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BOEICH AT K Dy 8T 2.5T L EOfREE 123 , E——
FERR TR TV AHIENIBAN /2T, >, Dy Fig 3-1-5 Nd-Dy-Al JEBULIRREL A 0
) — B Gl TR/ MR N B o 7es  STEMEDS Jise~ v 7
FJOHE TR, ATFEEZIOICARELT5ZE T,

Dy BB HIFFCED,

Fig. 3-6 (ZEARIIN THa A ~D I h A A fkfik
TR OINTRA DRI EFRE R AR, b
DT DITBERE A E R EAEPES IV TUODELH
INTAEA DT =R TD, Nd-Cu i &4

e 2 o

0Dy expansion constrant
/ Nd-Cu diffusion Ref, 30

TR B LB L BRI TR A1 4% Dy 5
AN B AL EERSORMNE =
FRH s, SRBIRA{LIZE DB L, Nd-Dy- 2 2~
Al 54 CHMBLI AT ORBEIE 28T D, T
BB AR 720, PRI L IR S O BB 1w 15 20 25 %0

HoH. (T)
Fig. 3-1-6 Nd-Cu &g A4 VT
PR ECLER 2 B L 7= 20N RS A &
Nde2Dy20Alis 28 A4 2 VO CTHRBOL B

3% Dy & A B A 0B EV, 2O
. Hpb A AL BULEE U7 ZAEIN TR DAL
PEDFE A BUNLD,
Wiiﬁ%%éﬁéééﬁPkﬁﬂ@@ﬁﬁ% U= S TREA & Dy 2 A B A
EHTIEFE T, ¢ HITIN ST R Nd 2R BRI TR & e L
EIERECHDBDICHL T, ¢ EICEEARIR ‘ e
FRIZT V7 7 A1 T Fe IR EEDSSRIEMEA BT DR EICE W EPN LT, ZDOTEN D
Nd-Fe-B DR FARIZILAE 5t 7 AR TEMED DD TIXARV e % | HTRD Nd-Fe-B A O i
KLRAR%Z STEM (ZXV L ~UEMT L=, ZOFE R, Fig. 3-1 (TREND LT ¢ mlZIn~T-HL
RARE ¢ ST E R AR CRLAR, WIS IR P ER R GPENRSHHZ LI TR =, Zh
X 25 34 4R D Nd-Fe-B BEfE A 72 TR ABSN T2 B Ch D, ZOfEFIc S
SE KA ORE ST NARGEN 2B B L=~ A/a~ T 2T w72 —YarzEEhaL, 512
PRIk B 97I21E ¢ mlC B E 7 M OB & IERME LT 2L BN HZ LA B LTz, Z
DX WHIEEZ EBL T A2 D7 v A SO a5 T-012, BBFIE 1T.2° 2015 4
(23 L72 Nd VT Ga IRINBERSRE A OBVERIZ LD & O 2L &2 R LTz, Z o
A DFFBITRE SRR DIE R D m R T BERE A K0 K& 72 6 um THDHIZH DB T 1.8
T B D REXRMERESI D ERESNAHZETHY . ZOREA O ZEM7 A RS EARAT D . 514 D B
1 60 B DFEEE DG DD ATRENE D 8D L O Bk CTREMNT 216D 7=, 8 DOBERS G A Tl
FE1% D i L EVIVER | Z LD PRI T 10) I3 25%FREEIZ X220 DI, ZOR A RO BERS A
V&L BERE R OBV Lo TIRESIS 1.0T 705 1.9 T £ TRELBALTHZLETHD, ~/VF A7
— VAHRRARAT DFER | Fig. 3-7 1T 89U, THIRO AT LBEREA ORLFAH(ES 1~2nm 2
FENTEEA~TIEFITIE 20 nm F2EE D Nd Uy TR FE DT D TR S ATz, ZORL FAEIE Nd
TEFE )N 80at.% oD T O FEREMEARE | Fe 28 60%& LLl ) i 2 CH AL DD IERHEAL ST
5 NdsFe1nGay FHDORERL S TOBZENBAGINIZRD R DA HFE G DML > T &



PRI DEONDZEMNEFES Tz, —F T, NdeFe13Ga FEDMRIE IIZ I KT T BT OV T
iR 3 D701, BMLERIRFE | (RfED SRR 3 FHAICAFAET D4 Nd Vo F O E RO R%RE
AT LT=EZ A, 0.5at. %D Ga ZIRINUTZ30EFCIE, PRI 7] & NdsFe13Ga A 0D i fs 28 D HE s oD
L —E L TWD23, 1.0at.%7 Ga ZIRINU7-3URHCIX PR EE /1 O BRI FE (K /7P & NdeFe13Ga
FHOD EFE RO BBLPE FE R AF ML — B LW e b o T, ZDZ 81T, NdsFesGa FHAME:A:
1D EICRE KAE TR Bl TlEian 22 R L Tnd,

(a) Type l:la3 (b) Type Il: amorphous

INCRCT BEEEE

—— .

(c) Type lll: Nd;Fe,,Ga
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) 20 40 60 80
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(d) ‘g 0o \\J. Sato et al., MS42015
g “ ‘,\ ‘ v N -

GBiphasc

00 “
7w vy 4w
00 * i
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e 1 e © .
%0 1 3 é 2l ‘/' \ ol /‘ \\
NebFo . M(= Al Ga),OME 4 Bx - B T (G
0 100 200 X0 40 50 % 190 2 %0

Ontance, nm Owtance. ren

GB phases with 1a3, amorphous, Nd;Fe,,Ga are all nonferromagnetic

Fig. 3-1-7 Nd V v F Ga ININBEREREA O Feii (L BVLBIRRE CRLIEL S5 3 fili(a,b,c) D RLST
FA & NdeFeis«Ga ¥ Ga FLALIZ L 2 b D21 (d),
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3.1.2 T IVESA

RLFFADMRIE N RNET B AP T 572012, FIB IEIZIWUIMH LI~ A7/ () A%
NVORACRITEZATV, 285 d OBEKRE B 27N+ 2T 7 VEBREZRA TE), R moH 2
— VDRI LB FIEMEAL L CLEDZENHLNIT 2o T2D T, BEREBE A D —E D58
7GR & TR B AN Tz LB L, 52412 Nd Uy TR A B Fn -k 1 R il
T FE ORI OBALENEROBE ZAT 7203 PREEIIZ, D 0.15T IZEEDLZENHALNI/R T
(Fig. 3-8), ZOREIDOHLAITIL, FKHEITHEL CODREARLITIBE L L QB EB 2B, Zhb
DIKHRIZ I ST, PRI AFAET DX A— V%52 TR S RL O R L SR S5 ISR L T
HHDEEZHND,

ZZ T, IS L 72 Nd-Fe-B B4#3 2% LT Nd7oCus (2 L5 FE M ALER (600°C*30 47) Rii & DM
TE SRR 21 T o 72, R AEALFRRTIARRE SN EE 0T THo-DITH LT AAPEITHI 1 T &
KRELRBINAE ST (Fig. 3-9 (a)). Fig. 3-9 (D) HLRRARHT O s ik D KA 1T Nd-
Cu OILFFERR CREDON WD ZENERINT, > T, ZOET NVERIZEBW T, KAHE
\Z& 5 K 972 Nd-Cu FEDPRIE 0] BICEERERIZ R LTS Z EBRH LN T,
3.1.3 A~ X T4 A RICL DAL KRy 2L — a3

PRI DFE SRR DRSS | &5 S B A ORGSR E D B DWW TR 572012, AR
PREE R —RELTo~v A0~ T RT A7 AGE ATV, FZERAE R LDl G| R B
IE BRI KD REEEE =0 7 B RN KR ESBL QD ZENHL > TEZ, T EFEICD

(a) powders+Nd;(Cusy, annealed at 600°C-30min

{Aag

o
o

o
o

ﬂherage particle size:

Normalized magnetization
- =)
o

— 24 um
—— 44 um
-1.04 — 6.8 um
084 (b) 4 3 2 4 0 1 2 3 4
/. nH. (T)
(b) Microstructure of 6um sized coated particles

o

FS

=4

o

=
™,

Normalized Magnetization
S o
o (=]
\\N

o
@

20 45 40 -05 00 05 10 15 20
HHey (T)
Fig. 3-1-8 FIB T CTIER L7 A =2 Fig. 3-1-9 NdsoCuso | & 5 F L% OB
7 U — iR 2 S LR EN ) & T OBME  fhigk(a) & BEIHLER()
ih#R(b)

T DBEREREAT DIRBE S DR R BAIM LIZ JVE R T 28T BIR EL TEL AL TWes, 2D
WBLRGRL B S R ANL Tz, Fox I 3as iR A 2 i b3 5 2SS KB U SR L 7o kL - 23 Bl
DRI RIET IR R e~ A/~ T RT A7 AL 2l —2a TR L, ZOIRREL TSR
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BLDOY A XKD DD L
% BRI Z L 7= (Fig. 3-10), &
AT D&, RBET) D i
PR A ME 2 SRR DD
TR TR LT,

Fo ARRILE ALY
PEHALEE X 7= ZAFETIN TR
A DGHIAE G FRAT DG FD>
SHLNC I ST = Vi 05 10 -15 20 -25
N ES N _57&) %75’ Stray field (T)

PR 27010, EH. o Fig. 3-1-10 K&K T DS BAbSCHR U 72 IRBR O IRBLAE 5L 5341 (a)

JUAR. *ﬁmazg%;gwdﬁ &l * BT K 2 e KIS D 25 1k(b)

PRI LG e T Va1

(Fig. 3-11) L, ~(7u~7 KT%/?#%%%MU@ T /VERCIE, Dy JEEE B L TEF LY

HRER B VRS 2ARE LTz, 3HR CHRONZEIE R Z Fig. 3-12 1277, ZORERID, v =
IVAHRRODTE BT ERE S 1) L #Efﬁ“é:kﬁibi)loto BT, R AR Z IR L 3D L PRI

WCREL A LT B ENRmlsi,

wrizg

<y

1.0
0.8
06"
Log4 =
— GB-soft
——— GB-non-mag 0.2
—— GB-soft+shell
GB-non-mag+shell
T T ' T 00
5 -4 3 -1 0
Fig. 3-1-11 AR L5 600G 5 % A0E L7 Ly \ ]
~Aru~ T xT 47 AHEHET L Fig. 3-1-12 v A 7/ a~ 7 %7 4 7 A&
T & A7 P8 il

—J5 . Nd-Fe-B §% -f%ﬁ D Dy I[ZLDRFYERIE CRIE CTES ERORIEIIX 2 T FRE T, 3
T LA EDOLRKE ) 245572011, JERET DA IZHHN U Dy 258 bS DL ERHHTEN
HHNTVWD, Dy %*iﬁ#%(btﬁ%ﬁ@fﬂ%ﬁ I Dy IEEED 0% D\ N IAT 2R 7 ¥4y & Dy
REEDS EO Y = /VHEI TR S LTI ZOMME RGO B R 72 BR A BT 272D
2, a7 - VRl E A T DT T VEERU(Fig. 3-13(a)), >=/L D Dy 2, =L dD

1

c) 21

—

x=0.3

A5 -10 05 00 70 75 8.0 85
uon (M uoH‘ (M

Fig. 3-1-13 a7 - = /L& AT 244 6TET /L(a). (Ndi«Dyx)2Fe14B FHORAERIZ L2 s i
HROZEAL (D), (Ndi—xDyx)2Fe1sB FHOM R DRt R S 7= 85 MRS SR 1 0 BAFR(b)
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JEEEARA S DO BIFRAFHML 72(Fig. 3-13(b)), Dy ¥ EE DN EWEIREE D IR ) O ¥E N A
B SAL, (NdixDyx)2FesB FHOME N HEH S-S LR O BfRE 7 o b 975
&L RSB RR A A L CWODZ e R CTET-, ZZ TR &T, a7 #50 Dy k)
T DL T ] DIRAFHEITIE T ITMED T, Dy SEBUA DRBES I, > =V 53 D Dy R TIRIZTR
FoTNAHZETHAH(Fig. 3-13(c)). T 705 Dy E HEAHITKL >R 14z DI,
B 10nm MEDO > =/ V& Z B L . £ DFEIOD Dy R4 FIRER IRV 03 ZENEETHY, £
AUSITIEBIRE U CIRIR O RS2 T 28 A TS A S 35280, RIRIEHT '
LEORPPMLETHLHEE ZHND,



3. 2 EIRREDE—FEBRFH I LD P BarE OB FE (e AR 7 v —27)
3.2.1 Nd-Fe-B #igb D EPHER I F T RNX—IZ 525522 (T. Suzuki, Y. Toga, and A.
Sakuma, J. Appl. Phys., 115, 17A703, 2014)

ZHIVETH A~ X, Nd-Fe-B OfEfht /37 A —4 A OF—FELEHHE 25 Nd-Fe-B ?(001)
KEICHEM L7 NdJRTFORGHEER K ITAICRLZEEZ/AHL, SbltvAZ7a~v /xR
TATAYIalb—2arynblOREIRFEOAD K, DPREERLORIEE ) &2 RS 5
PIORREEFSZ L 2R LT, £Z2TIZ 2Tk, BZERELSMT Nd-Fe-B fidbhio
KuoA Z#RIZTHRT N ED X D72 b O EF R L 28 HIREFE O D~ 7=, A
REIITIE, (Da fiDJEME, (2N A A AALEDZENL, % L T(3)(001)ZK i TOMEHR /g & BfR
T & DOFEE . DR NT A—Z AL I ED X D IR B a5 2 50 a7 LTz, fEdai o
A= A IR MEEE K RN BT 572D, 40 DAL Ky D288 % K3
HHDERIETZENRHKD,

—ffil & LT Fig.3-2-1 |2, a MO EREFRITTTT 2 AL DAL ERT, ag (ZFHEHRAETD a il
ETHY ., KFoW),@iFENnNEN VA b, gt A MIEDNI A A 2ERT 5, a/a=1
WZBWTHTYA RO Nd A A D AL IFIEDEZR L, A*~200~400 (K/ag?)ILAEATHFER
FEBRAERNS BED DN EE EEMIIZIE R L TV, afiliifEie s & HIiC AL ITHH
WD UL alag~0.9 Bl H 10%FLE D a il E O EHE T AL IZAIICHIE U A Z ENbnd, alay~
0.85 TIX(00)ZEHEZFE—ED Nd A A D AL LRREOADIEE 725, a iR DOEHET AL
AT AEBIL, JEMEICL Y Nd A A2 D 5d JuERFE U c mNICH 5 B OffiEF#uE &
DOIREDRLS 720 | 4f B AW HADLEFEZEN c ISR T LRI, 22
Ty AL DFFENEAET D a/ag~0.9 FTfETD (a/ag=1 25 D) BARDTF X —E{kIL,
HAfEHZ0 +10eVRERELFE LI REIVETHS, ZOZRAXF—HENEEZ T, 10%
EWVIHIEFVVI TRIVEDLI O TR, EBE, A7 v Y27 O EOIZL 5 7
wu 7T 7 4 —ORIETIE, RRTEOEEIT I%EETH D Z ERHREINTWD, fito
T, RIFUEEE COEN K\ ZBHE R EZ 5 2 5 aliethiEn e B2 b b,

1.00 095 0.90 0.85 0.80 0.75

a/a,
Fig. 3-2-1 a BiRDOEMICLORERG/NTA—F AL DEA, ao (T EHEREETO a BIR TH
v, Hh oM@t e f A b g A MLEDO Nd A A A E%RT D,

3.2.2 RIRFHNOE R34 mRIR IO Nd A AN KIE T2 (Y. Toga, T. Suzuki, and A.
Sakuma, J. Appl. Phys., 117, 223905, 2015)

3.2.1 ITHEE . FEMRIARAREIZWND Nd A 4> OGS/ 3T A —4 A0 AR RIE D1 &
DOFIFILEIZ L > TED X ) BREEBEZT 20O TR, 2 2 TR A EN O
ELTEEE O L8 Cuz L I T, TNZEINd OfEfRHICE 2 5B a2 B IREOE—
JREREH N B I L7z,

Fig. 3-2-2 1Z. Nd-Fe-B & 5D (001)F A O L7 &2 TS 72858 D Nd A 7 Ok 55
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INTA—=HF A OENE 00DHFEE OJRFOBir icxLTFry b (BR) L72bDT
b5, KX, BHEBECK T 2 REEEOEMIMH TR L ThHDH, O JRF-BEmI L7
BEN TV AEE(r >3.58), Nd A A DIEFEIL c mNIZIAN D Z & &2 L T A'<0
EWVIHFERIZI o TS, ZHUE, BLEiE 2 23R L7z X 912, Nd-Fe-B O(001)F M IZFEH L
72 Nd JEA DR FHER Ku BWAICRDZEEFEORVERTHD, 20A< r <35A T
L. Nd OfiEEF2E1X O O 1E & OIRKE T c i I OND DT AL BIEERSE, L
L. tW2ALTIZRDE, ODMMETE (AEM) LVIEFE (EEW) ORENE-ST
ETCNdDMEFEELFIZ T 720, BFOALPAKEEL S Z &1k d, KiZideamxv
X— GRA) OriFEEbL R L TH D, 1 ~2.0A DIRZEFHTHDLZ Lnb ., EBDOZR
IZBWT O BT AL OIEA LA T DI E T 5 "TRetEn & 5,

¥3

I HIE

-56(

-56°

Total energy (eV)

-1000 v—¥ 0° :Tot. Ene.

-1500 =570
1.0 15 2.0 25 3.0 35 4.0 4.5 5.0

I Distance from (001)surface (A)
Fig. 3-2-2 Nd-Fe-B #5AHKLO(001)ZK A O JF 7 & UL 723555 D Nd A A4 > OfEins
INT A—HK AP0
3.2.3 Nd-Fe7 &/ 77 AR FAHORME (A. Sakuma, T. Suzuki, T. Furuuchi, T. Shima, and K.
Hono, Applied Physics Express, 9, 13002, 2015)

A7y s MEEOBER T, NIMSO 7 /L— 712 L W R R RICNd-Fe 7 E/L 7 7 A
FHOFAED R S AL, ZOMNEORANEIE L e oTe, & 2 THAIIE RO
Nd-Fe7 E/L 7 7 ZAHDOE KB L BMEOFHI 21T o 7, BRI T, EROTENLT 7 A
HOEIZRET D IEHRITRVO T, 2 2 CTIHERRERICITT L 7 7 2RSS fectiE
ELCRHAEEZIT- T2,

Fig. 3-2-31%, —DDFe®— 4 Ml < ZZHAH AR O/ J ) ZNdREICKH LT 1
v ML7EbDTH D, FeDHOMETIIBRBEME (J,<0) THDH, DT H10%RED

NdE# CHBEMEM (J,>0) IZHE U, Nd#RET70% F CTOMEIE CFle-NdR XM 2R3 2 &
DD, K2, NIMSZ L— 72 K- THE STV DNADKIZ0% DA AEIR I 35T
FEW I 2R L, ZOEN S THERE AT S D ¥ = U —IREX=RRZEBZ 5
(FI450K) Z ERHIF SN D, - T, Z OHMEFEIEOFe—Nd7 E/L 7 7 ZHIBLRUZ &
LA, IhERD ERIIBAICHEEST 5 2 & TRIEJVK FOERIZ /25 ATgetEnd 5
Z Mot Fa, AREEENBE LI D FeroNdsof T TORALIE, B 7L — 70k |k
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TN—TOREREREFRETH D Z LR TS,

200
150 l.\ bCC Feloo_deX -1 1200
Sy -,
™ 4 4 900 _—
— 100 fcc 'm x
%_, Y 1 600
227 -
50 | S
é FM - -1 300
o B,
- 0 * — 0
v o
50 AF =
-100
0 20 40 60 80 100

X : Nd concentration
Fig. 3-2-3 NdxFeix(fecti&) R AIE4IZ BV TFReT— A o M) < ZSH A B O #Fn
J o ONARFEMRATIE, B DT ®becifIZRB T DR bR LT,

3.2.4 Nds(Fe,Ga) 13 DM B9 5 84— B R

3. 2. 3THA=LIHIZ, Nd-Fe 7 /L7 7 AR FRILIRBENE CTHHZ LM, S8R - BERR O 2>
LMo Tz, ZHUT, RSN ES TR T4 T I R b0 T 85 20508, Ga Ji1%
Nd-Fe-B (2L THERE T2 ERE N D R T22ERMEIN TS, T, hifitic
NdeFe3Ga 725 1E 5O RAREE N IERSNDT2 D EE ZDIVTNDD, ZDMEIZ DWW TORE
MZRRREHI RSN TR, £ZTH & 1%, Nd-Fe 7E/L7 7 AR T Ndg (Fe,Ga) 13 DM
BT 58— R R A T o7,

Fig. 3-2-4 |Z Nde(Fe,Ga)is OfibfiiE (I8) LA TIRE L-EMEE F) 277, Ak
D Z21% NdeFers DIEEKHEETH Y . ENERBENE (FM) fREE & seofmétt: (AF1) & R0E
L7, # FEET NdeFeisGa DREEMETH Y . Ga i1 (fk) JgzHe/ Tl KD Nd-Fe
7 T AL —DRERTE— A2 NDRCEATELS U 7 SRR ERE S (AF2) % {E L T\ 5, Fig
3-2-5 1%, Nd¢Feis (/£) & NdeFesGa (f7) OFWRMEEICBITHETROBTRX/LF—T
b5, BENL cEIETHY . WTNOEA L =R A= L7 D ¢ MR IXFEBRIE R L [H
FRETH D, NdeFes (£) DA, BEAMHEEILFM & AF1 THHLL TR Y . BAWIZIEAR
HETHDHEEZOND, —J7. Fe 2T Ga TEHLL 7= Nd¢FesGa (F5) TIiL., AF2 f%

Fe,Nd/& Sy

E ey? - 3
R e
35,63 8358382
L — .—)_
309808‘303098"8903 %ﬁs&‘-’sé%é’ Bég
9:§ o @:9:@ o Q:a §%33a°3°s?€.38’é -
83 8 8 383 8 8 38 b
89%°8°8% % &’ s TEIP I
O o O = esSidendl
Fig.3-2-4 Ndg¢(Fe,Ga)s OffifufiE (/) &LRMARCRE LoEHEE (), REWERIEINd/hS W

ERIX Fe,Z LTk GalRl -2 £ T,
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ENR—RICLZEIT D RNbnd,  BiaAiz, 3.2, 3Tih7= Nd-Fe 7€/ 7 7 A
HO—ER% Ga TiEHL L NdeFei3Ga & [F] UALRKIZ L7=% TIXBRBEIEIREENZE CTh D iR %
BFTnb,

B DORERNG, Ga ZIIN L7 Fe-Nd KL AH NdeFesGa (L IE S eaIZHANET 5 Z & i1T
X0 ZE LT RREMEIRIE L 72 . T O Z EBMEES O KRIZE S L TW D AfEEER & 5
EEZOND, £, FEMRRET OSSR, NdeFeisGa @ AF #i&1E, NdeFe 4 128 TR
\CARZETR Fe J@3, IEWMETH D Ga BCTEMIND Z LICKVLRENT DI EBREN
776

-566.5F NdgFeis -555.5/ NdgFeq 3Ga 1

— -bOT} —

> - SRR

~— i/_-)).‘).‘%- -
2 -567.5F 1=

% 567.5 &

() =

z g

(1 - - »

- /B -556.1F 4

990 924 928 232 220 225 230
lattice const. of c-axis (A) lattice const. of c-axis (A)
Fig. 3-2-5 NdeFeis (%£) & NdgFesGa (7)) DOBMKHEIEIZIBIT 221X —, Fiiil
I3 c #ilE,

3. 3 ARSI AN =X LR EF /2 ROy v OET )V EER (BT V—7)
3.3.1 Nd-Fe-B/ (Nd-Cu) {2331 DILEEVILER % DGR Rt E D 22k

ZAVETIZ NdoFe14B FHD ¢ i3 I it T B 7 [ ZBE ) L7 AR IR A E 2 7R 3~ Nd-Fe-B RO E
BIGRMEORREATO A LIEE DL T O IR E B\ O TR 1B INEVEFTH Z LI LB
PRI - IR O VERU T AR Bh LT, B PEREZ 7] SR D72 0D (I3l 2 BVILER 3 ) B R
AR ETRSTWDMN, EDOFAEH S TNDDO D RS IZ DR A OHEAE L Th D, €2 TANF
ZETIE, ¥ LU T G- LT FERNE I OB A FEMICIH 572012, Cu &, Nd/Cu &
BLONd-Cu JE% A5 L7= Nd-Fe-B/(Cu, Nd/Cu, Nd-Cu) # 5 IZ DU NTHABEGL L % O R
MDA, Fig. 3-3-1 124&F v 7 B OREIEIZ L% Nd-Fe-B RO LRI ) H. D
{b% 7”9, Nd-Cu & ORI

Nd7oCuso (at. %)% NA-CU2TE g5t ey g 25 et
B DAL AT R O ML @ e O
BIRL 7=, Nd-Fe-B Jg/&I1% 20 1 20
100 nm, F > 7 g D EFE I [
~25nm EZALSHTZ, Culgd 8 18"
HBEIIBEORMIIRE < = 0
o acepimer] o2 10 wio cap layer J

&A"ij @Yﬁ/}\ﬁ‘é A _Nd/Cu?2 106 ...
JEIEDOEAIZII N BIE DR
N2 XD 5nm OFFEIZ BT
20kOe LA bEDLRRE D355 o

0 loaaal Lol

- 0 2 4 6 8 10 Bt o 510 15 20 25

if:oNd-Cu B DA feu (M) tng (NM) Ing.cu (NM)

LIS 1nm 75 3nm b Fig. 3-3-1 Cu, Nd/Cu, Nd-Cu v 7 J& & pifi 4k |2 BLEE
5 = %477 Nd-Fe-B #EOMHE /I D%k, Nd-Fe-B # 50

IMUT=3812 17~18k0e &5 TR 100nm EL7-.
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W ) DYEIMDFEFRINADDS, ZDZIREE ) DO KRE72ZE 1L
LB -T2, Nd-Cu &4f8 & Nd/Cu £ &% Nd-Fe-
B I EIC ULV L 7= 35012, e R T
(ZRBWTERRE NI G278, Z DI TR/ DHZ LA
ST o7z, 2D X NdoFesB K T O ZHET 5 )8
OARTEIZ IV RBE BN D A = X LB R D EMD, 5
XX A% BB KR R BERS B A 2R U 7= 24 A B 1)
B2 R 12 B 28 A o AAEE I Z IDERLL | 2B Ok RS
A TR B L OIERAME TR FE ORI E LS
BAHZEICLY R A I LA AL D EBREFT
FETHD,

3.3.2 Nd-Fe-B/ Nd-Cw/ Al JEBEDILEESLELIC X 2% @k
i yakle

ABHIBE e Lt AN H3EE 2 VT, SR
J£ 500°C {233V T Nd-Fe-B (xd.re.s nm)/ Nd-Cu

1000f(@) t=8nm (f) 28 nm
0 j J
00 H. = 28,1 kOe! 28,2 kOe;
1p00f(b) 12 nm (g} 32 nm
0
1000 28.2 kOe 28.2 kOe]
- 1000(€) 16 nm (h) 50 nm
8
E 0 f
: /
= -1000 29.2 23.4 kOe
1p00F(d) 20 nm (1) 100 nm)
bl {1
=100 28,8 kOs! 19.2 kOe ]
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3. 5 Nd-Fe-BRbAiD~A/u~ T RT 47 3al—ar O KRB (Schrefl 7 /L—7)
3.5.1 Micromagnetic solver
A fast micromagnetic solver for desktop computers with graphic cards was developed. The methods
uses the finite element model to minimize the total Gibbs free energy. The complex microstructure of
the magnet is represented by different intrinsic magnetic properties assigned to the finite elements
locally. By selecting numerical methods dynamically during energy minimization the computation
time for computing a demagnetization curve could be reduced drastically. Fig. 3-5-1 shows the time
to solution as a function problem size. Each point is an average of at least 5 simulation runs with
different microstructures. The time to solution for a typical problem size of 20 million to 25 million
finite elements is around 10 hours.

|2

10
&

6 I

Zgraphic cards

fime to soluation® (hours)

@® | graphic cord Fig. 3-5-1 Time for computing the
o 5 0 15 20 95 10 demagnetlgatlon curve of a
R magnet using the newly
numizer of elements (millions) f . .
developed micromagnetic finite
AT NZO o SUMS GF RGImancat magnets KA k4om element software.

3.5.2 Microstructure generation

We developed software for the semi-automatic generation of synthetic microstructures which may be
based on hierarchical microstructural analysis. A key new feature in our micromagnetic models is the
anisotropy of the properties of the grain boundary phase. The grain boundary properties can be
assigned based on the orientation of the grain boundary with respect to the anisotropy direction of the
neighboring grains. In order to illustrate the automatic assignment of grain boundary properties, Fig.
3-5-2 shows the three grains and the
corresponding grain boundary phases
which are embedded in a complex
multigrain structure. The grains are
represented by a triangular surface
mesh. The indices of the neighboring
grains are assigned to each grain
boundary. Based on microstructural
analysis the grain boundary 1-3 (green)
is non-magnetic  whereas  grain
boundary 1-2 will be ferromagnetic and
grain boundary 2-3 will be weakly
ferromagnetic.

The grains and the grain boundary
phases are further subdivided into
tetrahedral ~ finite  elements. We
developed a method that leads to high
quality meshes by computing various  Fig. 3-5-2 Generation of synthetic microstructures to be
mesh quality factors such as the radius  used for detailed micromagnetic simulations. The image
edge ratio or the dihedral angle. For a  shows how the anisotropic nature of the grain

system similar to Fig.3-5-2 consisting of  boundaries can be taken into account.
6 Nd2Fe14B grains and 8 nm thick grain




boundaries, we analyzed the nucleation and pinning fields. The lowest pinning field (noHp= 0.82 T)
was found at grain boundaries of type (2-3), the lowest nucleation field was poHupuc = 1.48 T.

3.5.3 Effect of demagnetizing fields on magnetization reversal

Using the newly developed micromagneic solver we computed the influence of the thickness of the
Dy-shell in grain boundary engineered NdFeB permanent magnets. We used a finite element model
constisting of 64 equiaxed grains. We modified the thickness of the Dy containing (DyNd),Fe 4B shell
surrounding the Nd>Fe14B core from 0 to 15 nm. The thickness of the weakly ferromagnetic grain
boundary phase was 3 nm. The anisotropy constant, the magnetization, and the exchange constant of
the different phases were (DyNd),Fe4B (K =5.17 MJ/m?, poMs = 1.15 T, A = 8.7 pJ/m), Nd,Fe14B (K
=43 MJ/m?, poMs =1.61 T, A = 8.7 pJ/m), grain boundary (K = 0, poMs = 0.5 T, 4 = 7.7 pJ/m). Figure
3 shows the computed demagnetization curves. A diffusion layer containing Dy with a thickness of 5
nm is sufficient to improve the coercivity by about 1 T. The Dy containing shells for the results in Fig.
3-5-3 were perfect and were covering all grains. When only the surface grains are covered with
(DyNd):Fe4B the improved of coercivity was found to be 0.5 T. Our analysis shows that
demagnetizing field at grain boundaries junctions play a major role in magnetization reversal. Fig. 3-
5-4 shows that magnets with Dy containing shell reduce the demagnetizing field in the magnet by
around 0.5 T. Thermal fluctuations drive the magnetization over an energy barrier of finite size. We
computed the minimum energy path and the saddle point. The magnetization configuration at the
saddle point shows the onset of thermally induced magnetization reversal.

15 -—
1ob '!:_—— d
05k
E
= 00 Fig. 3-5-3 Dy diffused NdFeB
05} {E"'Ir::] H?FEB 1 permanent magnet: Computed
e :"i :::5 demagnetization curve for
Loy — t=5nm | different thicknesses of the Dy
==t =10nm ..
15 — t=15nmm containing shell around the
oy 3 O =) 5 grains.

o dT [T]

Fig. 3-5-4 Computed
demagnetizing field for the Dy
) - diffused magnet (¢ = 10 nm) and
LT IR ANAN . .
magnetic state just before
0.5 1 masnetizati
gnetization reversal.

In Dy diffused magnets the nucleus of reversed magnetization shifts from the grain boundary to the
core. This indicates that the grain boundary phase is no more the source for a reduced coercivity if all
grains are covered by a Dy containing shell. We quantify the effect that reduce the anisotropy field,
Ha, in the two magnets: Misalignment and Fe containing grain boundaries: —0.52 Ha, demagnetizing
fields: —0.051 Ha, thermal effects: —0.051 Ha. In the Dy diffused magnet these reduction factors are
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lower: —0.38 Ha, —0.3 Ha, and —0.014 Ha, respectively.

3.5.4 Grain shape

The coercive field of a magnet can be expressed as He = [ [1;] —NeMs, where Ha is the anisotropy
field and M is the magnetization. The parameter [ indicates a local reduction of the anisotropy field
and the effective demagnetization factor N is associated with local demagnetizing fields. For the
different structures (see Fig.3-5-5) we computed the coercive field as a function of temperature. We
fitted Ho/M; to a straight line in order to derive the microstructural parameters [ | and Nfr. The material
properties of Nd>Fe 4B were used for the analysis with three different sets of grain boundary properties
as follows. (@) non-magnetic: poMs =0, A = 0; (b) intermediate: poMs = (1/3) poMs(Nd2Fe1sB), A =
(1/3) A(Nd2Fe14B); (¢) strong coupling: poMs = pnoMs (I1-Fe), A= A([1-Fe).

e
//ﬁ‘

=

columnar equiaxed platelet
Fig. 3-5-5 Grain structures for the investigation of grain shape on the microstructural parameters.
Each structure consists of 128 grains. The thickness of the grain boundary phase is approximately
3.8 nm.

Table 1. Computed microstructural parameters as function of particle shape and coupling strength
between the grains. The coercive field is computed from [ ] and Nesr.

grain boundary Shape O Nett MoHc (T), 300 K
columnar 0.88 0.79 541
(@) Non magnetic Equiaxed 0.88 0.87 5.30
Platelet 0.89 0.91 5.25
columnar 0.45 0.10 3.22
(b) Intermediate Equiaxed 0.47 0.27 3.13
Platelet 0.51 0.43 3.13
columnar 0.21 0.08 1.48
(c) Strong coupling Equiaxed 0.19 0.12 1.25
platelet 0.21 0.15 1.31

Although the grains for case (a) are perfectly isolated and have no soft defect the parameter o is smaller
than 1. This is due to the finite angle between the total field (demagnetizing field and external field)
with respect to the anisotropy axes at the nucleation site which reduces the switching field according
to the Stoner-Wohlfarth model. For all three grain boundary types the effective demagnetizing factor
is smallest for the columnar grain and has its largest value for the platelet shaped grains. However, o
also change with the shape of the grains. This can be explained by the change of the angle of the total
field with respect to the anisotropy axes at the nucleation site with the shape of the grains. The
parameter o decreases with higher magnetization in the grain boundary phase. A higher M in the grain
boundary phase also reduces the magnetic surface charges at the grain surface and in turn leads to a
reduction of the effective demagnetizing factor.
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