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Switching of bulk single particle in TboFe14B/Fe core-shell system
— magnetic hardening by exchange coupling with Fe —

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

Fa oW 7V — 7Tk, W7 12 2% O CBERSEA O FMH ERAMHO REREZ B L 7€ 7 L5
HZWEEL, ZOREIRE L RENIOBEREZRRSZ 2 LT, 24 L RBERSWA ORI T 7a—
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(3) ¢ Wl PAT 2l R W IZIR D ThoFesB (100) 23V 7 Hifififiid, MAHANZIZ100% DA 7 27 e 27 &
A%RL, ZOWENZ, B T3~5k0e Dfiz £ 22 EBbhrol,
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First principles study on effect of stabilizing element M in NdFe;;M

Yosuke Harashima'?, Kiyoyuki Terakura’, Hiori Kino®, Shoji Ishibashi', Takashi Miyake'*”
('AIST CD-FMat, >NIMS ESICMM, *NIMS CMI?)

Recent experiment succeeded epitaxial growth of a film sample of NdFe,N. The sample shows larger magnetization
and stronger magnetocrystalline anisotropy than Nd,Fe 4B [1]. NdFe,N and its related materials can be expected as
good candidates for the permanent magnet materials [1,2]. NdFe ;N is synthesized from NdFe,, by interstitial
nitrogenation to enhance the magnetization and the magnetocrystalline anisotropy (see Ref [3] for the effect of
nitrogenation). Even though the epitaxial growth of NdFe; is succeeded, synthesis of the bulk sample is still difficult.
To stabilize the materials, third elements, ex.) Ti, have been used, but the magnetization is reduced by the substitution
[4]. For the stabilizing elements, much stability with less amount of substitution and less reduction of the magnetization
are required.

The purpose of this study is to find better stabilizing elements for NdFe;;M in terms of the stability, the magnetization,
and the magnetocrystalline anisotropy. We perform the first principles calculation of NdFe;;M (M=Ti, V, Cr, Mn, Fe, Co,
Ni, Cu, Zn) and estimate the stability, the magnetization, and the magnetocrystalline anisotropy.

The calculation is performed by using QMAS [5] based on the density functional theory and the projector
augmented-wave method. The exchange-correlation energy functional is approximated by using the generalized
gradient approximation. Nd-4f electrons are treated as open-core states. The magnetocrystalline anisotropy is estimated
from the crystal field parameter A,°.

To estimate the stability of NdFe;;M, we calculate the formation energy by M substituted with Fe. The formation
energies for Ti, V, Cr, Mn give negative values, and especially Ti stabilizes the alloy more than other elements. In
experiments, these alloys are indeed observed and the amount of substitution of Ti is less than other elements. We found
that Co, Ni, Zn also give negative formation energies, and that the stability of NdFe;;Co are comparable to that of
NdFe;; Ti. NdFe;,Co has as large magnetization as NdFe;,. Nitrogenation enhances the magnetization of NdFe;;Co. For
the magnetocrystalline anisotropy, nitrogenation enhances the crystal field parameter as well as NdFe;, and NdFe;,Ti.
This indicates that the uniaxial anisotropy is enhanced by nitrogenation.

As conclusion, Co is a good stabilizing element for NdFe;; M.

In our talk, we will also discuss the effect of Zr substitution.
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Temperature-dependence of Nd magnetic moment in a NdFei2N, thin film

by X-ray magnetic circular dichroism

Y. Hirayama*, T. Nakamura**, Y K. Takahashi*, S. Hirosawa* and K. Hono*
(*ESICMM/NIMS, ** JASRI/SPring-8)

BACKGROUND

The saturation magnetization, M, of NdFeixN compounds with ThMn,, structure is expected to be a high M; because
of a high concentration of Fe. Recently, we successfully prepared the NdFe;;N, film with the M, of 1.66 = 0.08 T at
300 K.? Moreover, the Curie temperature of NdFe 2Ny was 150 °C higher than that of Nd,Fe 4B. However, the M; and
the anisotropy field, Ha, decays more rapidly as the temperature increase for NdFe;,N, compared with those of

Nd,Fe4B and SmyFe 7N;. ¥ These trends of the Ms and Ha against temperature strongly depend on the strength of the
indirect exchange coupling of Nd(4/)-Fe(3d) according to the ab initio-based calculation®. In order to investigate the
origin of the trend of the M; against temperature, we measured the temperature dependency of the Nd magnetic moment
by measuring temperature dependency of amplitude of the magnetic circular dichroism (MCD) signal from the
Nd-My.v edge.

EXPERIMENTAL

MgO(001)//W/NdFe2N,(50 nm)/W(2 nm) was prepared . . . . .
by co-sputtering system followed by ref.2. The XMCD 104
measurement was performed at SPring-8 BL25SU by using -é —
electromagnet in the range between -1.9 and +1.9 T at 300, % %O'S i
200, 100 and 15 K. 20.6-

=
§ %OA—

RESULT =3

The MCD spectrum was successfully obtained through (z% SO.Z—
W cap layer of 2 nm for Nd-Miv.v edge although the 0.0 .
probing depth for this XMCD measurement is several nm. -0 05 00 05 10 15 2
Figure (a) shows the hysteresis curves for Nd magnetic L .M,a gr.wti,c F.iEI(,j (T) T
moment at various temperatures. Here, the vertical axis was < '; 1.0 Jl.‘_.“.“.--..l_
normalized at the value at 15 K and 1.9 T. The magnetic E @ 0.8 \l\ .\."",“NdFeQNX
moment of Nd decreases almost lineally with increasing @ X Nd “m :
temperature and 30 % of the Nd moment was missing at § % 0.6
300 K as shown in Fig. (b). This trend is different from the § l; 0.4
total magnetization of NdFe,Ny, which is dominated by the 'Té @ \.\
Fe magnetic moments, indicating that the indirect cZB S 0.24 \-\
Nd(4/)-Fe(3d) coupling might be relatively weak®. = o
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REFFERENCE Temperature (K)

1) T.Miyake et al., J. Phys. Soc. Jpn. 83, 043702 (2014) Fig (a) The magnetic hysteresis obtaining from Nd-Mv, v

2) Y. Hirayama et al., Scripta Materialia 95, 70 (2015).

3) Y. Hirayama et al., JOM, 67, 1344 (2015).
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(2016)

edge at various temperature of 300, 200, 100 and 15 K.
(b)The temperature dependence of the Nd magnetic

moment together with the total magnetic moment of

NdFei2N,.
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In-situ high temperature neutron diffraction study of isotropic Nd—Fe—B sintered magnet
K. Saito, K. Ono, Stefanus Harjo*, T. Fukagawa*™ and T. Nishiuchi*
(High Energy Accelerator Research Organization, *Japan Atomic Energy Agency, “*Hitachi Metals, Ltd.

1 RU®IC

T 1 D Nd-Fe-B BERSIEFT % 18 2 7 O I X RIMH OGS EE TH b | BERSE BT 26 - R oA S 2 & i & WA
DN 132 Z Lid X AEN T 5, BIUBIEEPRIIOSARICBI L TE T TIc% DB MTbNTE D /i
710 113 NdyFe 4B FAR 2 @3 @A O ARBERDL MM OBMUBIC X 2 L TH 3 EEA SN TS VD, Lo L, iMEEROE
g I3 B SN T2~ T, BAENSTORIMEOE RN 2T IETR 4 O SR O #HE %\, KPR TR, BEEEHE <
2L 7 BB R O R 5 5 B PR LT, BB T T Nd-Fe-B BERSEA O RIMHD £ 95 2T 2 » 2 L 72,

kHE 7mm f, B 30 mm DEHHRICE) D B U 7 2 MO %51 Nd-Fe-B Befiif7 (31.0Nd-1.0B-bal.Fe ¥ Cu0.1% i
JEED % AV, I IE MLE/J-PARC @ T 2R RHAT 48 BL19 IR CTfT - %, Eifi2* 5 900°C % T 0.7°C/min THET 3 H D
FREHIEZ TV, T4 7 b X =% =& AW TRAAoMNE S 02 b FRHCHIE L7,

2 BREIUER

iERHS B\ TR O MEZ D NdO (fec) K U Nd,O3 (A-type, hep) DI 2 A7 € — 7 23EM S 41, Cu 0% EHZ B> TidW
bW 2% Brich #] & MEN 2 NdsFegBig Ol E— 2 BElE 07 (Fig. 1), U — b~Ub MMEHTIZ & D K& 72 NdyFeyB. NdO,
Nd,03 DT E# % Fig. 2 12T, NdyFeiyB DT EHIZ a, cfiiE bi2% 2V —HED T THATEIC X 2 RN 2 g ZE L% =
L. RS c Bi51A13 Andreev & D U 7 BAFESL DMK B8 & 13 B2 2 IR ERGME 2 F O 2 LS s o 72 P, NdO KO
Nd,O3 1 FFMHD ¥ 2 ) —HED LIRS U TRIBICZ T 2—5C, ¥ 2V —IREMU T TIEFMHOMEICHE L2 Z T Tw
L2 EPHLDICE T, IHEFRFEPTEEEBTRHAL TVE I L2E®T 2,

FH OB ARE O =R & Rl o Bl m o R X 024l % ik L 72 Fig. 3 22513, Cu 0% #kHTid 750°C, Cu 0.1%
Tld 630°C BL 12 S 3AEHE S OB IO R EZM & D LB BN ERT 2 E¥bh» 5, JHEREANTEO NdO, Ndy0s
DA DRI, % 5 <1 dhep #i&ED Nd DWIRET 270 F 2o b,

Cu 0% Cu 0.1%
900 0.035 900 0.035
800 0.03 800 003
700 700
—~ 0025 ~ 0025
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g 500 0.02 g 500 0.02
(o] [o]
5 5 400
§4OO 0015 aé 0.015
300 300
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0 0 0 0
222 224 226 228 23 232 222 224 226 228 23 232
d(A) d(A)

Fig. 1 Brich HHoBHiE—2
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Preparation of Rare-earth-saved hard magnetic materials

Masashi Matsuura, Nobuki Tezuka, and Satoshi Sugimoto
(Department of Materials Science, Graduate School of Engineering,
Tohoku University, Sendai 980-8579, Japan)

Rare-earth magnets are used in numerous devices and are essential materials. However, rare-earth elements, especially
heavy rare-earth elements, are limited natural resources; therefore, it is important to develop rare-earth-free permanent
magnets. Recently, developing rare-earth-free hard magnetic materials has been performed by using tins films,
nano-powders, and non-equilibrium process. Some research have focused on o”-Fe;sN,*?, L1-FeNi*®, and Mn
alloy®” showing relatively high magnetic anisotropy. Although Mn-based compounds show low saturation
magnetization, some Mn-based compounds show high corecivity because of high crystalline anisotropy. Our group
reported that Mn-Sn-N and Mn-Sn-Co-N alloys® exhibit high coercivity more than 800 kAm™ without rear-earth
elements. High performance permanent magnets must have the large coercivity, therefore revelation of cause of high
coercivity has possibility of important clue for development of new type magnets.

FeCo alloys are also candidates for rare-earth-free permanent magnets because they exhibit high saturation
magnetization. FeCo alloys, which have a stable cubic structure phase, can show high magnetocrystalline anisotropy
when the unit cell is distorted tetragonally.”*® In these days, distorted FeCo film grown on Ir(001), Pd(001) or Rh(001)
underlayer have been reported by several researchers™™®. Our group reported that Rh/FeCo-Ti-N thin film has
perpendicular magnetic anisotropy derived from lattice distortion at the interface®.

Our group have also preparing nano-particles for high coericivity, and shows high coercive Mn-Bi and Fe
nano-particles. Then, | introduce our recent research about rare-earth free hard magnetic materials. Topics are shown as
follows;

» High coercive Mn-Sn-Co-N alloy

Mng,5Sn;5C0- 5 (at%) alloy was annealed at 900 °C (high-temperature ool 1270 kAm-!
annealing) and subsequently annealed at 400-700 °C (low-temperature E
- .. <
annealing) under N, gas atmosphere. The coercivity strongly depended 2 300
on the low-temperature annealing and reached a maximum of 1270 f
kAm™ for annealing at 500 °C (Fig. 1). The alloy consists of two phases *g 400
of perovskite-type Mn-N and B-Mn phases, and there are many twins § 0
. . . - H n | ] ] ] |
and stacking faults in the perovskite-type phase. In addition, Co and Sn < W/O 300 400 500 600 700
enriched at the twin interfaces. These results indicate that the magnetic J .
. . . ha 2"d-annealing temperature, T,/ “C
anisotropy could change at twins, and the twins could play as a pinning
Fig. 1 2nd-agnnealing temperature

site of domain wall motion for Mn-Sn-Co-N alloy.
» FeCo-Ti-N anisotropic films
FeCo-Ti-N thin films with the thickness (t) of 23~62 nm deposited on

dependence of coercivity of Mn-Sn-Co
nitrided alloy.

Rh buffer layer. The FeCo-Ti-N film shows relatively high anisotropy 10 E ' 7 l

constant (K,) of 0.98 MJm™ for t=23 nm (Fig. 2), and the value is 0.46

MJm™ for t=64 nm. Addition of Ti and N into FeCo layer improves %> [ M=% + ]

lattice distortion of the lattice and it also improved the K. Z 00 —

» Mn-Bi and FeCo-based nano-particles with relatively high E-o.s B FeCoN-Ti | |
coercivity T“gé?&"f)

High  coercivity =~ Mn-Bi  nano-powder are obtained by 10 L s s !

-1000 0 1000

Hydrogen-Plasma-Metal-Reaction (HPMR) process. The coercivity is
1090 kAm™, and (BH)max reached to 105 kim? ™. The (BH)max is
highest value for Mn-Bi. The HPMR process can prepare Fe-based
nano-particles, and FeCo nano-particles shows relatively high
coercivity over 90 kAm™,
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Magnetic field, H / kAm

Fig. 2 Hysteresis loops measured with the
external field perpendicular to the plane
(1) and in-plane (/) directions for the
FeCo-Ti-N films prepared with 5% N2

gas.
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Fabrication of tetragonal FeCo based alloy films with uniaxial magnetic
anisotropy to develop an innovative permanent magnet

S. Ishio and T. Hasegawa

Department of Materials Science, Akita University, Japan

Based on the first principles calculation, tetragonal distorted FeCo alloy has large uniaxial
anisotropy energy Ku and high saturation magnetization A%, which is the most desirable
feature for innovative permanent magnets 1-2. In fact, the epitaxial tetragonal FeCo films with
c/a~1.2 prepared on Rh buffer layer shows Ku larger than 1.5x107 erg/cm3%. FeCo-Al forms a
B2 ordered phase in a wide composition range and is expected to enhance Ku through a B2
ordering and a huge magneto-elastic interaction?. In this study, the tetragonal (Fei-xCox)1-yMy
(x:0~1, y:0~0.2, M:Al, Ga etc) films are prepared on Rh buffer layer, and the uniaxial magnetic
anisotropy is studied.

(Feo.5C00.2)0.9Mo.1(2~20nm)/Rh (20 nm)/MgO(100) and Feo.5C00.5(2~20nm)/Rh (20 nm)/ MgO(100)
films were prepared in a high vacuum multiple dc-sputtering system with a base pressure
lower than 1x106 Pa. Rh thin film was first sputtered on the MgO (100) substrate at 300 °C.
Then, after decreasing the temperature to 200 °C, FeCoM films were epitaxially grown on the
Rh layer. Finally, SiO: was sputtered as a capping layer to prevent oxidation. The film
structure was analyzed by in-plane and out-of-plane XRD. Magnetic properties were measured
by VSM, Polar-Kerr measurements and torque magnetometer.

The values of Ku for (Feo.5C00.2)0.9Al0.1 and Feo5Coos films are plotted in Fig.1 as function of film
thickness. These data are re-plotted as a function of the lattice distortion ¢/z in Fig.2, and its
Kii-c/arelation is understood by a tetragonal distortion?. (Feo5Co00.2)0.9Al0.1 exhibits a maximum
(2.1x107 erg/cm?®) around ¢/a~1.2. A coercivity Hec over 10 kOe is calculated from the single
domain theory and, in fact, the coercivity of 3-7 kOe was observed in dot patterns with less
than 100 nm in diameter. With taking account of Ms~1500 emu/cm3, the tetragonal FeCo based
alloy is one of the most probable candidates to develop an innovative permanent magnet with
60 MGOe. The results for other M metals will be introduced in the conference.
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Artificial fabrication and characterization of L1)-FeNi thin films for
rare-earth-free permanent magnets

M. Mizuguchi, T. Kojima, T. Y. Tashiro and K. Takanashi
Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan

Large uniaxial magnetic anisotropy materials are extremely promising for the application to rare-earth-free
permanent magnets. As one of the materials, L1o-ordered FeNi alloy is attracting attention because it reveals large K,
(uniaxial magnetic anisotropy energy) value in bulk”. However, it is difficult to obtain the L1, phase by conventional
techniques because the order-disorder transformation temperature of L1,-FeNi is too low (320 °C) and the migration of
atoms is not fully promoted to form the ordered phase. From this reason, the artificial fabrication of L1y-FeNi films
from seems to be one of the scarce solutions to realize this material. In this study, we successfully obtained L1,-FeNi
thin films with a large K, by alternate monatomic layer deposition using molecular beam epitaxy (MBE)*®. FeNi films
including L1, phase were also fabricated by sputtering and post-annealing”. Structural and magnetic properties were
systematically investigated for FeNi thin films, and clarified the origin of the large magnetic anisotropy in L1o-FeNi.

FeNi films were fabricated by MBE employing an alternative monatomic deposition of Fe and Ni layers on several
underlayers. They were fabricated also by sputtering on a MgO(001) substrate and subsequent rapid thermal annealing
(RTA). Structural properties were investigated by X-ray diffraction (XRD) using synchrotron radiation and
transmission electron microscope observation. Magnetic properties were characterized by a superconducting quantum
interference device or a vibrating sample magnetometer.

K, of FeNi this film fabricated by MBE was evaluated to be about 0.7 MJ/m? from the magnetization curves, and it
is confirmed that large magnetic anisotropy is induced by the formation of L1, type FeNi structure. The relationship
between K, and chemical order parameter (S), which was estimated from XRD measurements, was investigated. K, was
roughly proportional to S, indicating clear correlation between K, and S as shown in Fig. 1. On the other hand, XRD
patterns of FeNi films fabricated by sputtering drastically changed depending on the condition of RTA. Magnetization
curves also changed with the annealing temperature and the annealing time, which implied the successful formation of
L1y-FeNi. In addition, the enhancement of coercivity (H..) and remanent magnetization (M,/Ms) with S was observed
associated with the appearance of L1, phase as shown in Fig. 2. The effect of the other-element-addition for FeNi on
crystallographic and magnetic properties was also investigated for both MBE and sputtered FeNi films, and
enhancement of S or increase of the order-disorder transformation temperature was clarified.

The part of this work was supported by the Elements Strategy Initiative Project under the auspice of MEXT.
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A Theoretical Approach to Synthesize L1, type FeNi Alloy Powder

Y. Hayashi', S. Goto', E. Watanabe®, H. Kura', H. Yanagihara®, E. Kita®, M. Mizuguchi®, K. Takanashi’
'Research Laboratories, DENSO CORPORATION, Aichi 470-0111, Japan
?Institute of Applied Physics, University of Tsukuba, Ibaraki 305-8573, Japan
*National Institute of Technology, Ibaraki College, Ibaraki 312-8508, Japan
*Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan

L1, type FeNi alloy (L1, FeNi) is a potential candidate for a rare-earth free magnet. However its synthesis is very
difficult as it shows an order-disorder transition temperature at 320°C. Various synthesis routes such as neutron
irradiation®, alternate monoatomic layer deposition? and chloride complex reduction® have been investigated, but
industrial synthesis has never been achieved. In this paper, a new route to synthesize L1, FeNi by nitriding and
denitriding of the disordered alloy is presented.

The nitrogen in iron nitrides is interstitially located in the lattice and weakly interacts with metals. Nitrogen tends to
coordinate around iron atoms since its affinity to iron is stronger than that to nickel. FeNiN, formed by the nitriding of
disordered FeNi in a rapid stream of ammonia®, has an FeN/Ni alternation layer structure. The coordination of metal
atoms to FeNiN is similar to that in L1, FeNi. Therefore it is expected that L1, FeNi can be synthesized by topotactic
denitriding.

Dynamic simulations were performed by a combination of molecular dynamics (MD) and Monte Carlo (MC)
methods. MD calculations were carried out using the free calculation code “LAMMPS”. The embedded atom model
(EAM) potential was employed between metals, and the Lenard Jones (LJ) potential was applied between the metal and
nitrogen. Results shown in Fig. 1. (a), (b) and (c) demonstrate nitriding, denitriding and the diffusion path of nitrogen,
respectively. Iron and nickel were ordered in nitriding, and remained ordered in the denitriding process. In nitriding, the
corner positions were ordered when the nitrogen/metal ratio was around 1/4. The face-center positions were ordered
when the ratio was above 1/4. Nitrogen diffused randomly in nitriding, but it diffused along an iron layer during
denitriding. This may be the reason why iron and nickel do not become disordered in the denitriding process.

This work was supported by the NEDO project “Developing high-performance magnetic materials in pursuit of
high-efficiency motors”.
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A New Route to Synthesize L1,-type FeNi Alloy Powder

S. Goto', Y. Hayashi', E. Watanabe', H. Kura®, H. Yanagihara®, M. Mizuguchi®, K. Takanashi®, E. Kita*
'Research Laboratories, DENSO CORPORATION, Aichi 470-0111, Japan
®Institute of Applied Physics University of Tsukuba, Ibaraki 305-8573, Japan
*Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan
*National Institute of Technology, Ibaraki College, Ibaraki 312-8508, Japan

L1o-FeNi is a potential candidate for use in high performance magnets free of rare earth elements because of their high
magnetic anisotropy. Various synthesis processes such as neutron irradiation®, alternate monoatomic layer deposition?
and chloride complex reduction® have been carried out. However, a technique for obtaining a large content of this
material has not yet succeeded. In this paper, we propose a route of large scale synthesis of L1,-FeNi alloy in powder
form by successive nitriding and denitriding of FeNi alloys.

We first optimized the nitriding conditions of FeNi alloy powders such as the process temperature, flow rate of NH;
gas, and so on. Then a denitriding technique was developed to obtain L1,-FeNi alloys by hydrogen gas treatment. In
order to characterize the nitride and the reduced alloys, transmission electron microscope (TEM), scanning electron
microscope combined with energy dispersive x-ray spectroscope (SEM-EDS) and x-ray diffraction (XRD) were
employed. We also performed magnetization measurements at room temperature.

XRD results indicate coexistence of (Fe,Ni),N as the main phase with (Fe,Ni)4N as the second phase (Fig.1). We also
found that the iron and nickel atom positions of the (Fe,Ni),N alloy are almost ordered. The estimated volume of the
(Fe,Ni),N phase was at least 85%. The denitrided FeNi alloy was mainly composed of the ordered phase of L1,. We
observed a correlation between the two order parameters of the FeNi nitrided alloy and the FeNi denitrided alloy. The
order parameter and the magnetic coercivity of the L1,-FeNi compound were S = 0.67 and H, = 815 Oe, respectively
(Fig.2).

This work was supported by the NEDO project “Developing high-performance magnetic materials in pursuit of
high-efficiency motors.”
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Relationship between microstructure and anisotropy of Nd-Fe-B magnetic powder prepared by d-HDDR
M. Yamazaki'?, T. Horikawa™®, C. Mishima®’, M. Matsuura', N. Tezuka', and S. Sugimoto'
(‘Tohoku Univ., *Aichi Steel Corporation, *MagHEM)
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Magnetic properties of Sm-Fe-N/Zn powders prepared by arc plasma deposition
Yuki Nishijima, Masashi Matsuura, Nobuki Tezuka, Satoshi Sugimoto
(Tohoku University)
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Micostructure-coercivity relationship in Nd-rich Ga-doped Nd-Fe-B

sintered magnets

T.T. Sasaki, T. Ohkubo, Y. Takada**, T. Sato**, A. Kato***, Y. Kaneko**, K. Hono
(National Institute for Materials Science, **TOYOTA CENTRAL R&D LABS., INC,

***Toyota Motor Corporation)

Recent trend in coercivity improvement of Nd-Fe-B sintered magnet is to refine the grains size. However, magnetic

alignment of fine particles of less than 3 um is difficult in a large-scale industrial production process. Recently, Hasegawa
et al. reported that a high coercivity (1nH.) of 1.8 T can be achieved even for the sintered magnets with an average grain
size of 6 um. This opened up the realistic approach in achieving high coercivity in industrially viable Nd-Fe-B sintered
magnets [1,2]. The alloy contains an excess amount of Nd and a small amount of Ga-dopant and the high coercivity was

attributed to the formation of NdsFe 3Ga phase, and non-ferromagnetic grain boundary phase separating Nd>Fe 4B grains,

both of which are rarely observed in standard commercial Nd-Fe-B sintered magnets. In this work, we analyzed the

structure and chemical composition of the constituent phases at grain
boundaries and triple junctions in the Nd-rich Ga-doped Nd-Fe-B sintered
magnet annealed at various temperatures, and clarified the role of Ga on the
substantial coercivity increase.

Two samples were used in this study. One is Nd-rich Ga-doped sintered
magnet with the chemical composition of Fe-24.6Nd-7.87Pr-0.85B-0.13Cu-
0.92C0-0.35A1-0.53Ga (wt.%), and the other is Ga-free magnet with the
chemical composition of Fe-24.6Nd-7.87Pr-0.85B-0.13Cu-0.92Co0-0.35Al
(wt.%). Hereafter, these samples are denoted as Ga-doped sample and Ga-free
sample, respectively. The sintered samples were post-sinter annealed at
various temperatures for 1 h in a vacuum atmosphere. The microstructures of
the samples were analyzed by scanning electron microscope (SEM, Carl-Zeiss
Cross Beam 1540EsB), transmission electron microscope (TEM, FEI Titan G2
80-200).

Figure 1 shows the variations in the coercivity (1oH.) as functions of post-
sinter annealing temperature. Ga-doped samples exhibit higher coercivity
compared to the Ga-free samples, and the temperature range to achieve high
coercivity in the Ga-doped sample is much wider compared to the Ga-free
sample. Figure 2 shows backscattered electron SEM images of as-sintered
samples and the samples annealed at 480, 600 and 750°C. In all samples, Nd-
rich phases are present at grain boundary triple junctions. The variation in the
areal fraction of the Nd¢Fei;3Ga phase is consistent with the change in
coercivity. Thick non-ferromagnetic grain boundary phase is formed between
neighboring Nd>Fe;4sB grains in the samples annealed at 480 and 600°C.
Therefore, the main reason for the substantial coercivity increase can be
attributed to the formation of non-ferromagnetic grain boundary phase. Based
on these results, the effect of Nd¢Fe 3Ga phase on coercivity will be discussed.

References
1) Hasegawa et al., Abstract for Annual meeting, Japan Society of powder
and powder metallurgy, 202 (2013)

2) Yamasaki et al., Abstract for Annual spring meeting, Japan Institute of
Metals, S7 - 21 (2014)
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Scanning soft x-ray magnetic circular dichroism imaging of the changes in
magnetic domain structure in Nd-Fe-B sintered magnets throughout the

demagnetisation process

D. Billingtonl, K. Toyokil, Y. Kotani', H. Okazaki', A. Yasui', W. Ueno', S. Hirosawa’, and T. Nakamura'*

'Japan Synchrotron Radiation Research Institute (JASRI), SPring-8, 1-1-1 Kouto, Sayo 679-5198, Japan.
*Elements Strategy Initiative Center for Magnetic Materials (ESICMM), National Institute for Materials
Science, 1-2 Sengen, Tsukuba 305-0047, Japan.

One of the most desirable properties of a permanent magnet is a large coercivity, a property that is directly
related to the nucleation of reversed magnetic domains and pinning of the domain walls in the bulk of the
magnet. In order to understand the relationship between the coercivity and the generation and evolution of
magnetic domains, magnetic domain observations throughout the demagnetisation process are essential. In
Nd-Fe-B sintered magnets, it has been shown that fractured surfaces largely maintain bulk coercivities, whilst
polished surfaces do not [1]. This makes magnetic domain imaging of the fractured surface under applied
magnetic fields highly desirable. So far, many magnetic imaging studies of these materials have been reported.
However, conventional magnetic microscopes that can operate under magnetic fields are limited to polished
surfaces or transmittable thin films, whilst those that can observe the fractured surface cannot operate under
magnetic fields. In order to overcome these limitations, we have developed a scanning soft x-ray magnetic
circular dichroism (XMCD) microscope with a spatial resolution of about 100 nm and a focal depth of +£5 ym
from the focal point, thereby allowing element specific magnetic domain observations of fractured surfaces.
Furthermore, this apparatus is equipped with a superconducting magnet (with a maximum field of +8 T), which
permits investigations of the magnetic field dependence of the magnetic domains. In this talk, I will briefly
describe our soft XMCD microscope, and demonstrate its effectiveness by showing some recent results from
commercial Nd-Fe-B sintered magnets (see, for example, Fig.1). In particular, I will show and highlight the
differences in the magnetisation reversal process in the fractured and polished surfaces of the same sample.

The authors thank T. Nishiuchi and T. Fukagawa from Hitachi Metals, Ltd. for supplying the sample. Part of
this work is supported by the ESICMM under the outsourcing project of MEXT.
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Figure 1: (a) Positive helicity x-ray absorption map of a commercial Nd-Fe-B magnet taken at the Fe

Ls-edge. (b) Same as (a) but at the Nd Mi-edge
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Domain structure of exchange-coupled and exchange-decoupled Nd-Fe-B
sintered magnets

M. Soderznik', H. Sepehri-Amin®, T. Sasaki', T. Ohkubo®, Y. Takada®, T. Sato?,
Y. Kaneko?, A. Kato®, and K. Hono*
'National Institute for Materials Science, 1-2-1 Tsukuba 305-0047, Japan
*Toyota Central R&D Labs., Inc., 41-1, Nagakute 480-1192, Japan
*Toyota Motor Corp, Advanced Material Engineering Div., Susono 410-1193, Japan

Understanding the magnetization reversal processes in Nd-Fe-B sintered magnets is important in order to obtain a clue
to enhance the coercivity of Nd-Fe-B magnets without using heavy rare earth elements. In order to meet the demand of
high coercivity without changing the currently established powder metallurgy route, Nakajima and Yamazaki [K.
Nakajima and T. Yamazaki, Japan Patent. (2015) 5767788] reported a new series of sintered magnets that achieve the
coercivity of more than 1400 kA/m and the remanence of 1.38 T without refining the grain size. The microstructural
characterization revealed well-isolated 2:14:1 grains with Ga-doped Nd-rich intergranular phase’. Such non-magnetic
intergranular phase with the chemical composition Ndg(Fe,Ga)14 was reported to decouple the ferromagnetic grains and
reduce the influence of the reverse domain formation between neighboring grains. In this work, we observed the
magnetic domain structure of Ga-doped Nd-rich Nd-Fe-B magnet and the commercial Nd-Fe-B magnet by means of
magneto-optical Kerr effect in order to understand the mechanisms of magnetization reversal processes in these two
types of magnets. The samples were mechanically polished with the c-axis out of the plane and in the plane. Magnets
were first fully saturated in magnetizer with the field of 5 T and then brought to the remanent state. In the commercial
magnet, much more grains remained saturated compared to the Ga-doped Nd-rich magnet (al and b1). The reason for
this is better isolation of 2:14:1 grains in Ga-doped Nd-rich magnet. If the grains are better isolated, each grain feels
higher stray field which lead to domain formation on the surface of magnet. When the reverse magnetic field was
applied to the magnet, we observed different domain formation. In the commercial magnet cascade-like domain
propagation occurred (marked region in a2 and a3). At high-enough field the surface domains of a few grains were
switched simultaneously. This implies the grains are exchange-coupled due to the low amount of Nd-rich intergranular
phase. On the contrary, in Ga-doped Nd-rich magnet the domain formation was initiated from the boundary and at
high-enough field the domains propagated through the whole grain (marked region in b2 and b3).

Commercial magnet -300 mT -400 mT

Figure 1: Domain structure in commercial and Ga-doped Nd-rich Nd-Fe-B magnet

! T.T. Sasaki, T. Ohkubo, Y. Takada, T. Sato, A. Kato, Y. Kaneko, K. Hono, Formation of non-ferromagnetic grain
boundary phase in a Ga-doped Nd-rich Nd-Fe-B sintered magnet, Scripta Materialia 113 (2016) 218-221
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Coercivity enhancement of hot-deformed Nd-Fe-B magnets by the eutectic grain
boundary diffusion process

Lihua Liu®®, H. Sepehri-Amin®, M. Yano®, A. Kato®, T. Shoji°, T. Ohkubo®, and K. Hono™"
YESICMM, National Institute for Materials Science, Tsukuba 305-0047, Japan
Graduate School of Pure and Applied Sciences, University of Tsukuba, Tsukuba 305-8577, Japan
“Toyota Motor Corporation, Advanced Material Engineering Div., Susono 410-1193, Japan

The eutectic grain boundary diffusion process was applied to hot-deformed Nd-Fe-B magnets using various types of
NdM, compounds as the diffusion source, where M includes Al, Cu, Ga, Zn, Mn, Co, Ni, and Fe. Formation of non-
ferromagnetic Nd-rich intergranular phase was believed as the main reason for remarkable coercivity enhancement, whereas
also leads to large degradation in remanent magnetization !, T.T. Sasaki et al ¥ showed that trace amount of Ga doping to
Nd-Fe-B sintered magnets could give rise to coercivity of 1.8 T by post annealing with more homogeneous distribution of
Nd-rich grain boundary phase. In this work, we used Ndg,Fe ,Ga,oCuy at.% alloy as diffusion source, applying to 4 mm
thick hot-deformed Nd-Fe-B magnets aiming for an optimal coercivity with high remanent magnetization.

Hot-deformed magnets with the composition of Nd,; 2(Fe,Co)ya B47Gag 5 (at.%) in 5x5x4 mm? size were used as the
starting materials. The eutectic grain boundary diffusion was carried out by coating the magnets with melted eutectic alloy
ribbons, followed by heat treatment at 600°C for 3 hour. The microstructures of the samples were studied using SEM/FIB
(Carl ZEISS 1540EsB), TEM (Titan G2 80-200).

Hysteresis loops of the hot-deformed and diffusion-processed magnets are shown in Figure 1. After the heat
treatment at 600°C for 1 h by Ndg,Fe 4Ga,Cuy diffusion process, coercivity can be increased from 1.26 T to around 2.22 T
with a remanence of 1.31 T at room temperature (Fig.1a). The diff. proc. sample can retain the coercivity of around 0.80 T
at 160°C. We find the NdFeGaCu diff. proc. sample shows relatively better texture compared with that diff. proc. with Nd-
Al compound (Fig.2). Detailed TEM characterization was carried out to figure out the microstructure of grain boundary
phase formed after the diffusion process, as well as the interface feature that may contribute to the texture evolution when
the diffusion happened.

This work was in part supported by JST, CREST.
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Fig. 1 Hysteresis loops of hot-deformed and NdFeGaCu diff. proc. samples a); temperature dependence of hot-deformed, Nd-Al, Nd-
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Coercivity enhancement in hot deformed Nd-Fe-B magnets processed from
amorphous precursors
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Graduate School of Pure and Applied Sciences, University of Tsukuba, Tsukuba 305-8577, Japan
3Daido Corporate Research & Development Center, Daido Steel Co., Ltd.

The hot-deformed magnets have attracted considerable interests since Lee reported their highly-
anisotropic and ultrafine-grained microstructure features in 1985.9 Given the small grain size (~400 nm) in
hot-deformed magnets, the coercivity is expected to be as high as ~2.5 T. However, experimental values are
much lower.? The coercivity is extremely sensitive to microstructure, such as the chemical composition of
intergranular phase and the aspect ratio (ratio between length along ab plane and length along ¢ plane: La/Lc)
of grains. These microstructural features change depending on processing conditions. In this paper, we
processed hot-deformed magnets from amorphous and nanocrystalline precursors and compared their
microstructures and coercivities to explore the optimum processing route to maximize the coercivity.

The crystal and amorphous powders with composition of Ndas 3Pro.06FesaiC03.41Gao.s3Alo.06Bo.o7 (Wt.%)
were produced by melt-spinning with different cooling rates. These two kinds of powders were compacted by
hot pressing at 650°C in vacuum, which were subsequently hot-deformed at 850 °C until 75% height reduction
were achieved. The magnetic properties and microstructure were studied by BH tracer and SEM/FIB (Carl
ZEISS 1540EsB), respectively.

Fig. 1 shows the demagnetization curves of hot deformed magnets processed from nanocrystalline and
amorphous powders. By processing magnets from amorphous powders, the coercivity can be increased from
~1.28 T to ~1.4 T, while keeping the remanence at 1.42 T, which is resulted from optimized microstructure
in this sample as indicated in Fig. 2. In Fig.2, the aspect ratio of Nd,Fe 4B grains in hot-deformed magnets
processed from amorphous precursors is calculated to be ~0.43, which is reduced to ~0.32 in the counterpart
processed from amorphous precursors. Consequently, grains in the sample produced from nanocrystalline
precursors present more feature of elongated shape, suggesting bigger effective demagnetized factor and lower
coercivity. STEM/EDS studies of the intergranular phase suggested the Nd-concentration in the sample
fabricated from the amorphous precursor is higher than that processed from nanocrystalline precursor.

Reference

1) R.W. Lee, Appl. Phys. Lett. 46 (1985) 790.
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HDM processed from crystal precursor
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Fig. 1 Demagnetization curves of hot deformed magnet  Fig. 2 BSE-SEM images of the hot-deformed magnets
(HDM) processed from nanocrystalline and amorphous  processed from nanocrystalline precursor (a,b) and
precursors. amorphous precursor (c,d).
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