 MR O LHULEZ K B = & T, MEMEKGEHEA O BXB LIV T, 5nm LA
TONRRENRE L THELND Z EE2HE LD, = 2 CHESFOESULITIE, 5e8i7e SiiESHIM #[alis X &
RING, ANy B Y TER AV CTREMENR 2 GREFOARIE T M BRI 2 2 & AR T - 72. — 5, FeCoSiB
RFMEGEIL Co RIFMETE L ERY, MELHMTHEIZIV ErITTERVDOT, V7 MEKRFHER -
OEENSERY BUHENA EEZ DD, B ORIGEIINC X 0 758K R T YEO A 528 AT 6E
THDHDOT, BEHIIROBALIREEZ HIiH T X 2 R[EEMEN H D . AWFIETIL, FeCoSiB SRIEME &4 IZ O
TSP 21TV, B BVLEE O R A A-MFM BLZ21C L 0 it Lo R 2 s 5.

Bk FeCoSiBIEFE Y 7 MRS &, LA T 2 v NIIROD SiEEHT Z —4 » MK DS FessCo24Sii0Bio
DWW A FE 2 OFREE TRy Z Y o ZiEZ TR L 72 %12, B hEVLEE 2 i U CfER L 7. Bast
JEFEIE 150~250 CO#PHTEL SET-. BTt O v 2 v NRIREROEF HIm (BRE & RS ) Bk
Wy b L7z EICBAEICEE S BISRHS) ICHML, ZORKEIX 2k0e TH S, A-MFM (XD ERE
BT a— 7RSI (L-Tracell, HYNA T 7 A = 28T, /WIT7 =254 haT (RSN, PLL (&
WHIEHE) , vy 7 A T T RN THERR LTz, BIZEEEHTIX CoCrPt-SiO, TEE MK GEek A 2 V), B
SFEUBHE IEEE A 2~3 nm (2 U CEFRBMRBIZR 21T - 7o, REHCHIN U 72 A2 Fiids o A 3 89 Hz & L, 1RIE
1% 50~200 Oe DO#HiPH T STz,

R W EVLEE A L7 FeCoSiB FEANE YRS % H\ T
500 kfci DREKFLERE v b & A-MFM Bl28 L7-. = Z TR
FREVIVER ST, FUINRGSS 2 kOe, FRFFIREE 200°C, {RFEFIFR
2h THD. Fig] I[THEMEREEN 15, 25, 30 nm, kG IRIE
73 50,200 Oe D & X DEil G2 —FlE L TRT. ZhvE
THRIEL7Z Y 7 MRS (B eBE o —~ a1 HEFS
CoZrNb RIEELEREE) TILBEMENRE LA FifETs D EE I £
UME T IREE SN D D% LT, W m Al L7z FeCoSiB
FEARE RS CIIREMEBE N N3 5 L Fask ey b AN A
(2720 FHARE N LD Z Enbns. KTbEHI
JEPE D3 EOEPERRIE 15nm Ti, K@U R 25 X 51250 Oe
BOWTHitskt y MBI TETRY, BESICET D ik

G CE D 2 LN D. ZHLOEFHDFEKRE LT, S=F =

TREAE TR B 510 St 0D TG JBE D TG ALK B 73 e 35 H AL PR RO R4 22 20 Fig. 1 A-MFM images measured by magnetic
B AFERMIAFEOEETCEH L TWAEAI L EE L field annealed FeCoSiB tips with magnetic film
TVD. HECH, EMAREN EOTIEZED DI, 0000wty e !
S DITHEMEREIE O /N S 7o & 5 T, BES BV S8

e RS D IRE & 3 fRRB I R IE T B O EZ ®mET 5 &

E BT, REEMEREE CRHAERE 23 m | L RK A2 B 523 5.

BEIHER 1) K S. Rao fth, %539 [0 0 ARG AT EMESE, spD-3 (2015).
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R RS MEERET 2 N T2 A2 el 5 T IR SR L2 1 D K A4 D
W ORERA A — v T FEOBS

WOKER, TDIDCR, SR, ARk
(FK K2
Development of magnetic imaging for fractured surface of permanent magnets
by alternating magnetic force microscopy with superparamagnetic tip
Y. Cao, G. Egawa, S. Yoshimura, H. Saito
(Akita Univ.)

[FLHIC BIfE, BXBIEITE AW HRTOV DB BMEIOBIZ A5 Th DB EHZ DWW TIE, ek
DRIV BEMEEIEOMIS, T4, S 7 BN CH DK ABEAIZIBN T, HBEEE 2 i & 371 RLFY TR
ST (ETE) TOBKBIENRDLNTWD. ZOERL LT, fIEMAOBKBIEIZBNT, #
WA U 72T CUX, P ORE SRR & Hele U TR R 3 53\ M5 TRt 2 5 ookt LT, il CIamedb fUiis
MV TR E FAEOR TR Z 5 2 &3, S V7o BB XA MCD BEMETO@Ig ) 2 L v ik s
NTWDLZ LD D, AFERTIE, KARA OMMIEEORE MO R E 2N T DHIXBIE %2, WX
NBMBEIC LD EBT L2 HME LT, ax BT ZED TV D BEBAIEIREF 2 I 7o 8 1<) B
#i (Alternating Magnetic Force Microscopy; A-MFM) % FWC, 7 =7 A M O O BlEL 21T - 725 R
EWETD.
AL A-MFM |3 bR & B 7= REMEZESH R L T,
RVRESEIINT & 0 BEEHEAL 2 IR 2 bS5 2 & T
T D BREFRUBHH D 28BS 8 FE S 2 BREHIRE) O JA]
WBEMBG R LT, REHRENE 75 & B BREE %I
0y 7 A R L CRED S OEEGS A2 FHI 5.
A-MFM TTHEFEBEMERE 2 2 2 LT, FHUBS 5 %
AR ihsg S OFEVINIT A —E S - B OFHI 217 5 Z
EMTE D, A TIE A-MFM % TR D 7 v — 7 B

(HSEM7IHzy A8, Ltrace IT) OB R T — 2D FIZAI
A 2R E LR L, il 2 slBt A 7 — VIc |
FINZEHMLT, B EOBHBEMEDE (Gd0s-FeCo %% H o3
1E) Zhli L, St 7 =7 A NEGYEBERNA (R dbhies
) lum, 1R : 59 3.0 kOe) ORI % KA TP & <8l Fig.1 (a) topographic image, (b)

527 perpendicular magnetic field image, (c) polarity
e image of magnetic field for fractured surface of

#BR  Fig | ([CHBRIRRED ¢ 1 (B 71725 E IS TRE) Of sintered Sr ferrite magnet. (d) and (e) are the
W | 35\ TR R REMELESH 2 VN2 A-MFM IZ X W #8122 L line profile of (b) and (c), respectively.

7o, (a)REIRE, FHARES 5 1M 25 HK I T2 B 7] 0O (b) T

BRI XL O DI4/7 n77AV(d)], ()it X O D747 n7740(e)) &~ . K OMIMIEA) 1.5 pm
Th Y, W OBKI)BMEE CIIHX OB CTdH - 724, A-MFM CTIEEKE OFESRLO TR & KB L7
B 7o G XA 3 TR ELREG CBLEE S 4L, BRI CIIERLS O b &/ T & (REmROmM:) 238
BRI CTE D, T HDIs7 nI MDD K 9512, BEEMYSGORENE 2272 5 BERIGO LR &/ TR &
DESFT, (LFES 180°Z{k L TH Y, KREMMARZIVDIZHE1ND LT, MRMEENHERICBIZE TE 52
LD, TR TREIXBIZED TE 501X, BEBMREE DG OFHT M Th 2 HEEOE T b OEE
W% BT TWAHIO LR IND. T, B2 6 0BG OFEMICIN 2 T, EtoRi L
IS Ak C PR A 2 &P CRAET 2 AZFMR N AR LTz, BB S OZWRHS DA A —2 7
FERICOVWTH|MET 5. HEREHI A L& RBEDSE O TRt W72 & E Lz,

SHE Lk 1) PR, R ERL, AR, 5 39 [ B AR NGRS 10pA-1, 2015.
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WSO 7 —A A= T H
WEI A A= 77— N ORR3S

RAGRTEST, B8, SEPuhE, AffkEs
(R B K)
Development of MO imaging plate for colour imaging.
Y. Nagakubo, Q. Liu, G. Lou, and T. Ishibashi
(Nagaoka Univ. of Tech.)

1. liUU)(:

[RMNFA AT T T — b2 O TR FA A=V 7L, BN Ai%E ) 7V 2 A LTt bl ke
f;@mmﬁz A A= THEMRTHD. L, BEOMITEOmENSmE L TEHIlENS 20, Wi R
T TSSO FNBLREDOREIZMDL I EIIRETH 2. T TARMETIE, BEHHEH T —T
ARV T THIEIIZEY, I X > TGO 28T 2 il 2 B Lz, RIERTIE, SRE Bi @&t
Wtk T —% v b AWTEBERIEHEA A —V 0 77— b ORI OFHE & BRI EHEA A —2 2 7 O/
DA T7—FRBLOZFOERIIOWTHET S.

2. EEBRAE 4

Bi E#: Nd RN — % v ML, A48 0 f#EMOD 35}
EYyeMOCTER L., #I72EKR BT FHELE LT 5 3p |64
Nd,BiiFe;Ga,O; (IF:90 nm) &/FH L, 20 LIZ NdBiFes0,, 2 29[ | 600

(FRJ:470 nm) ORI L7 2. NdBi,FesO,, HRIX ~ 2T (7o
THUE & RIS, B BB E Th 5 ER D R Lifle & O
A HERK (600-700°C, 3 hour) % 4T 5 7 1 & 2 % 3 [l 0 3% L 7. é:
RIS, RS UCERMEMR L T —x > MED BICHER S & o . . ) . .
oo BT—A A=V TIE, SW OHE/SY—LED &Rkt 400 450 \5/8:ve|::§m [::1‘; 650 700
TR LOB T (BRHEH:S342-D-550) # M\ iz, £7z, B o , .
" . o L am Fig. 1 Figure of merit of MO imaging plates
HFaBmil LIz D A~T bV ENEF KA (Ocean using NdBiFeO films annealed at 600-700°C.
Optics:USB2000+) Z W THllE L7z,
3. WBRLBER

Fig. 1 ICARBERIEE D72 2B OMREFR K Q = 0, -
T [deg.] #REICxLTFry L7V 7 7% Fig. 1 IR
T T, OlIEEE ST 2% o —aldin s, TIXER
RTHDH. REERIBEDN 640~660°CDHAIZ 600 nm {1UT
TEWVEREENE O N, BRA A=V T L —h e
F€ LED YRZ AW, HRD 7 = 7 4 MA O340
ZEH L7255 % Fig2 1077, & 6o Ui & Ao Btk
EARIE L TEWEA T —/3—(Fig. 2) & O I X 0 50
REESHLHATEDLZ EBDND,

-1 0 [kOe]
2PN L | [ B
1) BIFS, 4539 [ A ARG SRS, 08pB-2 Fig. 2 An MO i image Qfa ferrite magnet and colour

bar indicating magnetic field.
2) G.Louetal,J. Appl. Phys., 117, 17A749 (2015).
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XMCD micro-spectroscopy of a permanent magnet using a scanning transmission X-ray microscope
1’2’3, Al Hashimotoz, Yasuo Takeichiz, and Kanta Ono**
('NIMS, *KEK, *ESICMM)

Tetsuro Ueno

[FC®HIZ

KAREFR MBI OB, EBREIICB VTR E— A v MR HEA 4 v oflifZs EOEFIREOFBHRIZE
BECThHHEEZLND, LU, KABAMEHE NdFe B B D X D ICFEMAMEE LIS MIAT
bHZ L, Flm SmFepN; DX ITHERELEONINE WS ZERnH D, TO7DHEEESREE A
T RGBT IRIERHI EBRN RNEE T 5, AU TIL, BRI TiEIC X 2 B ekl ofi & | Sk Lok
FHE X B E W TRA 2 XA RVRSAIE ATRE7R 3 E T h 2 B AE R X MBS (STXM) % #i2
HhE T, ERKARAMEIOEIREFMZ1T - 72,

EER A&

FEHIIZTHIR D 1-5 20~ U 7 Ao )0 Mgf & v T2, (BT SmgsProsGdyCos T&H - 72, 1000°C T
EERE LTk, WURA A2 B — SN TR EIC L 2 B0 TI2 X » THSREFEIZ 80 H L7-, XMCD S5
SRR R = L X — N AR JE RS - O YR AR SE R (PF) BL-13A (2% E S 7o A ALE W X ARBEIK
H5(STXM) [1]1% WV TTF 572, Sm. Pr. Gd % Mys WL, Co Loy WILHIZH N T X T R L F—% 2%
YL E STXM B EZES L, XMRRILART FLEB KO XMCD A7 Rl a1z,

EERFER

Fig. 1 \ZHRYE X # % AT Co Ly WU CHIE L7= STXM
Bard, RKBRBEXR a2 R T2 M LTEHNLD Z ERb2»
Do

Fig.2 IZ STXM D X R F /L F— 2 X ¥ IV REL -
Sm Mys XAS KON XMCD A7 V&R, 4 XAS A7 b
Vo (ued p) X STXM g CHfim & 12k L TnWbdb B L TO
REA T RN —mICHERT 52 L TH, ZNH0ESND
XMCD A7 bV (pi-p) #1572, XMCD A~ M UIZEESOL
FRAFHI A A L CHUERRE— AV b L & AE VKT — A
Y SOlERDIZEZALS~2 LD, 7 FMHIDBENN
% 34H Sm A A2 S’ OWIE « A LS =2 EIRIE—FHT
DT EDBbNroT,

P PEN

Optical density

[17Y. Takeichi et al.: Rev. Sci. Instrum., 87, 013704 (2016).

el T T
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Fig. 2. Sm M,s XAS (p+ and p.) and
XMCD (p+-p.) spectra.
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Surface segregation of Pt in L1y-FePt nano-grains
H. Sepehri-Amin', H. Iwama®, T. Shima®, and K. Hono'
"National Institute for Materials Science, Tsukuba 305-0047, Japan
F aculty of Engineering, Tohoku Gakuin University, Tagajo 985-8537, Japan

Heat assisted magnetic recording (HAMR) is the most promising candidate for the next
generation high-density hard disk drives (HDDs). To increase the areal density to higher than 2 Tbit/in?,
L1o-FePt granular media with a grain size of 4-6 nm is needed. However, the reduction of FePt grain
size results in the reduction of the degree of L1y order [1], which causes the distribution of K, in the
FePt-C granular media with 4-6 nm grain size. This has been attributed to the existence of surface
segregation of Pt, which deviates the stoichiometry composition of core region of L1o-FePt grains [2,3].
A question raises here whether or not the chemical compositions of films can influence the surface
segregation of L1y-FePt grains. In this work, we have studied the influence of Fe concentration of
L1,-FePt grains to the surface segregation and the degree of L1, order.

FePt films with thickness of 8 nm was DC magnetron sputtered on single-crystalline MgO (001)
substrate at the substrate temperature of 725°C. The input power for Pt target was kept constant at 16 W
while the input powder of Fe target was varied from 30 W to 32 W to fabricate samples with Fe-lean,
stoichiometric, and Fe-rich compositions. The magnetic properties of the samples were measured using
a SQUID-VSM and the microstructures were characterized using an aberration corrected TEM (Titan
G2 80-200)).

The Fe-lean sample showed a coercivity
of 5.9 T while the Fe-rich sample showed
slightly lower coercivity of 5.6 T. Figure 1 (a)
and (b) show high resolution STEM-HAADF
images obtained from the L1o-FePt grains of the

Fe-lean Fe-rich

films with Fe-lean and Fe-rich compositions. In
the STEM-HAADF images, the atomic columns
with a brighter contrast correspond to Pt rich
columns. Figure 1 (c¢) and (d) show STEM-EDS
maps of Fe (green) and Pt (red) obtained from

1nm

|
o fpous

0.0 0‘5 10 1.5 ZTO 2'5 0.0 05 1.0 15 20 25 30 35
Distance (nm) Distance (nm)

Fig. 1. (a) and (b) STEM-HAADF image, (c) and (d)
. STEM-EDS maps of Fe (green) and Pt (red), (e) and (f)
Pt to the surface region is to reduce the surface EDS line profile calculated from selected lines shown in
energy of the grains. How to suppress the (c) and (d) obtained from the L1,-FePt grains with Fe-lean
and Fe-rich comp

the surface of FePt grains for the Fe-rich and o)

Fe-lean samples. The composition profiles f

[

obtained from line scans from the surface to the .

center of the grains are shown in Fig. 1 (e) and
(f). STEM-EDS results show that Pt atoms
enriches at the surface of L1,-FePt grains which

Composition (at. %)
8 ] 3 38
Composition (at. %)
8 & 3 38

is due to surface segregation of Pt regardless of
the composition of the film. The segregation of

surface segregation of Pt will be addressed.
[17Y. K. Takahashi et al. J. Appl. Phys. 95 (2004) 2690.
[2] B. Yang et al. Scripta Mater. 53 (2005) 417. [3] T. Seki et al. Appl. Phys. Letters 82 (2003) 2461.
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HARZREGEE TZRER D, AARR S T 2
Silica particle diameter deviation dependency of high density
isolated 1o-FePt grains on nano structured under layer

Tetsuya Makino?, Toshimitsu Hiraga, Arata Tsukamoto?
Graduate School of Science and Technology Nihon Univ.V, College of Science and Technology, Nihon Univ.?)
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1 Y. Itoh, T. Aoyagi, A. Tsukamoto, K. Nakagawa, A. Itoh and T. Katayama: Jpn. J. Appl. Phys. 43, 12, 8040 (2004)
2 A. Itoh, A. Tsukamoto, J. Magn. Soc. Jpn., 33, 507 (2009)
3 M. Imazato, A. Ogasawara, A. Tsukamoto, “Book of Abstract -20" ICM.”, p. 1493(2015)
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The role of heating of Si substrate in rapid fabrication FeCuPt nano grains by lamp annealing
Masahiro Tanaka® ,Arata Tsukamoto?
Graduate School of Science and Technology Nihon University, Japan®
College of Science and Technology, Nihon University, Japan?
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Influence of Cap-Layer on the Structure of FePt Alloy Thin Films Formed on Single-Crystal Substrates
Masahiro Nakamura®, Ryoma Ochiai®, Mitsuru Ohtake?, Masaaki Futamoto®,
Fumiyoshi Kirino®, and Nobuyuki Inaba*
(*Chuo Univ., 2Kogakuin Univ., *Tokyo Univ. Arts, “Yamagata Univ.)
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1) K. F. Dong, H. H. Li, and J. S. Chen: J. Appl. Phys., 113, 233904 (2013).

2) A. Hotta, T. Ono, M. Hatayama, K. Tsumura, N. Kikuchi, S. Okamoto, O. Kitakami, and T. Shimatsu: J. Appl. Phys., 115, 17B712 (2014).
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Influence of Lattice Mismatch with Substrate on the Structure of FePd Alloy Thin Film
Masahiro Nakamura®, Ryoma Ochiai®, Mitsuru Ohtake?, Masaaki Futamoto®,
Fumiyoshi Kirino®, and Nobuyuki Inaba*

(*Chuo Univ., 2Kogakuin Univ., *Tokyo Univ. Arts, “Yamagata Univ.)
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Fig. 2 Lattice mismatch dependence of order degree of FePd film.

e BB U7 R & ¥ T A OBIR ZFig. 21079 M7 AIEA DR 2 1E EFePdiED BRI DS K3 2
MRdH5. ADI Ay TOENPRHRKE72MI0 (-9.1%) THEAIE0S3 L 72> THY, fafifEmbiddbins. L
LDz LD, AT RESIZE D LIGE~OBANEAMEE S L TN D Z L DV508 5.

L Z DN

1) K. F. Dong, H. H. Li, and J. S. Chen: J. Appl. Phys., 113, 233904 (2013).
2) A. Hotta, T. Ono, M. Hatayama, K. Tsumura, N. Kikuchi, S. Okamoto, O. Kitakami, and T. Shimatsu: J. Appl. Phys., 115, 17B712 (2014).
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Effect of CrB insertion on the (001) texture of MgO seed layer
and magnetic properties of FePt-C HAMR media

J. Wang', Y.K. Takahashi', K. Yakushij i2, H. Sepehri-Amin', H. Kubota?, K. Hono'

"'National Institute for Materials Science, 1-2-1, Sengen, Tsukuba, Ibaraki 305-0047, Japan
? National Institute of Advanced Industrial Science and Technology, Tsukuba, Ibaraki 305-8568, Japan

Lly-ordered FePt-C granular films are considered to be the most promising candidates for heat-assisted
magnetic recording (HAMR) media for the recording density higher than 1.5 Tbit/in®. For practical
applications as HAMR media, the FePt-C granular structure has to be optimized with excellent alignment of
the c-axis normal to the film plane on polycrystalline MgO seed layer. Therefore it is essential to have a
strong (001)-texture in the MgO seed layer with a smooth surface. In our previous work"”, we demonstrated
well-isolated FePt-C granular films with high zH. on polycrystalline MgO underlayers. However, poor
(001)-textures of polycrystalline MgO seed layers result in serious mis-orientations of FePt grains, causing
large in-plane components in the magnetization curve, which will lead poor SNR”. Here, we show that with
the insertion of a 2-nm-thick CrB layer between a heat sink and a MgO seed layer, the texture and the surface
roughness of the MgO seed layer are significantly improved, thereby reducing the in-plane component in a
subsequently deposited FePt-C granular layer.

6-nm-thick FePt-28vol.% C films were deposited by DC co-sputtering using FePt and C targets at 600°C
under 0.48Pa Ar on a MgO (100) substrate (Sample A), glass/ NiTa (100 nm)/ MgO (10 nm) seed layer
(Sample B), and glass/ NiTa (100 nm)/ CrB (2 nm)/MgO (10 nm) seed layer with a CrB insertion (Sample C).
The MgO seed layers were RF sputter deposited under an Ar pressure of 5.2 Pa at room temperature (RT)
using a MgO target.

Figure 1 shows the MgO (002) rocking curves of sample B and C. The insertion of a CrB layer obviously
improved the (001)-texture of the MgO layer, which is indicated by the smaller FWHM value of the
MgO (002) rocking curve (5.6° to 3.9°). The insertion of a CrB layer improves the roughness of the MgO
seed layer from R, value of 0.28 to 0.14 nm. The MH curves of the FePt-C layers grown on these two kinds
of seed layers are shown in Fig. 2. Without the CrB layer (Fig. 2 a), the loops show small kink at zero field,
and an open in-plane loop, indicating large in-plane components. In our previous work®, such large in-plane
components were due to significant mis-orientation of FePt grains originated from mis-aligned MgO grains
in a seed layer. With much improved (001)-texture and surface roughness of the MgO seed layer by the
insertion of the CrB layer, sample C (Fig. 2 b) presents loops without kink, narrowed in-plane loop and
reduced remanence ratio (Mr,/ Mr,) which are critical for signal-to-noise ratio of magnetic recording. In
summary, the insertion of a thin CrB buffer layer on amorphous NiTa heat sink layer improves the
(001)-texture and roughness of the MgO seed layer, which lead to the reduction in the in-plane component of
the FePt-C recording layer.

Reference
1) A. Perumal, Y. K. Takahashi, and K. Hono, Appl. Phys. Express 1, (2008) 101301.
2) J. Wang, S. Hata, Y.K. Takahashi, H. Sepehri-Amin, B. Varaprasad, , T. Schrefl, K. Hono, Acta Mat., 91 (2015) 41
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Fig. 1 MgO (002) rocking curves of films Fig. 2 M-H curves of sample B without 2 nm CrB (a) and
with (B) and without (C) CrB insertion layer. sample C with 2 nm CrB insertion layer (b).
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Resonant interaction between spin-torque oscillator and recording media:
Micromagnetic study of readout method using magnetic resonance
T. Kanao, H. Suto, K. Kudo, T. Nagasawa, M. Yamagishi, K. Mizushima, and R. Sato
(Corporate Research & Development Center, Toshiba Corporation)
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Magnetization Excitation and Switching of a Perpendicularly Magnetized ECC Nanodot
in a Microwave Magnetic Field: Analysis Using Diode Effect
H. Suto, T. Nagasawa, K. Kudo, T. Kanao, K. Mizushima, and R. Sato
(Corporate Research & Development Center, Toshiba Corp.)
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GHz. The abrupt decrease at H, = 1600 Oe reflects magnetization switching of PL.
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Magnetization switching of a ferrimagnetic amorphous Gd-Fe-Co single dot
under an assistance of rf field

Y. M. Lu, S. Okamoto, N. Kikuchi, B. Lao, Y. Kusanagi, and O. Kitakami
Institute of Multidisciplinary Research for Advanced Materials, Tohoku University, Sendai 980-8577, Japan

Microwave assisted magnetic recording (MAMR) [1], which consists of microwave assisted magnetization
switching (MAS) and an rf field generator of spin torque oscillator (STO), is one of the prospective
ultra-high density recording technologies. Based on MAMR technology, a multilevel recording scheme and
an antiferromagnetically coupled (AFC) media has been proposed to further enhance the recording density
[2-4]. For these technologies, it is very important to control the dipole interaction between adjacent bits and
the interlayer antiferromagnetic coupling. A ferrimagnetic alloy such as amorphous Gd-Fe-Co is a possible
candidate material due to its very low saturation magnetization and very good controllability of magnetic
properties by changing the composition of Gd and (Fe-Co). Moreover, AFC media is easily obtained by
simply stacking Gd-rich and (Fe-Co)-rich layers. But so far, there has been no report on MAS experiment
using a ferrimagnetic material. In this work, we have examined the MAS behaviors of a Gd-Fe-Co single dot
with the diameter down to sub-micro scale. The sample structure is MgO sub./Pt(25 nm)/Ta(l
nm)/Gd-Fe-Co(10 nm)/Ta(3 nm). The Pt/Ta underlayer is used as an electrode for anomalous Hall effect
(AHE) measurement. Gd-Fe-Co layer is patterned into a dot, and Au stripline is fabricated just above the dot
with an insertion of an insulating layer.
Figure 1 shows representative AHE curves of the Gd-Fe-Co dot with the diameter of 1 um. The AHE curve
exhibits that the switching field s in the absence of the rf field is around 310 Oe, which is much smaller
than the effective anisotropy field of 1 kOe. Under the assistance of rf fields with the amplitude of 130 Oe,
sw Significantly decreases without changing the shape of AHE curve. Figure 2 shows the frequency
dependence of . sw Monotonically decreases with the rf frequency and takes a minimum of 110 Oe at
= 3.5 GHz, indicating 61% of switching field reduction.

Reference
[1]1J-G. Zhu e al, EEE ran . agn. 44,125 (2008).[2] S. Okamoto e al., . hy. I hy .48,
353001 (2015). [3] T.Yang e al., . [ hy.114,213901 (2013). [4]H. Suto e al., hy . e. [ 5,

014003 (2016).
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Micromagnetic analysis of tri-layered STO comprising SIL-FGL-SIL for MAMR
Y. Kanai, R. Itagaki, K. Yoshida', S. J. Greaves®, H. Muraoka’
(Niigata Inst. of Tech.,'Kogakuin Univ.,”Tohoku Univ.)
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Fig. 2 Oscillation state of tri-layered STO. (Top) FGL, (middle)
SIL1, and (bottom) SIL2. J = 1.0x10% A/cm?.
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Half-metallic Heusler compounds: Spin-dependent transport properties in
thin films and magnetoresistive devices

Y. Sakuraba, T. M. Nakatani, Y. K. Takahashi, T. Furubayashi, T. T. Sasaki, Y. Miura, and K. Hono
National Institute for Materials Sciece (NIMS), Sengen 1-2-1, Tsukuba, Ibaraki, Japan

History of half-metallic materials started more than 30 years ago from the first prediction of half-metallicity in
NiMnSb by Groot et al.[1] Although nearly 100% spin-polarization at room temperature (RT) has never been
observed so far in magnetoresistive devices via spin-dependent transport measurements, there is still large
expectation in various spintronic applications with half-metals because large spin-polarization without using
tunnelling spin-filter effect is beneficial to realize high performance spintronic devices with very low device
resistance. Recent extensive studies on current-perpendicular-to-plane giant magnetoresistive (CPP-GMR) devices
using half-metallic Co-based full Heusler compounds successfully demonstrated large enhancement of
magnetoresistance at RT with small RA below O.lQum2 due to high spin-polarization of Co-based full Heusler
compounds. Large MR ratio over 30% at RT has been reported in fully-epitaxial CPP-GMR devices with
Co-based Heusler such as Co,MnSi, Co,FeGagsGegs(CFGG) and CoyFep4Mng¢Si[2-4], which is one order of
magnitude larger than CPP-GMR with general 3d transition metals (Figure 1). We have recently fabricated
fully-epitaxial CPP-GMR devices CFGG/Ag/CFGG with very thin NiAl insertion to CFGG/Ag interfaces and
observed surprisingly large MR ratios of 82% at RT and 285% at 10 K[5]. This enhancement by inserting thin
NiAl seems to be related with good electronic band matching between NiAl and CFGG electrode, but careful
analysis beyond the framework of diffusive transport model is necessary because the thickness of inserted NiAl is
just 0.21 nm which is shorter than mean free path. On the other hand, the effect of chemical disordering of
Heusler on spin-polarization of conduction electron have been carefully analysed in our recent study via AMR
effect and anomalous XRD measurement in SPring-8.[6,7] Our studies clearly confirmed the importance to
suppress Co antisite by optimizing the composition ratio in Heusler film/electrode for obtaining large
spin-polarization. The progress of recent study and future prospect of half-metallic Heusler compounds will be

presented.
3007 MR ratio in Heusler-based CPP-GMR devices 1 75 CFCCNIAVAGNIAICFGG
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Figure 1.The progress of MR property in CPP-GMR with half-metallic full-Heusler electrodes. Left
figure shows MR curve at RT in CFGG/NiAl/Ag/NiAl/CFGG CPP-GMR device[5].
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Development of High-Resolution TMR Sensor Device for Application of
Bio-Magnetic Field Measurement

J. Jono?, K. Fujiwara®, M. Oogane', M. Tsuchida’ and Y. Ando"
'Department of Applied Physics, Graduate School of Engineering, Tohoku University, Sendai, Japan
’KONICA MINOLTA, INC., Tokyo, Japan

Bio-magnetic field applications have been expected for many years to the functional diagnosis of a human body. A
diagnostic device with superconducting coil to diagnose epilepsy is an application example®. High-sensitive magnetic
sensors which operate at room temperature without liquid Helium have been expected as next-generation magnetic
sensors in order to expand the scope of application of bio-magnetic field measurement devices.

We are developing Tunneling Magneto Resistance (TMR) sensors with the aim of bio-magnetic field measurement and
have developed a sensor device which can detect tens of pico Tesla of magnetic cardiac field (MCG) in low frequency
band (Fig.1)

Noise reduction of TMR sensor device is important as same as improvement of the response to the magnetic field of the
TMR sensor to obtain high magnetic field resolution. Therefore, Magnetic tunnel junctions (MTJs) coupled to soft
magnetic layer for high magnetic sensitivity were connected series and parallel to reduce noise of the MTJs. 150%
TMR ratio and about 5 Oe anisotropy field (HK) near saturation range of magnetic property were observed with the
arrayed MTJs (Fig.2). In addition, low noise analog amplifier especially in low frequency band was developed to reduce
system noise. (Fig.3)

We are studying to apply more high magnetic responsive materials to the sensor device for detecting bio-magnetic field
of brain in the near future® (Fig.4).
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Evolution of synchronization in spin torque oscillators

S. Tsunegi, K Yakushiji, A. Fukushima, S. Yuasa, and H. Kubota
(AIST, Spintronics Research Center, Tsukuba, Japan)

Spin-torque oscillator (STO)V has attracted much interest from a viewpoint of application to a
nano-scale oscillator because of the wide range frequency tunability and high compatibility with
semiconductor CMOS circuits. For the practical use, a lot of work has been done to improve
emission power and narrow linewidth of emission spectrum. The studies so far have been conducted
from mainly two aspects. The one is material development for STO devices such as MgO barrier and
suitable free layers. The other is system development using a magnetic or electric interaction
between multiple STOs or between an STO and external rf signals.

In the first approach, we carried out serial studies with STOs developed using MgO-based
magnetic tunnel junctions (MTJs), resulted in the emission power increase up to 0.1 uW.2 The
power increase was a dramatic leap from a few pW reported in the initial GMR based STOV. Recent
studies have revealed that STOs having perpendicularly magnetized free layer® and sombrero-type
free layer® exhibit further increased emission power up to a few uW (Table I). Furthermore, quite
recently, an emission power over 10 uW has been achieved in a vortex-type STO with a narrow
linewidth of 100 kHz. 56 The value of 10 uW is as large as that of commercial crystal oscillators.

In the second approach, S. Kaka? and F. B. Mancoff® demonstrated the reduction of linewidth in
two-point-contact STOs in 2005. They realized the synchronization between STOs’ precession,
where precession frequencies drew each other through spin-wave and dipole-diple interactions. W.
H. Rippard demonstrated electrical synchronization of STO precession to a large rf current injected
from an external signal source.? In this case the synchronization was induced by rf spin torque.
However, in the early stage of synchronization investigation, it was impossible to realize the
electrical synchronization among STOs because of very low emission powers generated by the
STOs.

Table I Several types of STOs and its features.

Sombrero? Perpendicularly Vortex>)
Magnetized free layer? . E!

Size 4 ym 120 nm (250 nm) 300 nm

Power

LW 2.4 0.1 0.5 (2.0) 1.4 3.4
F
e 4 11 6 (7.0) 0.23 0.48
Q factor

(freq./linewidth) 330 3200 130 (2300) 6400 210

Features High power, high Q Small, high power High Q, Low frequency
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It is at the very moment that the two approaches are merged. As mentioned, the recent progress of
the STO performance has enabled the electrical synchronization among STOs. Indeed, we
demonstrated the self-synchronization in a vortex-STO,1® where the vortex gyration was
synchronized to rf currents generated by the STO itself.11.12 In such system, the phase difference
between the STO and the reinjected rf current gives remarkable influence on the gyrotropic motion
of the vortex. The fact indicates that the phase difference is essential to the electrical mutual
synchronization as theory predicted.1® By taking account of the effect of the phase difference, we
have finally demonstrated the electrical mutual synchronization among STOs. The emission power
and linewidth were successfully improved as shown in Fig. 1.1415 In the presentation, we report our
latest results on the vortex-STOs as well as their electrical mutual synchronization.
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Figure 1 The STO number dependence of emission power and linewidth.
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Spin Torque Oscillations in Giant Magnetoresistance Devices

with Heusler Alloys
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A spin-polarized current flowing through a ferromagnet exerts torque on the magnetization. This quantum-
mechanical torque, called spin-transfer torque (STT), offers novel methodologies to manipulate the static direction
and/or the dynamical motion by an electric current. A spin torque oscillator (STO) [1] is a nano-sized oscillator
which utilizes the magnetization dynamics excited by the STT as a source of the microwave emission. According to
the device structure and/or the underlying phenomena of the conversion process from the magnetization dynamics
to microwave, STOs can be categorized into several types, e.g. current-perpendicular-to-plane (CPP) giant
magnetoresistance (GMR) STOs, magnetic tunnel junction (MTJ) STOs, and spin-Hall STOs. Since the output
power of an STO scales with the magnetoresistance of the device, MgO-based MTJ-STOs have a great advantage in
the achievement of large output power owing to the huge tunnel magnetoresistance. Nevertheless, the absence of the
tunneling current in GMR-STOs would contribute to a reduction of the shot noise, and thus would be potentially

advantageous to realize extremely high oscillation quality factor.

In order to overcome the disadvantage of GMR-STOs, namely, the low output power of the spin torque oscillation,
we have developed Heusler alloy-based GMR-STOs including nanopillar STOs [2] and point-contact STOs [3].
Through these studies we demonstrated that the utilization of highly spin-polarized Heusler alloys is promising to
realize high power in GMR-STOs. Also, these studies reminded us of the importance of the control of the
magnetization dynamics with dealing with the non-uniform effective field in the oscillating layer arising from the
magnetocrytstalline anisotropy and the Oersted field; the existence of non-uniform effective field prevents the

excitation of coherent magnetization dynamics, and that results in low oscillation quality factor.

As the application of magnetic vortex dynamics has been intensively studied by several groups, it is useful to
enhance the oscillation quality factor of STOs [4]. In addition to the high spin-polarization, Coz(Fe,Mn)Si (CFMS)
alloys exhibit soft magnetic properties, and that allows us to effectively control the magnetization configuration via
microfabrication. Indeed, the direct observation of magnetic vortex formation was reported for epitaxially-grown
CFMS discs [5]. Then we fabricated GMR-STOs using CFMS vortices as shown in Fig. 1. The GMR-STO consists
of a 30-nm-thick and 240-nm-diameter CFMS vortex oscillating layer and a 20-nm-thick CFMS reference layer
separated by a 5-nm-thick Ag spacer layer. Figure 2 shows a representative frequency-domain power spectrum
obtained from our GMR-STO with a CooMnSi vortex. Here output power of 3.5 nW as well as high oscillation
quality factor of 5400 were achieved. The output power was further improved by optimizing the Fe-Mn composition
of CFMS, and the output power exceeding 10 nW was achieved even in the all-metallic STOs. Moreover, the
estimated radii of the vortex core trajectories reached about 75% of the actual radii of the CFMS oscillating layers.
These experimental results indicate the potential of the highly spin-polarized Heusler alloys for the development of
high performance GMR-STOs.
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Fig. 1 Schematic illustration of the micro fabricated  Fig.2  Power spectrum obtained from a GMR-STO with a
GMR-STO with a CFMS vortex along with the  Co2MnSi vortex.
measurement circuit used for the microwave measurement.
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Spin injection, transport and detection technology in
ferromagnet/MgO/Si devices

Yoshiaki Saito, Mizue Ishikawa, Tiwari Ajay, Hideyuki Sugiyama and Tomoaki Inokuchi
(Toshiba Corporation, 1, Komukai-Toshiba, Kawasaki, 212-8582, Japan)

Spin metal-oxide semiconductor field-effect transistors (spin-FETs) [1, 2], whose source and drain electrodes
consist of ferromagnetic materials, are expected to lead to a new logic-in-memory architecture. Recently, many
studies of silicon (Si) spintronics for realizing the spin-FETs have been reported because of the observation of
room-temperature spin signals in Si. [3-9,12,13] However, in order to realize the spin-FETSs, it is necessary to
improve injection and detection efficiencies of electrical spin in semiconductors [10-13]. We have been observing
spin accumulation signals in Si with relatively long spin relaxation time by measuring three-terminal and
four-terminal Hanle signals for CoFe/MgO/n*-Si(100) and Heusler Co,FeSi/MgO/n*-Si(100) devices [4, 7-13],
and observing local magnetoresistance (MR) and nonlocal (NL)-MR signals up to room temperature. [9, 11-13]
However, the estimated spin polarization using standard spin diffusion theory was a small value of ~ 0.16. [8, 9,
11] The spin polarization in n*-Si estimated by other gropes using standard spin diffusion theory has also
exhibited small values, for example: ~ 0.05 for Fe/MgO/n*-Si at 8 K [6] and ~ 0.15 for CoFe/n*-Si devices at
room temperature. [5] It is therefore necessary to improve the spin polarization (spin injection and detection
efficiency) in Si to achieve large spin signals in Si. Recently, we have been succeeded in improving the spin
polarization in Si. [12, 13] The estimated spin polarization (P) and spin life time (z) are P ~ 40% and 7 ~ 1 nsec,
respectively at room temperature. The large spin injection and detection efficiency into Si and relatively long spin
relaxation time even at room temperature and spin signals at room temperature along with its robustness up to
400°C are observed.

In this invited talk, we review the resent progress and our current status of Ferromagnet/MgO/n*-Si junction
technology for increasing the spin signals in Si. This work was partly supported by ImMPACT Program of Council
for Science, Technology and Innovation (Cabinet Office, Government of Japan) and Grant-in-Aid for Scientific
Research from JSPS.
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Hayato Koike', Yuichiro Ando?, Shinji Miwa®, Yoshishige Suzuki®, Masashi Shiraishi?
! Technology HQ, TDK Corporation, Chiba 272-8558, Japan
2 Department of Electronic Science and Engineering, Kyoto University, Kyoto 615-8510, Japan
% Graduate School of Engineering Science, Osaka University, Osaka 560-8531, Japan

Spin-dependent transport phenomena in semiconductor have been attracting much attention from both the fundamental
and the practical points of view. The devices based on such phenomena have a possibility to archive continuous
performance improvement of conventional ICT devices. Among them, spin-MOSFETs® are expected as one of the
promising candidates for beyond-CM OS devices. Even in the case of spin MOSFETS, silicon is attractive as a channel
material because it has the advantage in terms of good spin coherence (= weak spin-orbit interaction).

To realize silicon-based spintronics devices, it is necessary to perform a series of processes consisting of "spin injection,
spin transport (modulation), spin detection" in electrical method. For investigation of these spin related properties,
multi-terminal lateral spin valve (LSV) devices are extremely useful. It is widely recognized it should be demonstrated
completely by spin-valve effect measurement and Hanle effect measurement, using nonlocal (4-terminal) and local
(2-terminal) geometries.

Especially in recent years, remarkable progresses have been made in the field of silicon-based spintronics. First
example is the observation of spin output signal at room temperature. It has already been reported by several research
groups? ¥ ¥ and most of them have utilized FM/MgO/n-Si system (= ferromagnetic metal electrode, MgO barrier and
n-type degenerate silicon channel). Second example is the modulation of the spin output signal by the gate voltage
application at room temperature. ® ® It has been achieved in FM/MgO/n-Si (n-type non-degenerate silicon channel)
system with back-gate electrode of SOl structure. These progresses have led to the further understanding of
fundamental spin related physics, such as spin drift effect, and the further improvement of spin output voltage (over 1
mv). ?

Although silicon spintronics devices have advanced steadily for practical application, technological issues to be solved
still are abound. Among them, improvement of spin injection efficiency is strongly desirable. In order to overcome
these issues, even now research and development of silicon-based spintronics devices have been carried out
energetically.
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Tunnel Magneto-resistance Properties in Magnetic Tunnel Junctions with Amorphous CoFeSiB Electrode
in Low Magnetic Field
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Room temperature large magnetocapacitance effect in magnetic tunnel junctions
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(Hokkaido Univ. RIES, *Hokkaido Univ. Eng., **Brown Univ. Rhys.)
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Fabrication of tunnel magnetoresistance devices using FesO4 electrode
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MR effect in MTJ with ferromagnetic insulator
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Magnetic alignment: method and its applications to structure analyses

T. Kimura
Graduate School of Agriculture, Kyoto University, Kyoto 606-8502, Japan

Diamagnetic and paramagnetic (commonly called non-magnetic) materials do respond to external magnetic
fields though their response is very small compared to that of ferromagnetic materials. If these materials have
magnetic anisotropy, like crystals, we can make them align by magnetic fields. Under static magnetic fields,
their easy axis aligns parallel to the applied field, while under rotating magnetic fields, their hard axis aligns
parallel to the axis of the field rotation. By combining static and rotating magnetic fields, the easy and hard
axes are aligned simultaneously (biaxial alignment). This alignment can occur to biaxial crystals (triclinic,
monoclinic, and orthorhombic).

The magnetic alignment competes with thermal fluctuations. It is necessary to overcome the thermal
fluctuations that the anisotropic magnetic energy should largely exceed the thermal energy. This condition is
typically satisfied for microcrystals of ca. um sizes exposed to ca. 10-T magnetic field although these
parameters strongly depends on the magnetic anisotropy of microcrystals under consideration and what level
of alignment we want to achieve. There are various types of combinations of static and rotating magnetic
fields (modulated magnetic fields'®) to produce biaxial alignment of superconducting materials,>° ceramics,*
inorganic crystals,” organic,® and protein®!® crystals.  Aligned specimens are prepared by mixing
microcrystalline powders in liquid matrix to obtain a suspension and subjecting the suspension to modulated
magnetic fields, followed by consolidation of the matrix to obtain polymer composites in which microcrystals
are 3-dimensionally oriented. We call this composite magnetically oriented microcrystal array (MOMA) (Fig.
1). Actually, it is difficult to produce modulated magnetic fields; instead, a suspension is rotated in a
modulated manner in a static magnetic field.

Biaxial alignments of microcrystals are useful in various areas of science and technology. Among them, we
have applied the magnetic alignment to X-ray diffraction and solid state NMR measurements.!* Due to the
3-dimensional microcrystal alignment, MOMASs can exhibit X-ray diffraction that is equivalent to that
obtained from a real single crystal of the same compound. This means that we can perform single crystal
X-ray structure analyses from microcrystalline powders (Fig. 1). Powders are conventionally analyzed by the
powder method that is complicated and indirect compared to the single crystal method. The MOMA method
is of great help when one wants to perform single crystal analyses but lacks in large single crystals. MOMASs
might be much more useful for neutron diffraction measurements because mme-size single crystals are required
there.

Solid-state NMR is a powerful means to understand the electron distribution around specific atoms under
consideration. This information is obtained through chemical shift tensors for these atoms. In conventional
CP (cross polarization) / MAS (magic angle spinning) solid-state NMR, where microcrystalline powders are
used, only the average of three principal values is obtained. There are several advanced pulse techniques used
to determine the individual principal values, but the determination of principal axes is yet difficult. If large
single crystals are available, the principal axes are determined by using single-crystal solid-state NMR
technique. We have demonstrated that MOMAS can work instead of large single crystals and determined the
principal axes of **C and 3'P from microcrystalline powders.*? 13

We have also developed MOMS (magnetically oriented microcrystal suspension) method, by which single
crystal X-ray measurements can be performed in-situ, without solidifying the matrix suspending liquid.
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Fig. 1 Schematic of preparation of MOMA (magnetically oriented microcrystal array) and its X-ray diffraction from
which the crystal structure is determined by using conventional single crystal analyses.
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Liquid Crystal Electrochemical Polymerization under Magnetic Field

Hiromasa Goto
(Division of Materials Science, Faculty of Pure and Applied Sciences, University of Tsukuba)

Liquid crystal electro-polymerization

Optically active conjugated polymers
were  prepared by  electrochemical
polymerization of achiral monomers in a
cholesteric liquid crystal (CLC) electrolyte
solution [1,2]. The polymer films thus
synthesized exhibited circular dichroism
(CD). This method can be referred to as
"chiral electrochemical polymerization".

In the present report, the chiral
electrochemical polymerization of
thiophene derivatives by wusing CLC
electrolyte containing cholesteric

derivatives as chiral inducer was carried out.

The surface morphology of the polymers Figure 1. Electrochemical doping (oxidization) and dedoping
was confirmed with polarizing optical  (reduction) of the chiral polymer film in 0.1 M TBAP/acetonitrile

microscopy ~observations. The polymers  golution. Left: +1.2 V, right: 0 V.
show not only electrochromism (Figure 1)

but also “chiral electrochromism”. Change in the optical rotation of the polymer depends on the redox conditions. The
ellipticity of this polymer is also found to exhibit hysteresis with redox cycle. The results indicate that the optical
rotation of chiral polymer can be tuned through electric field by electrochemical method.

Electro-polymerization in liquid crystal under magnetic field

Liquid crystal can be oriented along the magnetic field. Oriented liquid crystal prepared by magnetic field
provides oriented chemical reaction field. In this case, the liquid crystal electrolyte solution plays a role of uniaxial
polymerization environment. Resultant polymers
synthesized in the oriented liquid crystal show
uniaxial oriented form confirmed with scanning
electron microscopy (Figure 2). Polarized
absorption spectra of the polymers thus prepared
demonstrated anisotropy. Furthermore, "linear
polarized electrochromism phenomenon" was
found [2]. The polymer shows electrochromism
by application of voltage, which change the
color with linear dichroism.

References

[1] Goto, H. Phys. Rev. Lett. 2007, 98, 253901.

[2] Goto, H; Nimori, S. J. Mater. Chem., 2010, 20,
1891-1898

Figure 2. Scanning electron microscopy (SEM) image of the

polymer prepared with liquid crystal electrochemical
polymerization under magnetic field.
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Control of crystallographic orientation in bulk ceramics by colloidal
processing in a high magnetic field

Tohru S. SUZUKI
National Institute for Materials Science, Tsukuba, 305-0047, Japan

Tailoring the crystallographic orientation in ceramics is very useful for improving their properties. Many researchers
have reported that the textured ceramics were produced by the Templated Grain Growth method (TGG), hot forging,
one directional extrusion, etc. In this presentation, a magnetic field is shown to be very effective in controlling the
crystallographic orientation in bulk ceramics. We reported that the colloidal processing in a strong magnetic field was
able to control the crystallographic orientation even in diamagnetic ceramics. In this process, a strong magnetic field is
applied to the particles in a stable suspension. The particles were rotated to an angle minimizing the system energy by a
magnetic torque generated from the interaction between the magnetic anisotropy and the applied magnetic field. In this
processing, dispersion of powders in a suspension is necessary to effective work of a magnetic field, because large
interaction between the agglomerated particles restrains the powder in a suspension from rotating by a magnetic field.
Colloidal processing was used for particle dispersion in this study because of developing for consolidating fine particles
to avoid heterogeneous agglomerates by electrostatic repulsion due to surface charge.

In the case of Al;O3, SiC and LiCoO,, the c-axis of hexagonal crystal structure aligned parallel to the magnetic field.
The thermal conductivity parallel to the c-axis was higher than that perpendicular to the c-axis in textured SiC. In the
case of AIN, ZnO and Si3Ny4, we confirmed that the a-axis aligned parallel to the magnetic field. The rotating magnetic
field was used to control the development of the c-axis orientation in order to improve the thermal conductivity.

If the orientation axes of platelet particles aligned due to a geometrical effect and a magnetic field are different, the
multi-dimensional orientation can be controlled by simultaneous use of both the effects, and control of the elaborate
microstructure will be expected. Figure 1 shows that the pole figure in BisTi3O1, prepared by slip casting in a magnetic
field with platelet particles. The {001} pole figure on T plane perpendicular to the casting direction and parallel to the
magnetic field shows a very strong spot at the center, which indicates that the c-axis was aligned parallel to the casting
direction. The {100} pole figure exhibits a couple of strong spots at the points of 90° from the center along the latitude
line. The <100> texture was aligned parallel to the magnetic field. Since the c-axis and the <100> axis orientation can
be simultaneously controlled.

001 100 slip cast T’

max =59.174 B’

40.000

20.000
O’ S2 S2 10.000 é"
5.000
3.000
1.000
0.500

S1 S1

Fig. 1 Pole figure on T plane perpendicular to the slip casting direction in BisTi3O, prepared by slip
casting in a magnetic field with platelet particles.

Reference
1) T.S. Suzuki, Y. Miwa, S. Kawada, M. Kimura, T. Uchikoshi and Y. Sakka, J. Am. Ceram. Soc., 96 (2013) 1085.
2) H. Yamada, T. S. Suzuki, T. Uchikoshi, M. Hozumi, T. Saito, Y. Sakka, APL MATERIALS, 1 (2013) 042110.
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Micro-domain control toward new lasers

Takunori Taira

(Institute for Molecular Science)

The solid-state lasers and nonlinear optics have contributed to broadening the new horizon in quantum electronics,

owing to their high-brightness nature of giant pulses under Q-switching and mode locking?. Moreover, their cutting

edges are expected from the field of high-energy

physics (i.e., laser fusion/laser ignition, laser accelerator,
and vacuum decay) to precise measurement, laser-based
material processing, and laser ignitions (i.e., engine
ignition and fusion ignition). On the other hand, its
development has long been a materials-limited. In this

talk, we’d like to review the recent progress of Micro
Solid-State Photonics with regard to high performance
microchip lasers based on the micro-domain structure
and boundary-controlled materials>?. The past decade
has witnessed a veritable revolution in the types and
performance levels of solid-state lasers, largely due to development
of micro-domain engineered new optical materials, such as the
transparent laser ceramics. Especially, the naturally bonded
composite Nd:YAG/Cr:YAG ceramics contributes sub-ns giant pulse
generation. These progress of YAG ceramics enabled multi-megawatt
microchip lasers, sub-PW/sr-cm? brightness and sub-ZK brightness
temperature. “The world first has been
demonstrated by it? (Fig. 1). And furthermore, we’d like to discuss

the next generation of high-brightness lasers based on the aligned

laser ignited car”

Direction of magnetic field : B

A Thermal
disturbance ,\
L Y

ngine view

Fig.1. The world first laser ignition engine car by the giant pulse
micro laser in Nd:YAG/Cr:YAG transparent laser ceramics.

Magnetic torque:
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Anisotropic
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[ Magnetic force: F,, = _9v_ Vx(B-V)B

anisotropic ceramics by RE*'-ion, such as Yb:FAP ceramics. The

ar u
Fig.2. Schematic of the RE-assisted magn&tic
orientation method for fabrication of RE-doped
anisotropic laser ceramics

fabrication of laser-grade anisotropic ceramics by a conventional

sintering process is not possible owing to optical scattering
We
demonstrated the first realization of transparent anisotropic

at randomly oriented grain boundaries. have
ceramics by using a new crystal orientation process based
on large magnetic anisotropy induced by 4f electrons (Fig.
2). By slip casting in a 1.4 T magnetic field and subsequent
heat treatments, we could successfully fabricate laser-grade
calcium fluorapatite ceramics, and its laser oscillation to
complete the laser ceramics map as shown in Fig. 3339,

These compact lasers can provide the extreme giant-power

by using micro solid-state photonics, so to speak “Giant

Micro-photonics™'?.

Single crystal Polycrystalline
Scale merit

©_ Typical solid-state laser High-power, multi-function laser
(ol
g2
£2  Nd:YAG Nd:YAG ceramics
2° Yb:YAG etc. Yb:YAG ceramics, etc.
‘ Gain merit

New frontier ‘

Anisotropic
crystal

High-efficiency, energy laser

Nd:YVO,
Yb:(S-)FAP etc.

Anisotropic Laser Ceramics

-

%5 nstitutefor Molecular Science
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Fig.3. Progress map of solid-state lasers from isotropic
single crystals to anisotropic laser ceramics.
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Crystal alignment by imposing a magnetic field during solidification

IWAI Kazuhiko' and HAGIO Takeshi?
! Faculty of Engineering, HOKKAIDO University, Sapporo, 060-8628, Japan
2 Formerly, Graduate School of Engineering, HOKKAIDO University, Sapporo, 060-8628, Japan
Present, Center for Social Contribution and Collaboration, Nagoya Institute of Technology, 466-8555, Japan

Alignment of crystals having an anisotropic unit cell structure can enhance anisotropy of physical, chemical and/or
biological properties, and thus a lot of investigations on the crystal alignment have been done for many industrial
applications. One of the crystal alignment methods is imposition of a magnetic field on the crystals under the condition
that they can rotate to reduce magnetization energy. In this presentation, improvement of thermoelectric property of
higher manganese silicide having a chemical formula of MnSiy 73 synthesized by solidification under the imposition of
the static magnetic field? and a suitable condition for crystal alignment during solidification?® are mentioned. .

Pure manganese and silicon were prepared as raw materials, and they were mixed with a molar ratio of 1:1.8. The
mixture was heated under argon atmosphere using an induction heating system for its complete melting to over 1773K
which is higher than melting points of silicon of 1700K and manganese of 1517K, for its complete melting and it was
subsequently homogenized by holding the sample at 1523K which was higher than its liquidus temperature of 1435K.
Then it was cooled for synthesis of MnSiy 73 by the solidification under the controlled cooling rate of 2.5K/minute until
423K. The magnetic field parallel to gravitational direction was imposed on the sample from 1523K till 1273K in which
the sample completely changed from liquid to solid because its liquidus and eutectic temperatures are 1435K and
1415K, respectively. After the sample reached room temperature, it was cut for evaluation of precipitated phase, degree
of crystal alignment and thermoelectric properties. The primary composed phase in the samples with and without the
magnetic field was MnSiy 73 phase. The averaged angle between the (001) crystallographic plane of MnSiy 73 crystals
and the plane perpendicular to the magnetic field direction was 85.9 degrees in the case with the magnetic field while
that was 48.1 degrees in the case without the magnetic field. This indicated that most of its c-axis was aligned
perpendicular to the magnetic field direction in the sample solidified with the magnetic field. Therefore, the magnetic
field imposition during the solidification introduced the crystal aligned structure. The electrical conductivity in the
direction parallel to the magnetic field solidified with the magnetic field was three times larger than that solidified
without the magnetic field while the Seebeck coefficient solidified with the magnetic field was 10% lower than that
solidified without the magnetic field. As the result, the power factor solidified with the magnetic field was about two
times larger than that solidified without the magnetic field.

For crystal alignment by imposing a magnetic field during solidification, an environment in which crystals can rotate to
reduce magnetization energy is required. Solidification starts from a wall when the wall temperature is lower than the
bulk temperature. This is popular in casting processes. However, dendrites grown from a wall can not rotate. Thus solids
floating in a liquid is essential for crystal aligned structure formation by imposing the magnetic field. For this purpose,
not only a magnetic field but also an electrical current were introduced and model experiments have been done using
low temperature melting point alloys? ®). The simultaneous imposition of the static magnetic field and the electrical
current in the initial stage of the solidification can break dendrites into pieces and the sequential static magnetic field
imposition make them to reduce the magnetization energy.

References
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Effect on unsteady flow on a particle orientation process
In rotating container under high magnetic field

Tsutomu Ando?, Noriyuki Hirota?, Mao Inoue! and Ryota Jonishi?
1 College of Industrial Technology, Nihon University, Narashino 275-8575, Japan
2 National Institute for Materials Science, Tsukuba 305-0047, Japan

Because of recent development of superconducting magnet, attention has been given to magnetic alignment. This
technique aims at improvement of physical properties by controlling the direction of particles and crystals. When a
particle with magnetic anisotropy is applied a rotating magnetic field, the smallest axis of magnetic susceptibility is
aligned to the axis of rotation. In current studies, a container with particles which are dispersed in solvent is rotated in a
static magnetic field in order to apply a rotating magnetic field. When a container with liquid is started to rotate or
stopped, unsteady flow occurs in the suspension. Therefore, we have simulated unsteady flow of the suspension in a
rotating container by CFD and examined the effect of the unsteady flow on the magnetic orientation process through
numerical simulation?.

This study considered the flow of fluid in a cylindrical container filled with liquid without particles and assumed
axisymmetric flow. The size of the container is ro = h =20 mm, the angular velocity of the container is £2= 2rx rad/s and
the solvent is water. Figure 1 shows the streamline in a rotating container at t = 1 s from the start of rotation. This result
indicates that the flow occurs in vertical section of a rotating container. Next, we investigated the effect of the flow on
an oriented rod-like particle under rotating magnetic field B. We assumed polyethylene fiber? with a diameter d and a
length | and anisotropic susceptibility Ay < 0, as shown in Figure 2. In case of continuous rotating magnetic field, a
rod-like particle is finally aligned parallel to the axis of rotation because the unsteady flow disappears as time goes by.
However, in case of modulated rotation magnetic field® 4, the unsteady flow occurs each time the angular velocity is
modulated. As a result of this, an oriented rod-like particle will always be affected by the unsteady flow.
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Fig. 1 The streamline in a rotating container Fig.2 An axisymmetrical particle.
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Measurement and control of biological microcrystals

by magnetic field and light

Masakazu Iwasaka
(Hiroshima University)

In animal kingdom, there should be huge number of unrevealed functions of biological materials.
Biochemical functions of these materials attracted many researchers and the results of research have already been
provided to an industry. In contrast, physical properties, such as magnetic and optical property, of the biological
materials are less clarified. One of the mechanism of magnetic field effects is magnetic orientation. The magnetic
orientation can be observed in diamagnetic materials as well as strong magnetic materials. The required conditions for
rotating the diamagnetic materials are distinct diamagnetic anisotropy and diamagnetic torque energy exceeding the
thermal agitation in room temperature. Microcrystals are one of the candidates of dia-magnetically controllable target
by utilizing a conventional magnetic fields (less than 500 mT).

At present, some kinds of biogenic microcrystals were found to be magnetic field responsible even though
they did not contain effective amount of para- or strong- magnetic materials. A biogenic crystal containing guanine,
which is produced in iridophore of fish skin, is biochemically designed to act as a “bio-reflector”, and it was revealed
that the guanine crystals in many species of fish are distinctly responsible to the magnetic fields of more than 100 mT ~
200 mT. The newly discovered light reflecting anisotropy in the guanine crystals enabled the detection of magnetic
rotation [1]. Recently, as a kind of biomimetic approach, we are investigating guanine crystals in deep sea fishes, as
shown in Fig. 1, those should have an effective light control mechanism which might be useful for our industry.

The guanine has relatively high reflective index (~1.8) and can obtain distinct diamagnetic anisotropy when
they form a platelet. We can expect same kind of light reflecting control by magnetic fields in other type of biogenic
crystal. For example, coccolith disk, a calcium carbonate crystal generated in the phytoplankton E. huxleyi oriented
under the magnetic fields [2].

The introducing magnetic study on biogenic microcrystals can provide a new control method for tunable
color control.

Fig. 1. Silver shining in a deep sea fish.
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Study of perpendicular magnetic anisotropy change of Fe ultrathin
film induced by interfacial spin-orbit interaction
Sh. Yamamoto®, K. YamamotoA, K. TakuboA, K. Fukuta®, D. OshimaC,
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Fig. 1 (a) Film stack of Au/Fe/MgO system
(b) Thickness dependence of magnetization curves obtained by AGM in out-of plane configuration
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Magnetization switching behavior of a TbCo amorphous perpendicular magnetic anisotropy film dominated
by orbital magnetic moment
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Spin/orbital specific magnetization measurement for CoFeB/MgO multilayers
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Anisotropic Orbital magnetic moments in Co/Pd multilayers
Jun Okabayashi and Hiro Munekata*
(Univ. of Tokyo, *Tokyo Tech. )

Introduction

CoPd is a candidate for the spintronics materials possessing perpendicular magnetic anisotropy (PMA)
which can be utilized for the high-density recording technology [1]. The 4d transition metal (TM) system of Pd is
well recognized as the sustainable elements of 5d TM system in Pt toward the PMA materials combined with the
magnetic 3d TMs. In order to understand the mechanism of PMA in CoPd, the contributions of orbital magnetic
moments of each element have to be clarified explicitly. Bruno theoretically proposed the orbital moment
anisotropy in TM multilayers as a second perturbation of spin-orbit interaction [2]. However, even in the strong
spin-orbit coupled cases using 4d or 5d TMs, the applicability of this formula has been still debated [3]. Our aim
in this study is to discuss both orbital and spin moments of Co and Pd for PMA and in-plane anisotropy samples
by using angular-dependent X-ray magnetic circular dichroism (XMCD) in Co L-edge and Pd M-edges.
Experimental

We prepared two kinds of samples of Co/Pd multilayered structures: Co (0.69 nm)/Pd (1.62 nm) for PMA
and Co (1.03 nm)/Pd (1.62 nm) for in-plane anisotropy with stacking five periods on the Si substrates [4]. Sample
surfaces were sputtered by Ar ions before the XMCD measurements in order to remove the oxygen contamination.
We performed XMCD experiments at BL4B, UVSOR, Institute of Molecular Science. Total electron yield mode
was adopted. A magnetic field of £5 T was applied along the direction of the incident polarized soft x-ray.
Results

We observed XMCD signals in Pd M-edges after the removal of surface contamination as shown in Fig. 1.
Although the X-ray absorption spectroscopy (XAS) line shapes overlap with those of O K-edge absorption, clear
XMCD signals induced by the proximity with

Co layers are observed. The Pd M-edge XMCD 108 'M T oormd T 1sf IL S
i P fal 1.06 |- 5 Pd M-edge XASH 5| 3 Co L-edge XAS-]
line shapes in both PMA and in-plane samples o 10K 5T ' 0KeT

almost remain unchanged. Magneto-optical sum
rule analysis, which is defined in the TM L-edge
absorption, cannot be applicable for M-edge
XMCD. Precise XAS line shapes in Pd M-edges
are necessary for the determination of absolute
values of spin and orbital moments. On the other
hand, clear Co L-edge XAS and XMCD with
angular dependence reveal the enhancement of

Intensity (arb. units)

PRI STER . T TR TN N NS T S T N
orbital moments in the surface normal direction 20 %0 se0 560 760 770 780 760 800 810 820

Photon Energy (eV)
because of PMA. ) )
Fig. 1, XAS and XMCD of Pd M-edge and Co L-edge in

References perpendicularly magnetized Co (0.69 nm)/Pd (1.62 nm) multilayer.
[1] M.T. Johnson et al., Rep. Prog. Phys. 59, 1409 (1996). [2] P. Bruno, Phys. Rev. B 39, 865 (1989).

[3] C. Andersson et al., Phys. Rev. Lett. 99, 177207 (2007).
[4] K. Yamamoto et al., IEEE TRANSACTIONS ON MAGNETICS 49, 3155 (2013).
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Effect of seed layer in nucleation field and domain wall coercive force in Co/Ni multilayer
with perpendicular magnetic anisotropy
R. Yoshioka, T. Taura, T. Tanaka and K. Matsuyama

(Kyushu University)
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DUNT R IR ERZAT > 72
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1% C[Co0(0.2 nm)/Ni(0.8 nm)In DRk E 1T > 7=, BEUFHED
A AR Kerr 2RAIEIC K V1T o7, B e A7 U v Al
RN DT RRES Hy % 3l L, 2SR THREIRAE D & D W4
IR L 0 BEREHIRG ) Hw & SR8 72.
EEFER
Fig.1 12779 [Co(0.2 nm)/Ni(0.8nm)]s dt AT U o A
B & IR O Au T U R AF R
Hy 13 t OFERITHEWEEE TR L TV A 9, [EkD Au THb
JE R AT Co/Pd AN LS FIEICIH W T bR S L7z,
Fig.2 1%[Co0(0.2 nm)/Ni(0.8nm)Ix =32 351F 5 Hw /HND ¢t
KFMEEZ R LTS, He /HNIT ¢ ORIV L TW
LN D. ZEEOEBE N KO Au BED R 5 FE 4
OREHZHOWT, Hw /Hyv & HvORZREZ 72 v K LR R
Z Fig3 lrd . FMNIRESND X912, Hw /Hv & Hyvé
iﬁ)@i& RO L TIRER CHEEm A ZE L TWD Z &0
53 %. HNIZEEBKEITEEZ T 52 &0 0, HvO/NE
VIR T IEREEENR (~ 1 (A/K)VD) RN KRE 72D 2 E 3 HERI S 1,
ZAUC K0 BEIGPES B IR R 2 EE B 1k O MK
DR HW/HNbxiﬂZ/)\ﬁ“é HLDEEBEZHIND.
SE
1) R. Law et al., Appl. Phys. Lett., 91, 242504 (2007).
2) J. Fukami et al, Appl. Phys. Express., 3, 113002 (2010).
3) Y. B. Zhang et al, IEEE Trans. Magn., Vol.30, No.6, Nov. 1994
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Fig.1. Hysteresis and initial magnetization curves
[Co(0.2nm)/Ni(0.8nm)]s on Au(z nm).
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Fig.2. Dependence of Hy/Hy on Au thickness.
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Coercivity Mechanism Derived from Alignment Dependence of Coercivity
Yutaka Matsuura
(Research Institute for Applied Sciences)
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1) Y. Matsuura; The 22 International Workshop Proceeding of REPM2012, 147-150
2) Y. Matsuura, J. Hoshijima, R. Ishii; J. Magn. Magn. Mater. 336 (2013) 88-92
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Large-scale micromagnetics simulation for initial magnetization process of hot-deformed permanent
magnet

H. Tsukahara, K. Iwano, C. Mitsumata®, K. Ono
(KEK, 'NTMS)

0ooo
000000000000000000000000000000000000000000000000
000.000000000000000000000000000000000000000000000
0000000000000. 000000000000 100nmd00000000000000000O0O
000000000 nmO000000000000000000000000000000000000
00000000.0000000000000000000000000000000000000000
00000000000000000 (1. 00000000000000000000000000000
00000000000000000000.

0ooo
0000000000000 320m000 2000m000000 20000Fig. 1(2) 00000000000
000000000000000000000000. 000000000000 2048 x 2048 x 512nm3 O
000000000 2m00000000000. 0000000000 338400000000000 30
0000000000000000.000000000000000000.000000000 Landau-
Lifshitz-Gilbert 0000 00000000000000000. 0000000000 NdyFey,BOODOODO
0000 1281 emu/em?00000000 4.0x 107 erg/cm?

000000000000000 1.00000.00000 @ o ‘\\ﬁg%ﬁ\\
000000000000000000000000000

7.7x 107" erg/em 000 7.7x 1072 erg/em OO OO, O
00000000 KEKOOOODOOOOO0O00O0oo0o0o
00 Blue Gene/Q OO DDODO.

00
0000000000000000000000000 Fig.
1(b)00D0.0000000000000000. 0000
00 (:0)0000000000000000000000
0000.000000000000 (zy00)00000
0000000.0000000000000000000
000000000.00000000000000000
000000000 Fig. 1(c) 000. 000000000
000000000000000000000000000
000000000000000000.

00

00000(@)00000000 (JST)OODODOO0O000O
000000000000000000000000000
0000000.00000000000000000000
0000000000000 (KEK)OOOOODOODOOOO o
00000000 15/16-0100000000. External field (kOe)

[1] H. Tsukahara, S.-J. Lee, K. Iwano, N. Inami, T. Ishikawa, C. Fig 1: (a) The schematic of the simula-

Mitsumata, H. Yanagihara, E. Kita, and K. Ono, AIP Advances tion model, (b) the thermal demagnetiza-
6, 056405 (2016). tion state and (c) the initial magnetization

curve.
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Maximum Likelihood Decision of reconstruction of magnetic domain structure
in Reverse Monte Carlo Method
M.Tokii, E.Kita, C,Mitsumata*, K.Ono**, H.Yanagihara, M.Matsumoto
(Univ. of Tsukuba, *Ibaraki National College of Technology,
**National Institute for Materials Science, ***High Energy Accelerator Research Organization)
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Magnetic Domain structure induced on nanomicromagnets on a LiNbO3 substrate
A. Yamaguchi?, T. Ohkochi?, A. Yasui?, T. Kinoshi?, T. Nakajima?!, K. Yamada®
(* Univ. Hyogo, 2JASRI, 3Gifu Univ.)
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[1] L. Berger, J. Appl. Phys. 55 (1984) 1954; ibid. 71 (1992) 2721. [2] G. Tatara, K. Kohno and J. Shibata, Phys. Rep. 468 (2008) 213.
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Magnetostriction and magnetic anisotropy: phenomenology and electron theory
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(Dept. Appl. Phys. Tohoku University?, Inst. Appl. Phys., Univ. of Tsukuba?)
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Investigation of development of anisotropic stress in Ru/FeCoB film during film growth
Masanari Nakagome, Yota Takamura, and Shigeki Nakagawa
(School of Engineering, Tokyo Institute of Technology)
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Fig.1 Stress curve and Magnetic property of Ru/FeCoB film
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