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Fig. 1. Historical evolution of the number of scientific pa-
pers published on ferrite as a permanent magnet material
from the 1950 s to 2023 (Source: Scopus- search results by

keyword “Ferrite permanent magnet”).
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Fig. 2. Changes in magnetic properties of ferrite magnets in TDK corporation/?3.
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Fig. 3. Forecast of ferrite magnets demand in three major
fields, 2021—2025 (Data source: Huajng Industrial Re-
search Institute of Magnetic Materials Branch, China Elec-

tronic Materials Association®).
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Table 1.  Top performance of domestic and international ferrite magnets.
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e SM13N 450 278 298 38.1

4 BaFey0qq FAL00 M SR AR LG I T2 Fe din (iR B 1A

Fig. 4. Crystal structure of the unit cell of BaFe ;04 and the schematic diagrams of each Fe crystal site.
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A 2d 12 — —
2a 6 NN 1
2b 5 PUGIEIN 1
Fe 4f; 4 TS !
4f, 6 NGRS !
12k 6 J\ A 1

B —5H, BaM A1 StM P H A4 500 5 B
TR (43590 740 K #1746 K), BE 5T NdyFe,,B
() LR (588 K). SIbEINT, 7S AR s
BRI B T A5 T S, k2 S0 I g 14499,
YRANHAAR A REALR I, 7= A HA R AT RE K (R g
FURNHLAE W8 BE 138 19 7= . MBS M BRI 5

¢ Tl B R it A% 1) S TR0 T LR AR 20 di
) Fe+ B 1Y i R sk, AR I T 4 AR/ T 4% 1)
HLAh AL BT FE =T, BaM B 45 ) 5k 4L
(Ky) MEE M 0.32—0.33 MJ/m?, StM & 0.35—
0.36 MJ/m?. 5 B2 ) SR By, £ m) 20
Y (Hy) 7T VIl 3850 2K, fug M, K WfiE , X T
BaM F1 StM, Hy 53 %34 3| 1.34—1.35 MA /m F
1.47—1.59 MA /mB37. 754k, BaM Fl StM P 2147
T IR E R BN IE, S 30m IR Bm) AE
R A6A7] it )R EE MRS 1 O 2R 1)k AU A UL
JEARAVETE B S o, 22 345 1) S M i BRI AN
AR RE S T B A A P 5 57,

WK, H AT RRIFSTIE AE HER BH , W ) 32 AN
TR PAT RIS PRI 2R 1 [ P 2 LB 22 i e T4 MR 2% 1491,
R RS TR L B a) B R0 437 4 19, S ARl
A AT 28 O A 52 Pl {H La F1 Co
B R AR 22 b T A 5 A R 55 4 A O
JEHCE AR REYERE. UL, TR B TR T
7 ARV S I R R A5 1) SR Y B, 7E La M Co
FAA PRSI0 T 32 = Rt e 2 AR 7 B, XA
A Bl T H 0 B8 IR 00 ORI RE R IR R
BAS, PR, 42 SR 20 P B ek ) B AR
HoR.

24 BTFEREANRFTHRIHTR

M BU7S A R AUAR Y B R D e B 2 i —
AT HOK BRI A BGRB8 AR AT LA
SRR b A P [ A R g (573750 520 iy ST )
(9, M RIS Bk AR Rt = B 5 AN r i i A
SR EA T8 I S A A BRI R A
FEIY. 25 R BH B 19 F BE R e 5 7
LT A, B F A AL (5 A RE AR A iR
JHE) S R S B - 118 v Bl Ry 5 4% 1) S e, R
FE SR URGEF4 P R b B 0 B 2 4 T U R
PREEVERE R RACE . DATRIBCITT A BER UG, M BURR AR
& AFe 50, HFH B AR A S B0 AT LK 353
KL I

1) 7£ Fe (AR REMER 7. AR A e T
i A13+[53], Ga?wr[m]7 In3+[55], Ti4+[56]’ In2 07 2 e A
JiET R E AR Fe, BRATHE K AR, 0] {fi %
FRSER BESE M. SR, SRR 2 S B0k AR Y 19 REAH
AR, LR | S TR A R AL,
T V] RIS A5 ] S X AR 57.5455.58
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AR A2 4 AH EAE FH R 45 ) S . B, 5 BaM
FHEE, STM R4S [ SPERE K, X5 Sty e+
/N Ba? 4 56, BUNMY MR IR 20
) Fe-O BEESI/IN, ¥EK T Feb i ik ig Mg o1
SV Rt 1 SR Af, T 20 SHOAZHHEA 3 A4S Sr2t
B, B Ba?tal Sr2t B P A B U, X
LG 5 7 ] L (%) X A 1 R ey 5 R R R A T AR A
A S B R, SRR
B RESFEURT S50 Fe*t ik 5. BRItz 4,
W] LA = A F— 4 8 - R B AR, 40 Na-
La %“%2ﬂﬁ [60,61]'

T 5 TR AR B AR B 5 0 1 2 Wi SCHE 2 i 3L
i £ ICF La DL La** i JE 240 240 Batal Sr2+
BT, R 408 Co DL CotIIE R Fett
JE W) La-Co B AREA AP, B Sty La,Feyy ,Co,
O9(La-Co SrM), 7£ 20 a0 R 4, v Ll
SRS A SR 1 R R I B L AR 4 02
W 5 Frs. BEYERERT RS S50 A5 10 SR AR
AR, TR0 < o < 0.4 WIFE RN, AL
SR B R A B A 1 KT W6 3 K 1031, 8K T
Moz > 0.4 B, BEILSREE S KRR, s G ORI
THERNAR, o78 0.2—0.4 Z A i}, 8w 1135 5]
K. EHRIRERE = 0 MSERKFH 0 o
{22 18] T 2 20 K6465), 58 3 % La-Co SrM #k47
A FRPEAL, AT DLARAS S A 9 7K 1R R 1) K 3]
Kikuchi 45 199 $i i (1) =535 640 kA /m (8.0 kOe) 11
w7, H W) Bl ARG AR SR R R R
~63 A-m?/kg. IKAh, La-Co SrM Héaik flygrmi 11 e
TEMERA N 5 ) SRR AR R/ N A G 67,

H i La-Co SrM s&ME—H1 H A< TDK #1 H 37
& B A PR F R AR R s PR e B R AR ARG Bk
SR, A E IIRETERE (BH) e N 44 kJ /m3 2331,
TEMEERE b G kSR AR HAb T K, W Calsdl
1AL S gk — 245 La-Co StM R4 MEAE. Du
S5 0 5 3 A I - e 1 LAY La-Clo StM. itk
BA AL R AV AN, TR A

(a) 5 (b) 4.3 (c) 0 —-0.5
4F La-Co
o 49k A addition
= 3T N —0.1} 1-04
g g \
2+ >
2 4.1 A t v — I N B, —
- v —
1 A 4 é —0.2¢ < 4-0.3 é)
0 9 40t fo % 2 o S
5 =5 Q = iH, T <
Al 39k o —03f 1-02 I
[} xr = 3 EL/
S 3f 00 /"
S 3.8 A 0.05
S ol : Cr —0.4} 1-01
jast 0 0.10 addition
1h | v 0.15
371 & 0.20
0 . . . . L . . —0.5 . 0
0 0.2 0.4 0.6 0.8 1.0 3.0 3.5 4.0 4.5 5.0 0 0.1 0.2
z in Sr;_,La,Co,Fejs_,O019 iH./kOe La-Co content =

5 (a) Sry_,La,Co,Fe, ;019 7E 1200 C HEZ5 IR E T B REPERE X (b) 4l [Fl# St 8k A K2 La-Co BN NG MG T RE A1k (25 00 FF
53R La-Co B JINAE A, SEOFF 5 R CroO5 IR INEE 51025 () #E-100—+140 C JLETEFIN, 2 = 0.0—0.2 ) La-Co F{t Sr k&

8 B[o(B,)] A1 Heyl B(Hey)] 1 BE 2R 21

Fig. 5. (a) Magnetic properties of Sry_,La,Co,Fe;, 019 at a sintering temperature of 1200 C%); (b) variation of magnetic properties

of isotropic Sr ferrite with La-Co addition (hollow symbols denote the La-Co added samples and solid symbols denote the Cr,O5 ad-
ded samples)®; (c) in the temperature range of ~100 °C to +140 °C, the temperature coefficients of B,[a(B;)] and H.j[B(H,;)] for

La-Co substituted Sr ferrites with 2 = 0.0-0.2(62,
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NGk Ak v RS T B Ussss , T AL Ak AN R A 1
TR AR, B ki Al EB A 509.44 kA /m
(6.4 kOe) 14 K 5| 748.24 kA /m (9.4 kOec). B4+ H
Sty sLag 2CopoFey; Al 2019 B La-Co-Al F AL £k &
RSB T R ) 565.16 kA /m (7.1 kOe) ., J& H
IR 707 K A AREfE A 61.8 A-m?2/kg W1
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WG Y Se2r e dR R R Ca?t, JFHE N T Ladt i
Co* Ui, & T Ca-La-Co iR FR 1 M H 4k
AR K BEAR (CayLa,Fey, ,Co, 019, n = 10.0—
10.8), A BTt — 4R m B AAUARE R RO PERE O, H
Hif Ca-La-Co & £l AR 7 125 8, Al
45 07 FEFURZE AR R AR AT AR &
S B 5 02 D Rt T | T Bk L B2
e R 5 BRI 5 T2 79 7, L 4 09
FE T ITH St 55 Ca,Lag g5Fer1.65C0p.35019 FIEREA
REIRETERE, 4 x < 0.25, MR fb 8 3 WA B
AR, W BE Ca BERARTIIE K, i K2
SN CaZt BT AR, AL H 5 o BEAS A E,
¢ TR, ST R A0 B A (S A R SR 1) S 4 T3
SR, RIS . AN, 2 2 = 0.25
sk B 14 e R g FNARL R AR B 4331 246.76
kA/m (3.1 kOe) fil 73.3 A-m?/kg. Chen 5§ [" fiff
FE T TEREA N T R ™ AR Y 24 BT (CagFe,05, Co
Fe,04 Fll a-Fe,05) 5 S22 [HI L R, X L 7%
] DU R A B EON BR . FE TAE RS
4 B ey PR RE 2 H 23 DA St 4qLag 39Cag oF ey 7
Coy 3019 B ARG 1Y, Won i 68 A-m?/kg )
Uit g A o B | 423.4 kKA /m (5.32 kOe) fY %5 i
J1, L% 39.8 kJ/m? (5 MGOe) Hfix KHEREF. %
AT, WFFE AT T 1 PRIl FH DR Y5 B~ T M A BT
(L), gl (Ce) KR La-Co 4145 2015 4F,
i [ = B IR T AR SO A LY Ce-
Mn B StM, 133 T = T 398 kA/m (5 kOe)
(R iy, 2k SeM A L, X iR ARG Ak s B I
ANHSZE, T I B RS R P i (70,

i — 2 UL A TOUE I 35 T AT AA e Jl AR 1Y)
#JE, it La-Co BB T4 & AT — HAEIE
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PE La ff 25 5K 00 B 22 7 L 1 RESH R AU,

S ERARAS B AW 25 ) k. LR 1957 4F BaM
1 B T B AR 5 S B ik 3B i, Dechamps il
Bertaut ™! £ H A2 b iV i B Bl e T B 35
TR, SRS ANAAER 1 B ARl As ik LS
TR KRS ARG B 7081,
{EL AR BRI Sty RE Fe 0,9 A AT
S NA/NHRER. SRS, ASFF BT StM
rh VA A FE AR DL R GRS 20 435Il E Ce(0.24),
Pr(0.46), Nd(0.45), Sm(0.17), Eu(0.15), Gd(0.11).
ATLUE Y, X StM(Sr 2142 0.144 nm) i, 58
AR R BB R UE A ATRERY, a0 Lad+ (55
T2F4% 0.136 nm), (HPE 8RB/ FEAR
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fRI%) CaFe 50, tb & YIEAAETE H Ca 175 i i
WA R 101921 S SR+ B BV A B AR S T
PRA G, AR P EIE R, BRI, S8
O-A L5 ANIT L, 7347 A 3/ NH B -1 MY
ZEF AN TG E B, 55 Ah Lechevallier 45 881 $2 4 T #i
B Af AT S0 AT U AR R R BRI . S A X
SERE 4 B T R AU R A o) SRR AR B T —
R T, B L5 ASRECIRAENIE
A% Lechevallier 4 3 I8 0 5¢ T 7 RE-Co [a] i #¢
RAHRE i TP AR - B TV A, R A R Y
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i85 55T, Co*REde Ml 1 B 7E M AH P Ay [
W

RUETE M BUEAAAR T, Wi # M AT AR
Co* fFAEMITE I R & A=, HLUNFE LaFe ;040 7, 2a
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BT LIAME R F REPEAR S+l = A= 241 1E
HLff. HR, BTSN Cot B THI 5 ABRZAE T Hi
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T Sr2tf) Fed+ iy i in 12k, 4f, A1 20, Horp 20 fifiz
5 Se*+ B F A — 1 b (BF 2 0.340 nm), 4f
12k SO T AL b, 5 Sr2+ BT B K
AR (43514 0.366 F1 0.365 nm), It Co?tEs
THEA Af, 7 FTBE 55 78 M BUR b i % i
BEHRAT O D3, SR IR ST S0 A AR Co?t
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0 0.5 1.0

4
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—_:js-\‘:lr-‘!. Tezs —v— Sm 0.125

pnoHx/T

E 6 BT RE A0 SIM ZEAARH (a) 1 ARG ALRE R (b) 845 1 53 bk (5)
Fig. 6. (a) Saturation magnetization and (b) magnetic anisotropy of RE-substituted SrM?.

i, O gl i B R IRIE | VFe B R FELIS T T
BB RN IA, AN SRR+ 2, RE* &
TS | AERE5 A 20 SO Fe3+ k5l Fet.
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FHIREAE DTk L La K, (e 1A 3 A TR,
HA B X SIM  Fe W 5 k& 1Y 52 00 I A B A
PR R A AR, B HEAS L La B R E 3.
%4 H La-Co LR M B A AATIBEFR A 55
PEREERENRRENAR, TFVE R s AL A B n {8 A1
432 . 5 —J7 1, Co?*fiE ik 35 i sl 2 4 A8 IR
RS 1) S, ANk AUA CoFey 0y, BI“OP #f
TR SR AT R, A 10 S s & T Co?t i
BIE [ S A 1. 7 La-Co JLECAY M AUk
SRR, Cor ezt T SRR B G 45 1]
Sk, AR S K. RN, R R R A S A Bk
AR Co WIS FlT Co, Y199 6 BH H AR R 1, Co?t
FE M BURR AR 2 15 R A g 4% 1) SRR
BB, T3R8 T ZE A TROULAIE AT

3 La-Co SrM &y 4 i S ML 2 &

BTS2 90 TP e DL B RS SM A Fe T
An s BG5S R DTRR, R Fe AR AS 0GR
Tl 25 1) S M s el o AN R, R B e At 7 =X
HEATIAIEEAG 1. 4, i s - B A SE AR A T 1Y
Tl 25 ) S PR AR AR i, W7 DL — 2D H P i La-Co
SrM R Co? B %] = 220G i 4% ) S M2 1k
YRR, R, AN FELGR T — R B TR W]
La-Co SrM 4% ) S HLH] 58, ALFEXF Co?t
TE La-Co SrM ikt i A6 (R BIFFE 45 SR 1) e 728 1 4
W FAHAE RG] S R A AR R, DL R TN
[ R T B X SR TR A5 R A T PR A A5

3.1 Co"HIIMMARIERESSEN

ARPITJE L, 3d 2o 4 B O B A B i A
R %, (B ANSR T g 0 A AR AR L
EIBAHINEOL, TBIE A T RESIRE, R
G 1) Sk Co? L TR LI 3d7, el 7 fi

iy

Co?+ 3d7
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L

7 FE DY AR R\ T AR C A R P AR AR 0 24 R Co?t
(3d7) o5 #1491

Fig. 7. Crystal field splitting and Co?* (3d") occupation in

Octahedral

tetrahedral and octahedral coordination environments! 9.
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W L IR NS ANGR N e B b 1 L TS 7 7 N i =
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JEM e BB D XTI, —EE I b, HLE
P B FATH T, B — A2 3 e,
BA T A M TE BB R TR R AL gy,
HUBRE TR TR A H R, B — 2R
ik, WA AT RE R IR, R, &
BT I DS R R 2 G v o it e U 1
R SR A Ry N THAR B AL ) Co 28 B 745 1n]
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Tida %5 1 2 1 Y3fGE T La-Co SrM HyREPERE
25, BsiA —3E T Co BAR ML B BF 58 R IT,
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e 3 g, AN iy =00 2 T AN R SC IR 2
g 197100107 - 36 F Co 7 La-Co StM (55 f 7 i 48
— WA A SR, (Rl AT DU H 3R R X T
PFFEARXT /. T iX e A i TR B2 R PR Bk TR
ZEUESCI RIS, I KB AR I S T B S0
AP RERE . BIAN, Lad B AT 7= A A A A1 L A
WA Cor o &M, SR, Sr-La-Co-Fe-O

A Z 1 AH B BIF 5 45 SR 2R WY 008 B D45 5 1Y La
1 Co R 4R il £, 577 A58 2 M Fey,O5 I
LaFeOs. 1M —MIH 00T, 55 2 AHAAE N 45 i P
2 Fram K/D T Tk X AT R (XRD)
IR, AR Z BRSBTS ARE AR Pl RE
A A B XA Rl 2. [F]), La-Co SrtM
ISPk 300 Sty La,Fery ,Co,Og(z#y), 75
XAEOLT, 5 Lad 2 AU I i A far 22 A A
Co UM, I BB FeS iR i Fe? R AME,
L, B SRR FRIEAE S La-Co StM Y5 BR i
BURAGIE 1.

Ak, B (2002—2004 4F) fii BT R IR
B IRSET-BER Co (5 A2 AHIFSE Hp 7100 103,105],
I\ ARBECAL /DB Af, BEHED R Co A9 ET 5
Br, USRS “l ARG IORNRE 25 ) S HG 5 18 2 U5
Yo MR R T RO AR ). Ik, Co?t
H) R IR B I AN TE A, (HX & Co BIRESS [l 5711
— AN SCHE ), AN RE TEOW B T AR Co? it
PR, BRICIE T G B R Tk i — 2P 4 & La-
Co FLEY M AR IR B 1 RE.

# 3 AEPFRE ARG :6T La-Co StM H1 Co L4l f i AT 4518 (@: H e AR TTRE; A: TTRE, (H{EA

THEE)
Table 3.

Conclusions of researchers from various countries on the occupation of crystalline sites by Co in La-Co SrM using

different measurements (@: certain or very likely; A: possible, but doubtful).

Co** iz
FEdh FEH TN P A 5 vk
2a 2b 4f; 4f, 12k
PieperZs, 2002(100 ) ) 5Fe-NMR [ [
PieperZs, 20020101 B "Fe, Lafl ®Co-NMR A (]
Moral%, 2002[102 . 5"Fe-Mossbauer, Raman [ ] [ ]
Le Breton%, 200201031 H 5TFe-Mossbauer ° A [
Wiesingera, 20020104 AT 57Fe-Mossbauer, *"Fefl1*Co-NMR ) A )
Lechevallier4s, 200307 ) STRe-Mossbauer (] [
Z 5 Lechevallier®s, 2004105 e 5TFe-Mossbauer ([ J [ J
Choi%, 2006100 HES 5TRe-Mossbauer [ ) ® [
Kobayashi%, 20110107 HA Neutron Diffraction, EXAFS, XMCD (] ° [
Koufil, 20130109 v Fe-NMR (] A (] A A
WuZs, 2015110 i Raman, XPS [ ) [ ) ®
Ohtsuka?, 20160 HA TEM-EDXS o o °
Mahadevan§, 2020012 I g 5"Fe-Mossbauer, Raman (] (] (]
NagasawaZ, 2016117 STFe-Mossbauer A A
Oura%§, 2018114 "Fe-Mossbauer, XES ( (
B Sakai%¥, 2018115 HA STRefICo-NMR ([ J [ J [ J
NakamuraZ, 2019116 MCo-NMR [ ] [ ] [ J
NagasawaZ:, 2020117 ANGER TR 5 Fe-Mossbauer (]

126101-10


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 73, No. 12 (2024)

126101

3.2 HBEREHEREE#EERERR

XU A E TN R, KRS
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T 2 AR A B BCSE A2 Ay, ARAS AR R 45 1) 5=
P, PLAAHSY La-Co StM H' Co FUVEF. SrM A%
A TR 2R, I AR XL L F)
VA AR D 91 Bl 7R ks (2071290 £ RO rp iR L
H & 7 R AL . TEILZ T, B8 —L
KT StM H Sr 1l Fe fi o7 8% 55 — i &+ 2 A0
PASHRE S R HRAE (6112613901 La-Co SrM 5L
(Sry JLaFeyy ,Co,019) EIKH Shimoda 4510 jaiid
Na,O B FIETE T B 3kA%, fE X, it
WF5¢ v MR R 0 J7 6 45 7 La 24X SrM 2k %]
& (AR 20 La-SrM) B AR & LU E Lad+ )
SrM [k 45 ) SEPEAE . B 8 R TR K
X BT 63k (WDX) % 9 M A Co B9 A
35 La A Z R ER (2 >y). FEESR La-Co
SrM il £, ORI S A T S5 5 1Y) La A1 Co,
Hrp Fel 8 p Co B AX, La* il B AR Sr2+E
R AMEE . SR, B o AT A SRR, TR R R
5T, La fil Co W& &I AHEE, Co &&=
—HKTF La &&=, H Co Ml La B4 H Co/La
TRAFAE 0.55 Zifr. BERT7ER T La-Co StM HIZ
EMTIh, CEA 7 —25CT La fl Co R45 &

AR 397 a0 La B, 24 Co B9
I TR R A B, R AR Y M BB 4. Liu 45 14U X
145 241 La-Co SrM 2 @i il 19 S 0 B4l i AT Bl A
222, W52 T La Fl Co f RS> 5 WG RMERE Z 18] 1Y

KA, GRBFEYY La & & KT Co %2R
TSR, AN, STFe B2 3 8 AR5 A AR i ik (104
# M La-Co StM HAF1E Fe2t, 1R I K H faf M2 A
IR AETE LadtFil Co?+Z [H], i KA AE Co* il Fe?t
ZIA], XJEH Fel iR J5ohy Fe? AR 1.

0.6 F ;
7

7

0.5k Srl,ILazFelg,yCoyOm ///
4

Ay

0.4f e

L’ y/x|=0.75

7z e

> 0.3t yle=1, . /

0.2

0.1F

8 X T SrLa,Fe, ,Co,019, WDX MlI5E ) Co ¥REE y 5
La VeI o LA (RSP IR 2 = y 1/ = 0.75)140, 2 >
y B Y La®t B far M R Co? il Fe? 58 i

Fig. 8. Ratio of Co concentration y to La concentration z
determined by WDX for Sry_La,Fe;, ,Co,09 (dashed lines
represent * = y and y/z = 0.75, respectively) 9. Charge
compensation for La’* in the sample z > y is accomplished
by Co*t and Fe?t.

AHMERBL, La-Co SrM 16 H il £ 54 F —
AR AR, WAL, Fe2 Rl Co?* [ali X H
WA R . S TR R R S,
B4 53 SN Fe?t, Co B8 FAE ], DL Fe*t
1 Co?™fE StM H 3L A 7 HI K #43 La-Co StM
o RG2S ) S PR SR AL 18] 9(a), (b) 23 R
T La-SrM Al La-Co SrM i il 12 1) & il 1 e il

25F 25F 60 TG MR (Tl A, Shimo ot ol
(a) (®) () ® Lo RILE(Huth): H. Ueda et al.
A La-Co% R (%2 dh): T. Waki et al.
20 M e —a 20 lgre—tr—e e i — 50 |V Ca-La-Coft S MUY (Hufi): T. Waki et al.
@ f @ Na-La-Col S IR (ugh): T. Waki et al,
T o5l Tl @ 40t
= B 3 o
by “ =
g g =
S < 10f = 30}
= p =
5 5 20 F
StM —s- Hlc —=- H//c StM 8- Hlc —=- H//c
La3 -~ Hlc —o— H//c LaCob —e— Hlc —e— H//c
O 1 1 1 1 1 0 / 1 1 1 1 10 1 1 1 1 1 1
0 10 20 30 40 50 0 10 30 40 50 0 02 04 06 08 1.0

Hcff/kOe

H,:/kOe

ColURkEE, y

9 Na,O B il 45 89 (a) La-SrM A1 (b) La-Co SrM B & A X | 5 4l g 1k il £ 19 (c) (Na/Ca-)La-Co B4t SrM & 4l £ i
75 K T HIREA 10 5¥E 5 Hy Bl Co R ARUR I Y 25k 0140142 1950 (=] o i 2 5 B T H, B K34

Fig. 9. Hard- and easy-axis magnetization curves of (a) La-SrM and (b) La-Co SrM single crystals prepared by the Na,O flux method1%);

(c) variation of the magnetic anisotropy field Hy with the concentration of Co substitution for a series of samples of (Na/Ca-)La-Co
substituted SrtM at 5 K [M0.14215] (the straight line helps to determine the trend of the Hy growth).
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5 18] B R A il £ (400, ZE 4l SeM v, BN 1) B
Sy FRERL R 20 pg BHRAN, 5 5 %007 AR P fiAs
] (), S 7 o] PR AR I R R in, FLIR 34y
FIN TR B —E RSMEY (H = 17.5 kOe), s i
P BRI A5 T S TR S TR PR AR A
Hh 3R BRI TR EE R RN AR D5 il
FRIUHE il T pih 26 BT E BT 9 [X 88k S, 4% 1) Stk H
LI Hy = 28/ Mg SR/, ARSI Hy (8
HBELETER 4 . NE 9(a) FTLA B, 7F La
BT 2<0.4 {5, La-StM 1#445 [ 513
Hy Fifi La ¥ B34 M0/, 6B L35 Y La® %t
SrM FREAS 1 e B PR . 281, B 9(b), ()
H1 (Na/Ca-)La-Co SrM ZRFIAE i (1 45 1) 5314 B

Co B IMAME B R, £ 5 Hy il Co?t
P y Z A AEIE AR E R, 7T Ui La-Co
STM R4S ] SRR S Co> EHHEEAE.
5, KIALISK Co 78 StM Hr iy [ %5 e
WA, Xk Co Wy di i WF 3G I T A /D R A
FERDL =S, Co A A2y 2.5% 1 Fe dhdi 1), 1
TEFEFA R i 45 1Y Sty LaFeyy Co, 019 Z @ i
Y 2= 0.65 B, Co B LR y = 0.47010%;
AT SCHEE ) NayO BiE I & B i, 2 2 =
0.47 i, Co B EILF] LFR y = 0.2710, Heh)if
Ui, La 1 Co 7E 5 il 5514 T AP S EUL
SR Fe BRI T Co iy 7 BEE . Ueda 45 142
RIE TAEASIE SN 10 atm B R, SR 5

# 4 (Na/Ca-)La-Co 4R StM RFNEEMTE 5 K T HIREAS 1 78 Hy
Table 4.  Magnetic anisotropy field Hy at 5 K for (Na/Ca-)La-Co substituted SrM series samples.

- P K 5 Kﬁf‘ﬂﬁﬁﬁ%rﬂﬁﬁ
. y b Hy/kOe
0 0 17.50
0.055 0.032 17.22
0.139 0.077 19.46
Sy LaFey, ,Co,0,0 Na, OBV K93 na o o
0.289 0.152 21.57
0.367 0.212 24.36
0.511 0.161 22.17
0.472 0.266 25.57
Sty LaFer, ,Co,Oylt*? T AR RS B A DX A K 1 B 02 02 2L
0.4 04 27.96
0.21 0.21 21.18
0.30 0.30 21.76
0.39 0.39 24.41
Sry_gLa,Fey, ,Co Ol o AU A RS B IR 22 0.41 0.41 27.06
0.72 0.72 34.12
0.93 0.93 42.35
1.00 1.00 56.76
0.52 0.07 15.26
0.52 0.10 17.35
Cayz , JLaFe, CoOrg 0.56 0.17 23.15
e O CaO BRI K 0265 0.48 0.16 25.65
s (44 0.59 0.27 28.31
0.37 0.17 26.89
0.56 0.36 31.54
Na,La,Fe, ,Co,059 (a = 0.25—0.41, 0.82 0.12 2572
n = 11.84—11.97, IR Co Na OB A K 10 5 0.79 0.21 25.61
Rz 0.83 0.31 29.61
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WHITEIX L (TSFZ) K 2 = 0.65, y = 0.45 Rl
y/z = 0.69 [ AREES (WK 9(c) LR ),
20 v SR 0 R A S0 ] FeXt I AR, $R
Co? [ [EHS FEVE Bl ST R B, R E AT 1T IR 2
HFEHERIE T A M La-Co BAUEEM. K 9(c)
EO=MAIE SR T Waki 25 143146 JE47 194000 R 4T
La-Co StM H Co [&1% & 52 m i F o7 45 5%, R &
R RLAEAF B AT (po, = 0.2, 1 Fil 387 atm) 2%
TR o= yMEZ RS, 258 8K La 998 &
Sbrfrat JLFAEIR], HEEEREZEIER, 2= y 1)
KR KRS s, B Co f s/, ML FERR §
ML T 2 40 (Co BRAUR). M o3 I KT, Co
BEARHY BRI, 24 po, = 1 atm B, BB 2 = 0.92
Iy = 0.75; 24 po, = 387 atm I}, z 55 y YR
FEE = y = 1, 158 LaFe;;CoO, . FHHETE po, =
387 atm B}, BIf# M\ = >y WK Co & & 15 & 1,
e ATERESLH La F1 Co [ w R HHSE 1Y, IF L
N FAH T Fet K, Cor BRI K. %
AF 5 38 300 Ao P 7 BB ) 80 A ) B 2 7 1 1
REAL IR, F27 s 80 (SPD), B ARG fLh <k I
i 2M/dH? B/ NSHTE RS 0 Rk Hy, PP T
1= Co WRBEEZ St il G 25 1) S 1k, R B 45 ) S
PR Co W R KM SR K, R Co 7EAR
Bt AR B 0 R A T ik Bt 1 A ) S P A T 1 B
ik, LaFe;;CoOy9 B Hy £ ZE 1 K 5| SrFe;,0,9 Y
313

PRI, RAETER] 9 h T (Na/Ca-)La-Co StM
TRZN Hy #BBE Co WL 3G K FRIHIE RS | Co?Hifk
JEHIR 520 La-Co StM 4% ] SR Al — PR 25
— Ml FJEAE La-Co #ARHY CaM 1, W45 1a] 4%
AMUEHET Co? MR FE | BT Ca/La b f 144
T3 —MIFIEAE Sty La,Fey ¢Coy,Oqg Y, HflhA
] VXS Lad R BE o AR 142 3 A4~ B3]
W, BR T RGBS T Co BIAEAE, IA7AE 4 th T Lo
ML G AL R R PE B T Fet, 1X P Rh 1 85+
LR X R EUAR A 25 1) R VR . 7E AFe 5,049
T A SR E TR TCREYERY, N BRI R
A Sk, B AT RE = A Fet Sk [H] 422 52 0 45 )
Sk IR 2.3 A 7 BHE R AR A B g E R
AT, Kiipferling 4 147148 F| ] La X StM #4717
O<z<1JuFEMNMER, HF5REY], La-StM 45
] S M B La W B AN BE A0 028 R s R e AR
1k, e A% 36, 7E La-SrM H i 1 B 7 Fe2txt

SrM YRGS ] 5 A T ELA 52 20 A e R B 4K
. RS, Waki 55 1461990 3Gl 5 1 45 4 Fp A B
T Co Bk A AR M B K 4 Ca-La-Co Al
Na-La-Co & &, il 1d L B AT A RESS 1 544 R 48
R A BRSSP R PR L T S M
fH. WE 9(c) hatt = MAEEOZEE IR, Co?t
X} Ca-La-Co 14 ZR 45 7] 5314 1) 7 Mk 22 L X Sr-
La-ColR RBYTTHRE K, ¥ KB Ca-La-Co KRR
c¢/akt Sr-La-Co R Z /N, Wit/ id, M B E AR
SRR AR AT BE R EL T CoXHERRIR A Y 4.

I EARTHE, RATAMEL L, AN Fe2t MRS
TFHAE AT, Co? AR K BIE f Bl it 4 2 La-
Co SrM 1) U R 4% 1) S PRI s (0 JELE . SR, 78
NABRERT, Co IR —E B s B A% ) 57
M, B0 Co-Ti FEEARAY M Bk B8 fil Co 5
B Y B SR SrFe C0y04,%, W B R & 1A
SrFe;5C0y0471% | X B ER 44K SryFegCoy0 44l14190)
Y 2 BRI 11 A% 1) S 1T Co? LS X M
TR SRR 1 0 5 ) S M R ) — B F AR A5
I, Liu 28 051 5 33 NayCO4 B 7 76 H 15 F Hi
2% 7 Co HEFEML SrM i (LA R AIEA Co-StM),
A BRI BE A1 B2 3 e T Co*t X Co-StM fY
RG4S ) SR, AniEl 10 R, S5 &3 Co BEg
TAE Co BRUEE ¢ < 0.31 TEHEINXT SIMIKRE%
] Sk BT R 2 e, R B PRI, FLREE
AW AR NG R TR R o e ) 2 4
FERISE DT, 5 Fe W Jmisi AN ], Co* e 4
Bl R IR Co-SrM (45 1) SV . X Rl 45 )
SRR 25 5 AR Co FHALAYEREAG 6, AT LS
FE M E, Co-SrtM 1 Co LM 5 La-Co StM
t Co UM MA—EL

ZEA DL BT, AT LIS 4598, 1 La-Co
SrtM 1 Ladt (/NS F RSN Co? JRAE R 11 57 2
R A 1) SRR SR T A R T OCEER, B
A La* Al Co S [al B AR A (145 M U AR 2k S 1A
FIREPERERSSE, Bt T La-Co SrM i PEREZR A A
B & RE. WA, M La-Co StM H' Co 1 v AT,
TR SRR 1 235 A 7 A AN AT SO T X R o
B3] R 72 7 =1 ARG N R N RS A S A o | s R

3.3 WMUMGEHMSINHE

4% B SRR S M BAER Co 78 La-Co SrtM iy
d PR SR, R T OO I BRI 1 A 4. i T
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(a) StFeyy ,Co,09 75 5 K T HYREAS [l 515 Hy B Co WRIE « HYAE 4k, 15 3CHK [140] H La-Co SrM Htdh (M (475 k) 19 K

HEATXT LY, R 5E X BER WY, 7E1% Co W BEYEIE 4, Co-StM Y H, 1 T La-Co SrM, 1 8l j& Co-SrM Fl La-Co SrM & S 44 ¢/a L 1H;

(b) B A KE G Hy 8436 B2 A4 88 1 150

Fig. 10. (a) Variation of the magnetic anisotropy field Hy of SrFe;y ,C0,09 as a function of Co concentration z at 5 K, compared

with data for La-Co SrM single crystals (blue squares) from the literaturel'?l. The highlighted regions indicate that the Hy of Co-

SrM is higher than that of La-Co SrM in this Co concentration range. And the inset is the ratio of the lattice parameters ¢/a for

Co-SrM and La-Co SrM. (b) Temperature dependence of Hy for all samples!!51.

X La-Co StM & 2% 1 it i, 7245 Tk Co 5
P AL A AR Z i, AR ()RR 3% [R) B 5 .

1) Co MM AR ATES. FEZATAFFEH, 8
IR Co JbF — B £ KR (S = 3/2:
3 up). BESR La-Co IAE RN, #or FePt s
Wl Fert, Bl Fe MM Bt R AR E M, B4
Co MM WA Al B AT E /Y, 11 H Co B2
BT i i . A, PR E 43 R A ek A
1) i AR S RO B R R NIRRT T o . 8
I, ¥Co NMRIHFFE O 48R T 5 5 AR5 5 1Y
A7AE 1001 FRBHAEAE Co REFEAR /NS TG REHE 1 1 150,
] B I A oK A R B BE Co i i {5 5 109 R
AT 0 Co 155 B K RN % 1 e B BH , an SR A7 7R
Co’*, W 2Z Fif i A P-4 L rh Fe+ iy A7 75 a1
.

2) FeX [ di 4l fnfor. W2k Fe* A7F1E 2O
BB, FeX 1 A R Z i . Fe BB 1
2 ] ST R, 5 Co?[FFEE 2. 78
ZHTH *Fe B M & RG9S PR Fe?t i 4 La-
Co StM H1f) 2a FhAz 104, [BXEXTHL S, La-Co StM
FESh HEAT IR 5TF e B2 BT 8 IR 35 5t vh ) AT SR
F| FeX I AEAE 18 (H AR, Fe % A1 4 i
(ASESY AR ERRTE Y I

3) WEMELE . AR 2 5L 50 A HE J2 E ST AE R X
La-Co StM NS Zk 8k i 45 4 (1 3L At -, iFER £

BT, B RSl SrM R 25 ) B S 4
it #7 La-Co StM HAFERX FIB L, I S248 /A
A S5 K 2 2 R . BEAb, R s
T, B Co MREHE SRR 5 LR Fed A 17
Williams 45 52 $8 H | 7F La-Co SrM 7, 545 4f,
126 1) Co BERL 5 FARKOFAT I 1T R 1k 2% T
R i La-Co StM Ht Co fEHAXS T 3E4K Fe REHIY
Oy T R .

FELL L RIS 3540 ) 50 A AT A A 52
P, T L ARG F-BEXT La-Co StM
1) Je S SR 5 P S04 T O ) SCHR A T 23R

3.3.1 FFAT4E

174 (neutron diffraction, ND) j&—Fjir
FHIRFRZRE IS, 5 X AR,
TSR AT LA A3 S R OB T R, BRI 5
A Fe Fl Co WA B S5 #4 43 HrARA . B rh 137
SR RETUR S I S5 A R 52 2 Ak, FEARAR AT S
Sy ATEEE N AR R

Kobayashi 4% 107 & R F A 17 5 Fl Riet-
veld ¥t 58 T La-Co StM H iy Co 51, FF
BT 7 FATREAYIE O, AN 5 TS BT 7 A
B AP GRS BE ARG, AR B ol i S T B
TRXEAS MR 458, T2 A5G HA PRI Bt
SR IATER G AT, B SR S VE I X SO
L5 (EXAFS), 3 —Fh A T 5 il X G4k
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77 B LT T IR &0 SR O 9 o L i 2 (]
T C R OGS, eI Hin o R A FE
JE - B RN BT R a5 S8 R WA R
S X SRR R a0 Bk (XMCD), F H R 25
WAPETREEIES M A FE S, XMCD kR A
S B TCR o HEEE 1, BEREHERIAL R & FhoT R
X} HL 2 WM BE AR i . e 2l i aX 3 RO R
CEANTIE S T B nT REAYSE 7 FRAEAL, B Co2+ LA
1:2:2 B LB 538 2a, 4f, A 12k F407, 24 Co AL
WL E] 0.35, 78 4f, fbOLRY b P HE A S AR
IZEEEVE T YBESE T AR Z AL 4f, R Co &
B PR RO, IR g 4 A
La-Co StM ' Co B9 F 2 588 M0z, JH1538] T /5 4z
BB S A

# 5 P FATER Rietveld 43745 E] 7 4~

HERAL R T Co B 4 gk 107

Table 5. Seven candidate models obtained by

neutron diffraction and Ritveld analysis showing Co

occupied sites!!07.

TEiAY 2a 2b 4f, 4f, 12k
1 — — 1.00 — —
2 — — — — 1.00
3 0.35 — 0.65 — —
4 0.31 — — — 0.69
5 — — 0.88 0.12 —
6 — — 0.47 — 0.53
7 0.22 — 0.38 — 0.40

B, T T Bt g T X Ca-La-Co
RAERENR (Cay LaFe 49 ,C0,0,, z = 0.50)
FR S T i 0 A AF 9T 11931, &% SR SR B La+{% i 4
Sr v, WELE: 2d Fi; CatBR T 588 2d f i 4h,
b GG Af 0L, HAE 4f B9 EER RATE 10%—
20%, 5 Co MR y Jo5e; Co MIIRZLL 60%—
80% By 4FHL 2 i 45 4f, FafL, HARMY 5 2a fh L
(y = 0.2) 8% 12k i1 (y = 0.25, 0.35), =% [[IE
38 20 112K S (y = 0.3). &3340 #r, Ca-La-
Co R R H Co™7E Afy LAY F IR, X Ca-
La-Co . Sr-La-Co 141 1 # £k 558 B 5 /55 9 Ji 1A
A, PEAHIA]Y Co 24U T, Ca-La-Co HY£ ] 5
Ykt Sr-La-Co H &, AT UL, Co X 4f, fr A8 5E i
2 A TR R A 8 I 45 1) S P D ] 1541,

3.3.2  #HEIR

i o B G 4R (nuclear magnetic resonance,

NMR) 4 T LUWFFE A RE R B A A5 44, X s
Fo 28 ik LR A B R T 21+ 1(1 % e #%
FEAT I = AR 0 R A H 0 (radiofr-
enquency, rf) #3% B % i€ & gl 2 VA, Jf
DL I AHE G B AR AT 2ER M 07, %o 312 53 1) M i
AT RIS DG E S T R B0
YHA5H PR 2 A EAE AR S, SR AH A I S
Pt 58 0 R G E . WL AER 2 SR vk Y, BT
] BRAN A 1) DT R AR AR SRR B B e T AR 3 PR
(7£ 10 ! nm JEFEIP). X FHTSCHAIMBIERLE, 2Co
W R AR F By 8 F I La-Co SrtM H Co B
TR AN B BEZS, Co W] BEMNZSFIN LAY & | A%
HIE{EARTEDR 6 HoI .

F 6 Co Il CoPily AR ATEME, Hrbamih T/ A
VO T FUOUE A PRI 1 BEAE, TP A egt3, F Y
HIPUTE R Co* HAT S = 3/2 H A eSS

Table 6. High and low spin values of Co’>* and Co’*.
The low spin values of octahedral, tetrahedral and bipyr-
amidal symmetries are given, where the tetrahedron Co?*
with egtgg configuration has only S = 3/2 single spin

states.

25 5 E i L
R MR U
Co*(d7) 3/2 1/2 — 1/2
Co?+(d9) 2 0 1 1

Nakamura %5 155 F11 Sakai % 1151 5 {8 H %°Co
Flh NMR b 240 R A1) La-Co StM g {4
YESERRIE BBl N EAT TG, e 5 1 A0 0 i
S ARIE 1 2 80 MHz (AR 34 10U F0 250 MHz
() iR AR 1O%), FERRREPEIR R, o T AEAE TR
Y, N ZANRRE T LOWEE ] NMR 5%, 7
5 A 5 k2 A A T P 3 RN
X, 7E La-Co StM 1, 3 Wi ¢ 3 3 MAN[EE =
(~80, 310, 380 MHz), 41/ 11 iR, XJILFE 5
ARIAE S S1, S2 Fl S3 KR, BRI H OISR FI
AT ERETER 7 B NI RES G 25 5 0T LLgIA
R AL 2E 5, RILELE 3 DMETEARFEY Co Fil
XA TR 5T SO ABOE AR, ST RIS S
K, R JE E B Co BN NF S
tERES PR s, EEN e LGS e T
BOABE (L) Az T8 HBER Co*t Ml CoP Iy RERE
G3R 3 ug F 4w, WIAAR I Jedskdz /N k36 T Al
56 T, 735, S2 H1 S35 54 (Lagas—o3, Cop1r—o.5)
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(a) Single crystal
@ (La, Co)g.4-codoped
'E M-type Sr ferrite
:,) S1 H; 1 c-axis
2 T=42K
=
>
2
g
g
=
o'
=
Z

S2  S3
0 100 200 300 400 500

v/MHz

(b)

NMR intensity/arb. units

200 250 300 350 400 450
v/MHz

K 11 (a) (La, Co)ga FEHRA0 M RIHE £k SR 5 5 B9 2237 59C0o NMR 3% (b) 5 451 X i K B9 805 59Co NMR i3k S2 1 S3(129)
Fig. 11. (a) Zero-field **Co NMR spectrum of (La, Co),, substituted M-type ferrite single crystal; (b) amplified **Co NMR reson-

ances S2 and S3 in the high-frequency region/5,

1 (La, Co)gq—ou BILNARIRRAR I E AL i
SRELE LRI 1191 ) S2 1S3 B/ fe A Co*. i
S4 JETE (Lag.asy, Cogiso) BR AR AYFE i 5 J3E 1 559
(< 0.2 %) MESES, BorECh CoP+9%l, JFH. S4
P4 A AE B T i ol 28 45 14, A S T BEAS 4 WL 5%
16 AT S2, S3 Al S4 _E Co BYMAHN H e
BOIABHIL

®7 SrLaFe Co0p (z=0.289,y=0.152) [**Co

Je4R 1
Table 7. #Co resonances of Sri_JLaFe;, ,Co,09 (v =
0.289, y = 0.152)1157,

i05 B /MHz RN T MR

S1 86 8.6 0.73

S2 307 30.6 0.16

S3 386 38.5 0.11

S4 529 52.7 <0.002

FE °Co NMR A5 I v f5z 5C 5 119 [] 8512 A% 43
S1 A/ B AL, XTI Y Co B FAUR R £, W
S1 [EE T, WA LI A 3hH 25 IAE S2 Fil S3 i 4
Be. i ST A EE LI 3AENL: 1) KA
e S = 1/2 By/NHAR Cot; 2) IR AJiEAS S =0
(ARRETE) B NHA CoPt; 3) T HHERS S = 3/2 1Y
J\HAS /0 T AR B Co?t. HehAF i 1) 8 B30 1
Piper 4 00 R H], S1 HBYAIK A iE Co?t(5=1/2) B
RELE /IR Afy SAO7 1. SR, HA el #HIHY
JNTEARR A BE CoH2dk# F IR, E4kiEm—1
T4 AT R EUR CoFey0, HHY Co B 11l fig
YEH Co* 4 Ab TIK F e/ TEA B ffor | (196157,
{BAEAHE AR, TERATE Co* i, e, HAHLE IR
— #2532 Jahn-Teller ANFasE P, RIGIE %k

Uk, TR B 25 5 A8 . (A FE Sakai 55 19 (1)
SR Xt A S1 A FEAN ] La-Co BRR/KF N #E
e RasE, B aT LAHEBR M 1).

XFFAEOL 2), A —LedEmEME Co® B 46 /\Ifi{R
B2 F B, 41 Cog gFeg oMny 50,158, Cog0,1199,
YBaCo,05 5% Nd; ,SrCoO4'1 Nag 75C00,/10
LSRG 2) FAEH T La-Co StM. 7£ Co
MERACH) M B SrFey; 03C00 07010 SR E M, iR
P CottH BLAE 9Co NMR 1) 50 MHz 547 5 %
L P, 1 La-Co SrM f#) S1 25 Hi #L7E 86 MHz.
TN, B 73% B Co BFh =4y, HH HB I %
ARG REE R Fe? B, (HSFR | Sry La,Feyy ,
Co,0y9 220 I Ce il 2 LT A8 T Fe? iUt
Hox -yl BIZE o =~ y BT, Fe? i F—%E
e/, SRTMTE Co NMR FUMLIN ) S1 - AREE:
RACE AL B 25080, Pl n] IHERR T L 2).

JRLATT DI 2538, 1800 3) R fe A B, ansf
BRI KR ZLZE Co B T1F La-Co B 1 42k S A4
MY, B4 S = 3/2 W A ST/ AR EL:
FODY AR TC A ER S W UL, Pieper 85 1001 22 Fij 3k
P S1 4B N EARELAL 4f, B HiE Cot. i
ZHI La-Co SrM @R i v i R KR 1 O8I0, 68
it 21 Co B KA AE/DECA e S, i ST 1)
A3 BE IS A TG Bl AT RE R T A 4fy( L) B0 A
Af, FAE (). MREEIX PRI AT REYE, S2 F1 S3 14 kA
SYBCRTREMENE 12 Fi7R. ST 8 ECE] 4, b,
e 12(a) H, JNTHAR 12k F1 20 FRYE HE Co?t
BT S| TES S2 8 S3 /=4, HfHK &+
TE~350 MHz, 52@IA4/\TIA 4f, 1Y S1~80 MHz
BRI A ZE K. PRI Sakai 45 19 A CAHG: S1
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(a) La3+ Sr2+

/ High-spin, S =3/2

4f> () “81”

~ . Co?+
(La,Co)-codoping

Tetrahedral, S =3/2
Octahederal So her
’\ oomewhnere

(3

Tetrahederal T

b La3t Sr2+
(

12k (1)42a (1)
afp(l)

“g2" 4 “g3”

Fe?* (balanced with Co?*)

Tetrahedral, S =3/2 4fp(l) “s1”

High-spin, S =3/2

12k (1), 2a (1) 4f2 () “S2” 4 “S3”

12 La-Co SrM H' Co B HL7R7 Rl i 25 LA KB AR 7 Y B 45 10 560 7 S1 By PR IE 00, Co? ik = BN & A2 4E (a) /\TH

f 4f, ShAz, (b) PO 4, 52

Fig. 12. Charge and spin states of Co in La-Co SrM and summary of alternative crystal sites!''”l. Two cases of S1 are illustrated:
The main alternative sites for Co?* occur in (a) the octahedral 4f;, (b) the tetrahedral 4f;.

AYBCLADUTRIAR A4f, BEORAEL RIAE 12(b) HAgTEDL,
P AL S SFe NMR 35 A0 i) 25 R HAT — Sk,
g g o] LIAS 4538, La-Co StM Hr,
Co 2 i B AR Fet, Forp 4f, 2 R E N F
R, HR R 2a F1 12k, 9Co NMR WL 3 (1)
80 MHz 2247 W5 5 X g PU TR fh 7 4f,, 7E 300—
400 MHz 7245 W55 0 w] LU 4 3 5 J& 1 /\ T
TR 20 81 125 HKR, AR Co #ET 4
AR, B, B HE-FUE A BAE S | R
O3 BTSSR S DU T R Co?t 25 i — AN FE4HAE,
[, ZNER A3 B /N TR Co2 A R KL IEH , iX

& La-Co HEAUHE &y M BY 2k SRR A g AL o 52 |

RIS 14 6] A 5 SR M RE S B 5
3.3.3 ABME Rk

IR IR RN (Mossbauer effect) H1 5
TRER S R TC S R, T LA AR v
¥ 5 8 BIPREE 0 R AR BAE . FESe g, o
o (f) AR T AT W W Bl A S G - IR Y T
RO R, Gl T E R AR Rk S W, TR
B S A — 5 1] [ P R SRR B, f R E
1, 5 EaAs N BYOLE TG, PRI DA — R o7 7
Az B DG T  BE 5 A TP Y S BUSE [ SR
MR M BB AR X R B T G Y, S ifeE
OLENAE J%, B W SR N 2l = oo ik A
Y SrFe 5049, HOGIEREW Y Fe (i 0517 (4f,
2a, 4f,, 12k, 2b NP 4350 4:2:4.4:12:1.5) 4 — &

M 22, 315 45 ) S R B2 A6 A O, RN,
TR e 2T U8 IR AT J2 — Pl i ARG 40 AH B A R A
FALE Y Fe FEMABEERBAR, HrpoTFe
1 ) RS 20 7 2 A T A 5 0 v o 2 1 R A
HAEHZSHZ —.

HI 5T Le Breton 45 1991 5t H] o"Fe 2 1
BIRIEWFFE T La-Co StM, @i 5 M EHUY Fe I
Sigrh La-Co e EEMCH: I WIGR BE# E Co B+
4 4f,, 20 FITTRERY 26 fir. SR, ZEMBATTH
WHEE IR T 514> Fe fbvi Z [B1JCI w7055
Al 5 La-Co #eE o5, [RlET, Lechevallier 45 971091
WA Fe BB R I/RIEMRE] T Co B+ i /\ I
& 4f, Bl 2a fPIRIZEE, M R Co FHEY Fedt
Z 3| Felt-0>-Fe* i A2 AH BAE A T4, SR7M,
XL RN R I B8 R b A4S — TR T
FCIEF— A28 BUAH RO, F A ERARAE S RS
HCTE A 2% B AT REXT SE I A AT i A T iR 25

A It Nagasawa 55 [13] H SrFe 50,9 Fll Srg 544
Lag 456Fe11.775C00 225019 BIRSAEHLARRERH I T 57Fe
PRI R IR 1, 38 3k Bt TR ot AR R A A AR A
XS LG, BF5E T 5 A Fe dhi JC R i 43845 1) 51
P2 A R . — S, STFe #% L (R 4H
FHEAE R S IRBEA G, BRI 1545 3] 1Y) 20 A
HERZHSHEYT Fe T HHEAX.
T MBS AR, BR T 20 ffidh, HAl Fe
D B EERG A E AR 4.2 K AbdE R H2E, DAL B
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TRe FHTERIRIE PR IS 5 4 Fe fib o AH G L
G HAZ S, MifE 150 KGR T To) VAL, Al
LT O b 3R B 5 S W SR AR O g . R AT
Co (i i A& 5 A0 i A% G 2 1] 58 B 1 1k 2%
RS D 5E /Y, T2 La-Co SrMAY A8 41
VE S B0BE 1h 2 183 10 A8 f s 1, G v PO i 37
¥ (AEg) JLF-5 La F Co (i BETC G, M HORG 4H
Y (Hy) 590 (8.) 2 847 75 550 38 10 A 56
£, PN Co BAR Fe*tm, Fe-0-Co 241kt 3h ik
AT M Fe3til Hye Ml 6. S Co HRERI K, 2a
120 G4 Y Hye F1 S [ERRAR, MRIGIGIT Fe fb7
5T, R Co*t AT RERRIR 12k, 4f, 1 4fib i, {H
Co WRBEXS 12k S LR Hyp F1 6, (ESZ ML), 31X 26
ZERFW, Cor B FWA N HE 12k S O7, TR
Afy F0Afy 7. RIS, H B A R 5t A0 B Ry oK
FE A 19 5TFe 8 W B8 IR 15 AR 5 N — B, R TE R
AL 2 BRI T 45 1) Sk A, R
FEH A ELE] La-Co BAUFE S o Fed+ 3] Fe? (1
ML

SRy BHBE M R4 AU S G 4 BT AR AR 1) — BB B
BRI R IESZ A%, Oura 45 114 254 5TFe R2 8
RIRIE M Co Ky X 4k 6% WF5E T La-Co
SrM(z = 0.192, y = 0.152; z = 0.456, y = 0.225)
AR Fe A Co BT ML T8 A e, i
— I Co B F 507, 1 CixaR it — U T
Z AL La-Co SrM FEFhAYZE M, B SRR Y
TFe TR /R LR R, Co FEILT Fe Skt
T Fe BB T, 1M Lad% K T Fe B 1
I, e85 La-Co B U M Bk, Fe fi
R ERHS 20 FH B IR La-Co FOMCHE R IE AT 24
XTI 5 A S JE BB R H AN R Ak &4, il
FH5TFe AT R IR T W S5, B35 1Y) vk B8 AR5 S R 4 B
BB T S 4 S O R MR, Bz A g
WHIAT La BB FEAL SIM AR (2 = 0.240, y =
0; z = 0.310, y = 0) B> Fe BT &R /RKIEAE X L.
WK, af, B 12k GO $2 I Hye A1 S (EANAZ La
Hl La-Co BARH R, 10 4f,, 2a F1 2b SO Hyg
H1 8., 18 57~ B B 1Y La-Co H1 La 540K i 1
Horp 20 SIS La BACAE &, LT LIIAA Co
BARXT 4f, B 2a FAOLHY Hye B 6 (EA B0, 1L AE
T e BLTE B SR i 1 A8 T R IR o BRI LY
La-Co SrM ' Fe . i i N IR Rl 454, Co K
X SR B FHEREFR I Co b T FHHRIRES (3 up),

Co BT 4f, AL MEHEZ T 2a i, KK
Co* B T 45 1n) M AT TS ARG A 1 ¢ i, D
&R 5 La-Co SrM W1 RN RE Ak 53 5 A5 7] 57
PR3 9 — 3
ZE KT Co?fE La-Co StM Hi) 54t %
FBMEE G REAR T —8UN4e, HEXT
Fe &1 MM S BAAIRAEEP VL. ZRITEZ M La-
Co SrM ¥ K1 *"Fe 2 7 48 IR 3 1) BF 5 v (104, 0
ZE| T Fe TR R HIRE, BOANE 20 AL
R4y Fel A8 hy Fe? A il 42, (H 5 ALY
T Fe b & g2 2 1 G ik A AR KON ],
HAEZ )5 La-Co SrM HLAFE L 1) 7Fe B2 I B8 /R 1%
IR R Fe B 1Y M 28748 4k 1814 B it
Nagasawa 55 17 X} La-Co SrM 5. 5 £ & 78 1= 35
35 kOe MIAMNMEEY) (Hy) TEFTF I 5 AL Fe
HL TR AT T i — D9 . TERRRE AR
W Hy = H, + Hy,,, Hrr Hy J25 Fe HFIRE
BEHACHBAG AN, T Hy,,, 2K B RS A
YER, o T X A 0 5 i AR B, Ak T B
Fe dh L) Hy,, =R ACT7 10 9 e g, Br LAZ AR
FHERERE) e X Hy,, ST IE, WFA5 T H,
BI{E. 7£ La-Co StM Y 12k, 4f,, 4f, il 23X 4 4
Fe fhfiiH, Hy, 1 La Fl La-Co AR B X
U6 Fe fhfii b FeX By ds AR ERE TR
ARk, WFE 2a fifi, La-Co StM(z = 0.456, y =
0.225) " 6. 19 Co BAUHIER H,, 1Y H, #Hi
PEARERE T Fe B rh 3d L9303 & i U i
& af, A R Cor B AR Felt g[S Yy, o mlh & Uil
2a Pl Fe B 5 4/ i b Co B F 24k
T 2a fhi L Fe 877 AR AT 208 9 AR K0
HEAFE, X5 La-Co StM ' H,, MIAEq ) Co %
A& —F. A, Co Fl Fe B+ Z [A] 13X
ZA B> T Co B FHE Af, ML) 3d LT
Bim, 7EX L Co iR TR KLE Mo,
B, ZAFFEIA N Fe A1 Co BT 144k XH1:1E La-
Co &0 M AUSRER SR G 45 1) S M3 o B
ATLAE Y, BRI OTFe A2 M B8 IR 1 R
MEE Fe RS A N FB, UL 34D TAE—~
kAR, He[RlFE T RS T 2 R AR
175 Fe BTSN AFAER AR, B M #
BREART 5 A Fe fior A ) Rl 45 /AN ], o
OB R4S ) SR Y, IO T La-Co Al La 85
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fRURHE. 7E 150 K I 7Fe B 1 2 /R 1% hi 2y 2 57
X T La-Co StM 1Y 5 AN &l i 2 ), il it
Xt 54~ Fe fbb R 40 A BAE A THE, e s
T Co HE MO 4f, M 2a FHOLHIZEIE, I8
it GAMEEEG RIS OC R IR T 4f, fhir Co 25
T 5 2afh i 1) Fe B F 2 [0 By ol B 24 38, 7F
2a TR Fe B F LIS T 3d B FER AR
KPGE B E, X AR La-Co StM R4 [ S
R 1) S A

334 H

Br T bR 4R B BRI T B2 A, b2 Ot
(Raman spectra) W bF 58 I% 8 Y UL TBe, X
e — ] LR e AR B AR S ST
MRFROR. 383 530 5 A SR R B RO G
Hh A O B A2 R AR Ak, T AR B R AT
Ja s AE B, FESCHR [102, 110, 112] HhalFE R
H BT B A TR AT La-Co B0 M Rk 14
H Co i AY4EIE.

BrUL=Z Ah, AR TR AT 7 € h g b
AT B R0 ) 2 S 25 B2 B, Ohtsuka 45 M1 F]
% WL TEM-EDXS FBO e TXF Co i 48 i
ALY E FE A BT 33X — P E kW RRAE X IR
SRR R I A AR e R S L R AR (TEM) rhike
HAS T A AR E Co SO %, AST
B A b B 3 R B AN R B B
(BIAG V& I8 ) 0 B R 1) S 2 - T A% 4
1105 G RUANCZE I 1 £ R Ny IO P N e € 2 i
B X R RETE (EDXS) 1, AT LAE I iR A i
PR A 5 A HRE 12 £ [ 25 WL S 6 50T
RIEPEVERHIE X S A, X PRt e £
JE O3 PR T E X S 4OLiE 2 (HARECXS).
A Ao 3 A 0 AT (ALCHEMI) J7 76 X6 J5 7
ENLHEAT T AR . R AR X BRI i — 4k
FEAM R X BHZARA TR BB A (ICP), 5 T
A AL TR 1Y 5 4 A 7 AR BE AR R et
X} Srg gLag oFeq; 4Cog 2019 FE i IR AE, &I La-L
ICP #1 Sr-L ICP +434HML, UiH] La {2 &4 Sr 1,
1M Co Ml [m] F i 4 2a, 4f, 1 12k f4AL, LBl 2:
6:1. [z T AR d i i 55— PR R X Co By AT
RE dTALHEA T T, S5 REW] Co BRURYIIRHE =
I AIREAE 125 A1 4f, AL, RIUIX A AL A
ATRER AR b 7. (B SEgRh Co 1Y f 418 A o 1

WPER 4f, > 2a > 12k, TiRER S THE P
PEy 12k > 4fy > 2a, IXFP2E 5 v GEZ TR IS HfL
rnML Y Co MR EE 5 SEBRAF A —B0E Y.

[F] s, 3 A A D5 8 2 — Ve S B 55
X} La-Co 48 SIM {HHL T Co MW fE 5 (kAT
WEIE, SRS [E) 0 315305 A5 2 A 45 SR S A ]
N Park 45163 F| 15 Bz pRERIETHA La-Co StM
RBNREEIRN 2a fi; Dixit 55 000 F1] 2 —PE R
HFE I Co B g 12K StM I i 48 2a
FI 12K S 1 Hui 45 19 F1 Hou 45 166] jt 55—
JRHI SR 20 B 4f, AR

TIAk, KT Fe M0 A% B 7L 525 ) S o1
BRVE RSB B I 0, 1R SR — R 3 s
FRARXS SrM TG 4% [1) S 1 52 el A, S 54 22 F—
F 5 7 ) 671701t T > 1) 2 — 1 S PR 25 1
RS R oTik, 2 — R AT
I (R R R RS = o7 N ha s e
MBUE A 225, (RS2 —30r, B A
AR 26 B Fedt FEE M 57 M BN M2k ik
PR ) SR Tk, A S AR TTER L 20 Sz
— MR, AN B TTBRI AN ZS /N, )2
12k fa . 73 8h Lad A ES 3 Fel i 420 Fe?,
fii 2a A OLPE BEFEYG N, $ET B 24, 45/ F1 41,
w2 ARG S 1) SRR N, 2a F1 20 A AERIE B T
T A S ) SV BRI, 1145 La 48 StM 1R
2 ) S PERERG . M Co* AR SrM Y i 45 1)
SVEREAAK, ARG R, 20 F LDk T
BTG A ) e 172,

IEWNEG e R, 78 La-Co SrtM AYTOULAS
AR IR EA T, B THFEE X AL
ST R AN AE 22 57, BT HaR 45
G AP AEA 22, BRI THA 1 AR SRl B S IR 5T 1)
TH (H T EEE G ol SUR 5 INHEE. 33X PR
B, La-Co SrM [ 45 [a] 5 P 38 s HIL il i 5 AT 7E
AWz .

34 HERRMEEERMHERE

FET R, BEXF Co i T 5 4 2 A 25—
LK — ST, AR TR RS L. % R E] Co
TERLE T P REAN BB RO 5 4% ) Pk, LR ]
JEXT A 1) SRR, 75 2GR A 7E LA fa L
1) Co 43l ZHE T A AVER, LR RA B T
TERE.
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Nakamura %5 16 F| B 55 280 % T & B & ik
& Co FE i, WEES BG4 1) S Co B SR AL 7E
RIFE N A XF NG R, Al 13 iR, 4 3.3.2 719
Jrik, #Co NMR ANBE B #:6fi i Co B ACMAL, (H
— B A ER A HoR, Rt — MRAF IR
BE, TTLALL RIS 00 3 B0l SO A7 PR . i
MEE LA Co YR RORE ST, & BLAEA A
PRI R REE N, X T y(~z) = 091
FEdh, Co LT N4 T A 1Y 4f, fhz, I+ HZE M
AN g 25 ) SRR, U] 4, fRERY Co®t
FEOUH PRAIRE A5 1) S X PR AR —UE I Co?t
1 Af, S BORERS ) S Ve =2 A0 ELIE R CEK. Cot
(S =3/2, 3 ug) X/DEATER T A 4f BE S A
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Abstract

La-Co co-substituted M-type ferrite, which was first reported at the end of the 20th century, as the

cornerstone of high-performance permanent magnet ferrites, has received increasing attention from researchers
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around the world. The unquenched orbital moments of Co?* play a pivotal role in enhancing the uniaxial
anisotropy of M-type ferrites. However, a comprehensive understanding of its microscopic mechanism remains
elusive. In order to meet the increasing performance requirements of ferrite materials, it is imperative to clarify
the mechanism behind the enhancement of magnetic anisotropy, and at the same time seek the guiding
principles that are helpful to develop high-performance product quickly and economically. But its mechanism at
a microscopic level has not been explained. This review comprehensively analyzes various studies aiming at
pinpointing the crystal sites of Co substitution within the lattice. These investigations including neutron
diffraction, nuclear magnetic resonance, and Méssbauer spectroscopy can reveal the fundamental origins behind
the enhancement of magnetic anisotropy, thereby providing valuable insights for material design strategies
aiming at further enhancing the magnetic properties of permanent magnet ferrites.

The exploration of co-substitution sites has yielded noteworthy findings. Through careful examination and
analysis, researchers have discovered the complex interplay between Co ions and the lattice structure, revealing
the mechanisms of enhanced magnetic anisotropy. The current mainstream view is that Co ions tend to occupy
more than one site, namely the 4f;, 12k, and 2a sites, all of which are located within the spinel lattice. However,
there have also been differing viewpoints, implying that further exploration is needed to uncover the primary
controlling factors influencing Co occupancy. It is worth noting that the identification of specific Co
substitution sites, especially the spin-down tetrahedron 4f;, has achieved targeted modifications, ultimately fine-
tuning the magnetic properties with remarkable precision.

Furthermore, the reviewed research emphasizes the pivotal role of crystallographic engineering in tailoring
the magnetic characteristics of ferrite materials. By strategically manipulating Co substitution, researchers have
utilized the intrinsic properties of the lattice to amplify magnetic anisotropy, thereby unlocking new avenues for
the advancement of permanent magnet ferrites.

In conclusion, the collective findings outlined in this review herald a promising trajectory for the field of
permanent magnet ferrites. With a detailed understanding of Co-substitution mechanisms, researchers are
preparing to open up new avenues for developing next-generation ferrite materials with enhanced magnetic

properties.

Mechanism of magnetic properties in high-performance ferrite permanent magnet materials

Key issue i agnetic i Further
/ enhance
magnetic
multiple each site performance
sites

High-performance
fer
La-Co SrM

crystal sites
ellh'dll(:(t‘lll(t‘llt )

The breakthrough

in the development of resoarch Essentially

China's ferrite permanent e established directions
magnet industry

Primary

> Neutron diffraction Only La-Co Most of the Co Ensure that Co
» Modssbauer sepctroscopy co-substitution ions occupy the ions occupy the 4f;
» Nuclear magnetic resonance enhaces the spin-down site as much as
> o magnetic properties tetrahedral 4f; site possible

Keywords: permanent magnet ferrite, La-Co substitution, magnetocrystalline anisotropy, Co occupancy

PACS: 61.05.F—, 68.55.Ln, 75.30.Gw, 75.47.Lx DOI: 10.7498/aps.73.20240190

126101-25


http://doi.org/10.7498/aps.73.20240190
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

itk RELa—CoFt E AMEBY 7k Rk S8 A PRV RS 45 1) S Ak 3 o L BB U 0k B
XEK ERE A INEFE ATIFL RE= AR

Research progress of magnetic anisotropy enhancement mechanism of high—performance La—Co co—substituted
M-type permanent magnet ferrites

Liu Ruo-Shui  Wang Li-Chen  Yu Xiang SunYang He Shi-Yue Zhao Tong-Yun  Shen Bao-Gen

5] Fi{i5 &, Citation: Acta Physica Sinica, 73, 126101 (2024) DOI: 10.7498/aps.73.20240190
TELR L View online: https://doi.org/10.7498/aps.73.20240190
A ZE View table of contents: http://wulixb.iphy.ac.cn

AT ARG HAh SCEE

Articles you may be interested in

TG R IT AR AR RERA LR B A% 1) S (A
Regulation of magnetic moment and magnetic anisotropy of magnetite by doping transition metal elements

PPz 2024, 73(6): 066104  https://doi.org/10.7498/aps.73.20231744

B KRG 45 1 S RE AU PR Z BaPb i B IR T I H B RN

Room—temperature quantum anomalous Hall effect in monolayer BaPb with large magnetocrystalline anisotropy energies

YrE2EdE. 2021, 70(15): 157502  hitps://doi.org/10.7498/aps.70.20210014

Fel 3 B W I8 AN AT 4% 1) S p L2

Mechanism of stress induced irreversible magnetic anisotropy in Fe—based alloy ribbons

WIFRZEAR. 2022, 71(24): 247501 https://doi.org/10.7498/aps.71.20221509

A IPrCud 4 X (Pr, Nd, Dy)32.2C0 Cu04 bal 098 IOSEIZMZIS@QT&F SOLZH 2R B 52

Effect of Prg,Cu,, grain boundary addition on microstructure and magnetic properties of (Pr, Nd, Dy);, ,Co 3Cuy JFe, By 9o M, s

magnet

WIFEAEA. 2022, 71(16): 167502 https://doi.org/10.7498/aps.71.20220406

K FHK BE R M 1 —HERD GBI R Ba T A
Design and research of two—dimensional magneto—optical trap of sodium atom using permanent magnets

WIFRE4. 2020, 69(12): 126701  https://doi.org/10.7498/aps.69.20200266

HoCoSiHRAHT (R R 1 A 11 e 1 e FASE
Magnetic and anisotropic magnetocaloric effects of HoCoSi fast quenching ribbons

PFEEEAR. 2022, 71(16): 167501 https:/doi.org/10.7498/aps.71.20220683


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.73.20240190
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.73.20231744
https://doi.org/10.7498/aps.70.20210014
https://doi.org/10.7498/aps.71.20221509
https://doi.org/10.7498/aps.71.20220406
https://doi.org/10.7498/aps.69.20200266
https://doi.org/10.7498/aps.71.20220683

	1 引　言
	2 M型永磁铁氧体及离子替代技术的发展
	2.1 M型铁氧体的历史与发展概述
	2.2 国内铁氧体永磁材料的现状与发展趋势
	2.3 M型铁氧体的基本特性介绍
	2.4 离子替代技术的最新研究进展

	3 La-Co SrM的磁各向异性机制研究
	3.1 Co2+占位的研究进展与争议
	3.2 单晶的合成及其磁各向异性研究
	3.3 微观结构分析方法
	3.3.1 中子衍射
	3.3.2 核磁共振
	3.3.3 穆斯堡尔谱
	3.3.4 其　他

	3.4 磁各向异性增强晶位的鉴定

	4 结论及展望
	参考文献

