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Synopsis

In the over-100-year history of permanent magnet research, three-dimensional magnetic microscopy has been eagerly awaited
to elucidate the origin of the magnetic hysteresis of permanent magnets. In this study, we succeeded in observing the three-
dimensional magnetic domain structure of an advanced high-coercivity Nd-Fe-B based permanent magnet throughout the
magnetic hysteresis curve using a recently developed hard X-ray magnetic tomography technique. Focused-ion-beam-based
three-dimensional scanning electron microscopy was employed to study the relationship between the observed magnetic domains
and the microstructure of the magnet for the same observing volume. Thermally demagnetized and coercivity states exhibit
considerably different magnetic domain structures but show the same periodicity of 2.3 um, indicating that the characteristic
length of the magnetic domain is independent of the magnetization states. Further careful examination revealed some unexpected
magnetic domain behaviors, such as running perpendicular to the magnetic easy axis and reversing back against the magnetic
field. These findings demonstrate a wide variety of real magnetic domain behaviors along the magnetic hysteresis inside a
permanent magnet.
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1. % §

1917 4E 0 KS S5 ¥ LISk, kAR OREEEE (7%
KEeAF) Y AN—7) FKIECmMELTELY 0
KA ORESEE L, fafimb, FRERML, R,
D 4 DOFETHREMT OGNS, 2095, fafl
WAL D ADFEE A OFETH ), LR O R
IZRE CIRTEL, BALREBIRIc B 525 Y Y %
LEE L, WA N CAE U A /N e i AL S s L 72 fE I
(WX, HX) OBEREERICL2ERTHL. £
D72, KA OWZEIZ BV CREXBIZ T IR ICEE
Thh.

KRARGEA OWEIXBIEE, A — %R (Magneto-
Optical Kerr Effect : MOKE) BHEf(#H, 0 — L >V &#E
T UM, XA M 6% (X-ray Magnetic Circular
Dichroism : XMCD) BEM§R 7% &, S F S FE R FHETHE
ACHFZEEN TV AD, THEDOTHEIZVTNRD KR
W EORIXBIEIZIRS T, R ORBXERE L,
I O JHT S R R KGO REE % ST 5720, A
WEBORE XA % L L 723 O Tl v, 72, MOKE
SHSRE 72 EOWEROBXBIZE D% {1, SIS S
2B L TWwh 70, REORSERETER ED
EA SO T OREIZ X > T, NV 2 A DAL
SHRIZ R IE T B R IX g DL A BT 5 2 L IETE 2
V.

INET, WANBOWRELZICOWTE, v( 71
RTATA v Ialb—2a il oTHIRENTSE
D, AARADSE SE SEMEEETVIZOWT, @b
AR 2 BT AR LA S hT &2 ™ 2,
LA L, REOFEERELY HOTOFEEFVORKT A
RIIHEN ST/ A= VTHY, EBROKRARA DRSS,
REL D DHFENITNEVH DRSO THAE Y 2 2
DOFFIL, FHEETFT VORI A XD, AT DA
WEEINVDNEL, F I A= VF—F—ThITE
oW EIZRERLTWS (Nd,Fe,B TIE# 4 nm).
EBE O KAREA DOHEE % 1/100 F 7213 1/1000 A 7 — )V
DEFNVCTEET L E, BTNV A ZAOHIK MM S A
Bz, EBKARA L DIXA RS RERE L 2
L. wilt, HEKNOBRMBSTHLIZET VT A X~
2um DY Ial—3T a3 rT, EBRTES N
FHBLZEPHES NP,

WEPEARPIR ORI (L, #RRE Fe-Si #% (EA% 8 mm)
DOHPEFHIZE DR NEST S 7 1 METH O THIE
a7 BT RBEEENOBRAE S FFICEY

728, WANTOBA NESY T 7 4 BIEICEHL TW5

L2 L, HHTEES NEZ T 7 1 OZEESHEER 35 um
TH Y, KABADOBBALFHEXF 4 XL KE W
0, KABAOWEIETTE 2V, J4E, #kX R
RHMXMD P C—LEHCEWANES T 7 0WE
PHEINTVE, TS50 XBEMTIE, 100 nm 2L
TOF =& =DM MRESFIHATRETH 5. B X
WRNEZ T 7 41%, X HE—LADEABEZ AT 100 nm
F = —=THb7:0, HHEERE~OBHIZHRS T
52—, BXHEYA 70— Nt —F—DRA
BETHDLIZD, WV oK ERSEDL T DRI
5. 512, MELOM X MY — 2% Huwiug, Tl
MEIOUETNHE TH 5, HEELAH T FICFED XMCD #H
SRS L DR A=YV DRI S Y. 20k
2, XS NES T 7 1413, KARAWERD 3 /I
(3D) WXEICE L -7 7a—FThb LhL, 2
DIFFENAT AR L 2 1 X 7% & 2 WHEHATRIRED D 5.
WX R NET T 7 4 OBEOHREDL 1L, Y
Bt 0 F 7213 IER ICE B BT A KR Gd-Fe (Co)
BEOFWALES D 3 RITESFHOWIETH -7 7.
72, KEERIEDS 6 um O Nd-Fe-B 7k AT O X MG b
T T T AENTRE SN TVDEA, ISR %
P TICBEBE TN D TH S ? . fREDOET
X, FREEOY (~05T) 27, X EEA -
BT T 7 AMWENTEEINTNL Y. O TIE, K
NAT % AR DN AIRRE DA T CTh o 72, BAbK
BRI IR o 72 RARA D XM N EZ T 7 4 % %17
L, BT o Fo KRB OBERA - BIREmA
%, XBNET T T4 EBEMARELLENHD, 2
DX FEERY AT LA EEET L T L IIBA W EET
H5.

KWFFE T, BRO L BEEMA 2 80 L, SR
Nd-Fe-B BEAS MG AT 12/ L, Bafb sz FE 23R - 72l X
MERNEZ T T4 MEERITo 72, BT +55TH 5
—55TETZALER BT LIZE D, Nd-Fe-B Rk AR
OOFRBEONTHOMIKEE), b, HEXOK
A & B BERS B A A O SR X LR O W LIS BT L7z,
C DX & & Nd-Fe-B Rk AR A1 O MGiliRE & & O+
A 20T 5720102, [/ CEIESATIIRT L kg
BB A T/, COMKR, RIS EE S % 258)
MR STz,
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2. RBRF &
2. 1 #EM

1982 4F 12 58 B3 X 172 Nd-Fe-B s Fi 0V 13, sk
BEDAARA Y L LTIA RSN T WS, FTAE,
Nd-Fe-B A7 13, ERHFE— & RBEHK? ICATKT
HHEZEDPS, TOEZEHIZISHIIHELTCWDE. AW
ZECTHW A X, EFR D Nd-Fe-B Biis i (FEIgH:
SREIE 3 ~ 5 um) 12T AR TH D720,
BV R A LTS, P T 2 OB Sk Nd-
Fe-B B AL, NV T AHAZEBY 2y MI VT
e L7z Ga iR Nd-Fe-B ¥y K & v, K% 7ot
ATHDLTLVAL ABi#E 70+ X (Pressless Process :
PLP) |2 & D PEi X7z 7 Nd-Fe-B &4 B KDY
FAEIE 12 um T, HBIE Ndys ,Pr;y 30C00 50Al 21 CUlg 0:Gag 2
BoseFer (mass%) Tdhb. S5, BEEHROBAIHL,
Tb,Cuyy (at%) i EEE AWK RYLE 7ot 2™
(860 T T 10 K O FILFLIE) %47\, ZF Dk 460
CTT 15 RMFRILIEAZ1TH 2 & T, HiRfREII1Z 27T
DA ZER L 72,

2. 2 Nd-Fe-B#AND~YA70OEZ—

Nd-FeB#iAiD~ A4 70T =L, GaAf A rEHN
724EW A F ¥ — 24 (Focused Ion Beam : FIB) T{EH
L7z 1830 um F CTHIEEE 30 kV THIN L % 17\,
ZOt%, MLY A =T %R/NRICT 5720, IHEEES
KV CIE 18 um F THL L7z, FIB 70t ANk, EEfL
Bilko 720 ¥ 5 — K2 10 nm JE O Ta 5% 78555 L 7.

2. 3 BEXRAHDT—HMRINETZT71
BT & 5Bt ImEN AN

il X #if= N €277 7 4 %L, SPring-8 @ BL39XU
V— AT 4 Tiro7z. Silll s tes s 045 mm
JED&yA4YEy FEMFICLD, FREGHES X x4
B L, KB (Kirkpatrick-Baez) I 7 — 12 & 0 & EHMZE 12
BN XY — a4 0F, FEE4NE 100 KF)
X 130 (FE) nm’ TH o7, XHBITALF—IF, NdL,
Ui C O X MR B E S IR K L 72 5 6.726 keV 12
BRELL. w470 —mAaREE, x OKF) -z
(FElE) FHoits X070 [ (2 @Y o) 2
W%, EREEAT— VIR ASE XY —
LZEER - z) FEHCHEMIEZ 2 RICEET S
Z & T, XKL (X-ray absorption : XAS) iM% u(X,

Z, 0)=(u"+u)/2, B X " XMCD WA 3% 1% AuX Z,
O=u"—yu % 100 nm DY > 7Y Y F ATy FTHEL
72. 22T, ut=[uf(x cos @ — ysin 6, x sin B+y cos B)dy
["=/1; (x cos 6 — y sin 6, x sin 6 + y cos O)dy] 1%, X i
E— 21 (y) 12if-> TR S hzh () MRt
T HXHINE KT, XAS EXMCDOF G IZ, kA
HEf—90°<0<85°% 5 MIMTIE L. Befzil
E L7251, Fig. 1@IlE B TR LZERS T, €9 —
O E D TFIZ 15 umD & 2 A2 5 FIZ 10 um D FHIS O
32 um(x) X 10 um(z) TH5. 1 DOHHEMHEICHTT
LEFAGT =7 2y POWEIIT 1NEHEZZEL 72,

HEANOBRBISEINC I, 754 OBERA (&
K28 7T) L#BrE~ sy b 8T =MW
WEIMOBIZIE, E—A94 VOXBNETT 7 1 %
B2 OBV S 2 AL, B EIINER T O & |2
WA, 0SEOSRNTXMMNES T 71 HIEZIT-
2. ZOFNEE, Bihx +55 T (EOBKRM) 205 —
55T (AORAMMN) TEILSERD oKL,
COLHI, AMROWRNET T 74 DOT—=51E, T
N CHEEBE TORBHALIREBO L D TH 5.

2. 4 IRTHWRAA—SDNETZT 4
B

3TC (3D) XASE D M E T 7 7 4 FHEKIC
1, REHERY 7 A EAY B RE K (Algebraic Reconstruction
Technique : ART) O 7 )V TY X A% H w7z HlESIh
72 XMCD #1420 5 3 WITHAUE & A LS % 72912,
DFOMBIEZ L 72 ART 7V T A5 % Fwiz itk
WNEBOBAL X T IV Aiid— iz mix, y, 2) = (m,
m,,m) D X233 oD EFRD., D L) LY
G, BN NIVERER T IV T) X L% VD LEEN
5. RBFGE TR 72k ARG AT I 5E > — 52 5 1% % 3o
72®, WALEDEIZ AT m, A 720 3G BROE % £
H,omEmFIE0 L RGETRIENTESL. 2Dk
9 BT, XMCD $631813 Au(x, z, 0)ocf my, cos 6 dy
DEHI, BEBEDT F AR cos @ BMSN/IET
BT EDNTEL., TDcosO DR 2EETDH LI
ART 7V I AL EIEIET 52 LT, 3 RTHXEDOFH
W EATH T D TE. ZOIEIZL B 3 RICHAE
DZEf 43 ERR 1L 360 nm™® & LG 7z,
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Fig. 1. Preparations in advance of the magnetic tomography measurements.

(a) SEM image of the micropillar sample of the Nd-Fe-B permanent magnet fabricated by using an FIB (18 um

in width and 40 pm in length). The yellow hatched region represents the observed volume of the magnetic

tomography. The scale bar indicates 20 pm. (b) FORCs and (c) FORC diagram of the Nd-Fe-B permanent

magnet of 1.1 x 1.1 x 3 mm® measured at 120 °C. The color bar indicates the intensity of the FORC signal. (d)

Magnetic hysteresis curves measured by XMCD using the micropillar (red circles and line) and those measured

by VSM using the millimeter-sized pillar (back line). (e), (f) XAS reconstruction cross-sectional image of the

micropillar and corresponding BSE-SEM image, respectively. The scale bars are 5 um.

2. 5 EEREFETHEMEREICLS
MEEENET 7 1

WA NET T 7 4 OWERIZHAE N2 T 71 %
WEL7Z GatF v En/zFIBY T A saKs—
50nm A7 v T TCATA AL, (x—y) H OGS E
T SEM (BSE (BackScattered Electron) -SEM (Scanning
Electron Microscopy)) %% 157-.

2. 6 IXRTERT—IXHH

FRERL S 72 3 RTCER G T — 212, Bl 7 — ) %
#2 (Fast Fourier Transformation : FET) % #H L, &
WD 3E/ICT — 1) TEMWRARY MV aiR7z. FEERRE
FAEOHLEST 178 X 17.8 X 9.8 um’ DFEIKIZHT L T
FFT i3 21TV, BEBEH VR r -7 Z OMTSE
HRIC B % 225 REElL, Aq=Aq,=0.56 ym™' B L O
Aq,=0.10um ™' TH - 7.

3. MRBLUEE

3. 1 MRIMNETF7 +KER

WA MNEZ T 74 EBETIE, Fig. 1) ORI L)%~
A78E7— (IF18 um, £ 40 um) (ZHAIINL S
A iz, €9 — 0% —77 O Nd,Fe,,B #& &
RO ¢ BHELIA AN REG Z FIIN L 72, 2 O F % RKBF%E
TRELESEE WS B NEZ T 7 14 OBEEICS
Vb, 11 mm, K& 3mmOKE2EFERE (B
LA ST A ) DAL x5 E) %, First-Order
Reversal Curve : FORC il & *- * =% 2 v T L
7z. Fig. I(b) 1, IRBHE LG T 5T (Vibrating Sample
Magnetometer : VSM) % Fi\v> THlll% L 72 FORC % 7R~ L
72bDTdH%. FORC MI7EILX, VSM DERKA 5 FE4
T AN 26 T OTFT THREA*HARBINE 5720,
120 COEIRTHENE L 72. FORC %, gk AT ¥ A
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V=T LORERE N H # T TIMBHIZLS
WAL E R L CTWD. H % 0h5BA0MMELE T
AL SR, R AT ¥ AV — T % FORC T 5.
ZLTC, HEH IR LT LZ 2k L72box 7
Oy F§5Z & T, Fig. 1(c) IR FORC ¥4 7 7 F A

1372 H= | H | OFAE oA R, EEICHo
LN =PI N, T, REGMEEER
Fio, SRR ORI 288 — 2 TH Y WP,
O B L upN M, ~ 05 TICHNS T E. 22T
U N, M3 Z N2 NEZeh O EREER, 4Hih )7 10 O Sy
R, A bz £, 518, H=|H | oS
W D 7 — Vs S, BRI & 0 K& i
HTh, WL o WiERRIHEET L2 e 0h
no7z 41).

WA MEZ T 7 4 OWEIR, Fig. 1) I2RT X )12
~A4 70T =LY 15 um 2> 5 T2 10 um DFHE
WAZOWTHEIZE L7228, BUA S 724121349 4000 1/
DOFERFLAEENT D EHEEEINS 720, Nd-Fe-B
FBERERAT BT 2N OBX OEF * BlgE5 5 D12+
GHRETHD.

Fig. 1(d) &, B 2 7o Fk o XMCD 15§ 5 D Fii 43
¥, MRS HICH LT T oy b L2b 0T, BAK
FEIZx 3 2 P 2 mfbicH4 35, BoEHRO T Ty
ME, BRI 14 T ORBEE~ 7 Ay bW,
VSM THIEE &7z 3 ) A ROEBORMETH 5.
YA 7Y T —OREROMEKIL, FIB ¥ X — 12X
VAN Ko TWA 2D, [EE 1 um ORER % R
W AR LT XMCD f8 3 2 4T o 72, T OFER, ~
4270 T—0XMCD #iffiE, I A= ML A XD
SE OB A & —3 L, XMCD Tl S hiz~ A~
O YT — O XEEILRTOBELY TS, BAONE
HEEZ LR LTWEI EDNDD S,

Fig. 1(e) 12, ¥ A 7 0¥ g — Wi CHMBMK L7z X
WL (XAS) 1§ %73, XASIEOHW AL, Nd DHE
SAICHTIG LT\ b 72, &8 Nd, fee-NdO, Nd,0,%)
R EOIERENIICECHTH S, Fig. 10 12RT L9
7% BSE-SEM DX IGIENIE, XAS 159 Nd |2 F tefHig %
3R E~Y = — & LCHAT A2 & T, IEMEICHE
T&5. XASTETIX, ThooHBARY MIMZT,
Z L DWIRORFFE 2287 — U PBRE N, Zoo
—#B1%, Fig. 1(f) ® BSE-SEM{&ICRA 515 Nd IZE &
SR LTV 278, BB oI & i sk
CRE AR TG 25 um) % 83 % &8 X AR5REE 2S55
ks, WREGEHERICBITAT—F 7727 FO0
12, MOV — ko TV A,

3WICRERIRIE, Lk L7 XA N €T 7 4l
EIWZX DIESLL 72, Fig. 2a), (b) 13, TN ZFNFE U
W HEIE Sz, 3 KICO KRR L #AGEOYY
WLKTHS., ABOERRMOE S 1 um B2 A
WP OB OB, KFEF G2 6 ZEibshe
JERGPENd VU v FHECTH 5. 3 RITCHABEETIX, T
CENIHAT AT A MR =R SNS
DO, WALBEZIIZ AT R EROBALICR LT, ke
HOMIE L L TR E AR ICBIZE S L7z, Fig. 2(c)
X, B0 uH 2B A3 RTTHERA A—T L,
EOEMN» S EOBANCELHRe AT ¥ A%
IRLTWA, pH = —1T T, RRBOHILOFEET,
Fofim L 72 X 5wl i3 L T % (Fig. 2(c), (ii)).
AL S X O EAE > R1E, YRR DA 12 - T
B\ 528, uH = —22T F T, Bt s
KiE ki £ 5 (Fig. 2(c), (iv). TODH, uH
= 24T CRIEXPRE LAY (Fig. 2(c), (v),
B OBMBALISED <. BOMARLAIE T, FORC
54775 4 (Fig. 1(0) b FRENL, KL T\
WHRLDFFEATERR T & 5 (Fig. 2(c), (vii), (viii)).

HoH (T)
Fig. 2. Microstructure and magnetic tomography

experimental results.

(a), (b) Cut-away 3D BSE-SEM and magnetic
images, respectively. The scale bars are 5pum.
(c) Cut-away 3D magnetic images along the
magnetic hysteresis curve. Gray regions in
3D magnetic images are honmagnetic Nd-rich
phases from binarized SEM images. The color

bar indicates the normalized magnetization m.
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3. 2 BCHEMRRE-REAHIKRBORKIEE
Fig. 3(a), (b) {& & L2 N BH LR A & PR D IR
(uH = =2.7T) OWiTH 3 KILHEAE TH 5. Fig. 3(c)
WEESIR T X912, &K B FoRfizentn
x-y), -2, &-2z) WEFEICHET 5. 20
TEIRAE b BRI IREE O P IIHH S N TV 575,/
AT \Z B DRI A FE o T B 2 ESbh b, B
HRAREE I, BALES IR > T 2 ~ 4 RLOIETHIK
DOREX AR B SN D . R R BER 7 <A
M- TWD, —J, PREEJTIREETIE, K& RHHI
X SR LN, BEEIRARMATE VIED S Tw
5.

Vo elE T S

—#ZIZ, INODOWXHEE, Thabb, BUHRBIRET
FEMIRD A+ T A TREX & TR IREETIER & 2
XS, B NICHAE S 2R T IS AR &
WEAEAEH % KW L T\ 5. Landau-Lifschitz-Gilbert
RIS, v M 7ux T A T4 v 7 Ay Ial—
Ta rETV, WMFEKHHEERDRS 56 L R
B0, BEWREOHMKXEEZBEN L. 2o W
FOWXEEIZEU L TBY, BUERIREICB T 5 ER
RO T T A4 THIXIE, SRS HI RS E R e E %
HoTWwa Z edbnrsd., T, REIIRETHZEIN
HRERIXIL, SR Nd-Fe-B B AICBWT
DIALTE 2\, FF MM AN ER O ZRIET 5
boTHb ",

Fig. 3. 3D cross-sectional images of the micropillar Nd-Fe-B permanent magnet sample.

(a), (b) Thermally demagnetized state and coercivity state at y,H = —2.7 T, respectively. White arrows and white

circles with crosses indicate the easy axis directions on each plane, and the black lines are the grain boundaries

drawn from the corresponding 3D cross-sectional BSE-SEM images. Red, yellow, and blue frames of each

image correspond to the cross-sectional planes of (x-y), (y-2), and (x-z), respectively, as schematically shown

in (c). Thin yellow lines indicate the intersections of the (x-y), (y-2), and (x-2) planes. The color bar indicates the

normalized magnetization m. The scale bar is 5um.
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3R X O A AL 2012, 7)K%
HafRAT % 47 o 72, Fig. 4(a), (b) 1X, F N ZNETHREIR
REB L ORIEIIRE (wH = —2.7T) @, 3 RITHEA
A=V DR 7 =) LM (FFT) A7 PIVOHET
H5 (q=1(q,q,q,) THEEMOWHEN7 PV EFRT).
NS DFFT A7 MViE, A Y U RHh T/ i
fil (Spin-Polarized Small -Angle Neutron Scattering : SP-
SANS) A7 P VIZHINT % *. SP-SANS A< h )L
IRESIE R & BB OM ) % 5 A TWAH DS, Fig. 4 D
FFT A7 M VIIHEAIERO A SR SN T 5. B
HiEIREE (Fig. 4@) TiE, (q, - ¢) FHEHIEIZHW F—
FIRDOINY — D3 RICFFT AT MV /RL, £
%7 =) 5 | g | <02 um! OFEICRE S D
Fig. 4(a) D AT, £ 1 q| ~025um” ® F—F
VRIPEHICHZ TWwE, TRHDARY MV, Fig.
3@ CRL7E DI, y#lh (BALAEZE) 1ho THY
HAEROBX LR KL TV b, (q, - q) PHTIZ
g=(*022um",0,0), (g - q) FHTizq=1(0,0, =
022 um") IZHEELRE—2 2B, WIXIETH 5
F D 23 um IZHIS L 7-fESHEE 2R LT\ 5. fRIES
W (Fig.40) &, lql, lql, lq] <015um' OH
BT, BUTIZEP LRV % B 3 KIC FFT AR
7 MVERLTWS, 20X BRI RS % 752
AT BVIE, Fig. 3(b) 7R3 & 912, RIS IRFE DR
AR &, FEORVEX STER SLTnwb 2
ERFELTWD., LA L, Fig4b) 205, q= (£022
um’,0,0) & (0,0, =022 um") 12 WRRE & FEED
= ES 5. ZOFEEL, REDIIREORXERET
b BUHREIREE L [ U &> TV b 2 L2 R LT 5.
LLE OIS, XSO HKET X7 MV TH D q,, =
(q,0,9) 2BWVT, |q.,l=/0@+¢}) =022 um’
Mo, BALKEICL ST, MBSO LRI,
23 um & PE S Nz

3. 3 BEFAMEHEKOEE)

3MTCHEREE X FBERERCBETLILT, won
DERIRCFITI X OZBB A S 1201,
KT NEROMRGIX OBERL &, REDOBIX DR T
HbH. GERD 2 RITCHXBIERTYH, FAEOBHIX O%A
L REOBX OWEELS T TICBBEShTws Y. L
ML, SISO, Rl FICHEET 2 KE RBEX
DI TH D REEAH D, MOKE ZHMMEE D 2 K ITH
X B TIZX BT & 72\, Fig. 5(a), (b) 1&, S EFID T
FEERAG VB & N7 R X OB B & i i DRGIX O T,

-2
012
Amplitude (arb. unit)

Amplitude

g, (um )

Fig. 4. 3D FFT spectra of the 3D magnetic images of the
Nd-Fe-B permanent magnet sample.
Cross sections in the (g,-qg,), (ay-q.), and (g.-q.)
planes are shown with line profiles along the (q,,
0, 0) and (0, O, g,) directions. (a), (b) Thermally
demagnetized state and coercivity state at y,H
= -2.7 T, respectively. Inset (a) a central part of
the FFT spectrum in the (g,-q,) plane with an
expanded color scale. Back triangles indicate the

peak positions of the line profiles.
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Fig. 5. 3D cross-sectional images of the detailed features of magnetic domain behaviors along magnetic hysteresis.

(a) Nucleation site of the reversed domain found at y,H = -2.2 T. (b) Annihilation site of the unreversed magnetic
domain found at y,H = -3.5 T. (c) Magnetic domain running perpendicular to the easy axis on the (x-z) plane
found at y,H = -2.4 T. (d) Grain that reverses its magnetization at u,H = —-2.2 T (upper) and reverses it back at
UH=-2.4T (lower) against the magnetic field. White arrows and white circles with a cross indicate the easy axis
directions on each plane, and the black lines are the grain boundaries drawn from the corresponding 3D cross-
sectional BSE-SEM images. The red, yellow, and blue frames of each image correspond to the cross-sectional
planes of (x-y), (y-2), and (x-2), respectively, as schematically shown in Fig. 3(c). The surrounding regions are
dimmed to highlight the grains of interest. Thin yellow lines indicate the intersections of the (x-y), (y-2), and (x-2)
planes. The color bars indicate the normalized magnetization m. The scale bars are 3 um.
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