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Abstract

Magnetoelectricity (ME) effect refers to the coupling between electric and magnetic
fields. These make them particularly appealing and promising for a wide range of
applications, such as four-state memory cells and large area sensitive detection of magnetic
fields. However, the ME effect in single-phase materials is rather weak or cannot be
observed at room temperature. Composite materials made of piezoelectric and
piezomagnetic phases, on the other hand, offer an alternative option for the improvement of
ME coupling.

This work studies the magnetoelectricity of a spherical particulate composite made of
piezoelectric and piezomagnetic phases. The ME effect of crystallographic orientation and
volume fraction is investegated.-by the- Mori-Tanaka micromechnical approach. The result
are in good agreement with those predicted by finite element analysis. Based on this
micromechanical method, we show that the effective ME.voltage coefficient can be
enhanced many-fold at the optimal orientation compared to those at normal cut. For
example, the ME voltage coefficient at the optimal orientation is 1.19 times larger than that
at the normal orientation of LiNbO; particulates in a CoFe,O, matrix, while the optimal
coupling coefficient is 1.27 times larger than that at the normal cut of CoFe,O,
particulates in a LiNbO5; matrix. In addition, the normal orientation is the best of
BaTi0O;-CoFe,0, composites. Finally, we obverve that the ME voltage coefficient is
sensitive to the piezoelectric constant e;5. The optimal orientation of ME voltage
coefficient is near that of the piezoelectric constant es.

Keywords: Magnetoelectricitu Effect; Crystallographic Orientation; Optimization;
Piezoelectric; Piezomagnetic; Spherical Particulate; Composite; Mori-Tanaka

Model; Finite Element Analysis
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1324 > » HET B E T2 BT

TREM ST R e AR A e ¥ et 44 (transversely isotropic)’ # 4 f&
“i%@]‘ﬁ’ﬁ@ﬁﬁ%%mﬂ%ﬁiﬁﬁﬁﬁ?%z—ﬁwag4%%%%ﬁ
2 PZT# Terfenol-D % 4o 3 = b 2R » o 5 7 2% T /K % #c[29] » Zeng ¥ < 7 §
PZT/P(VDF-TtFE) i 4p 3f 4 E 44 » % 3 H4B > oAl P BT >0 udp 3 453 »
A oA PR R e dp F B BB D o0 H %[30] o Li¥ A 3 IR $0 8048 § (BFO, BiFeOs)

e

A sk R L S % (001) ~ (100)Fe(111) » HAg 1 i 4 ¢ &7 % 05§ 55 [31] - ShiZ? Nan

i
23

Ak IR

T

| = A 3EHAF & H R Terfenol-D/PZT/PVDE s H ¢ PZT* 7 4& it = & 7
"R Pl R R R R % #ic[32] o Yang# Zhao ¥ A 1 3 Kk 4F & 1 #L Terfenol-D/LNO>*
3R S 2 BT TR BT [001]4E £ & [33] - Wang# Chan A # 5 (9 4135 4
o fa Bt 1t S b i e B BT P [34] c Kuo% 4 % AP & IR S b kF S A BT
e e HF A AF & H AL (LNO/Terfenol-D) i i* 2_ i » B #  (transverse)fr4i_
w (longitudinal) & & & B ek B % 3 Adk it 2w (001) 717 B {07 8 [35] o d 3
Terfenol-D3g e 3 4 cni R 1o /A48 R H et > NanZLi% A 07 it
5 o BT TR Al 05 [36] - Kim® 2% A 45 BTO-CFO# LNO-CFO % A& %0 £

ZREAE B B AET S o MR T Gl §B[37] - Wuk 4 #PMN-PTH -+ (011) > 2 % &
7



s AT T L B [5] - Kuo®? Wang ¥ 4 # * Mori-Tanaka4y ! 4k 54§

L hokiait S > [38] -
1-4 %% %4

A HY LA FT BEEE o LR BT

oS- ARELE RS0 h AR 2 e -

R ST R TR R NSRRI S RN e R T
PERF R AREN

> %= 1™ Mori-Tanakafiche B3 Bt 5 ApAF & ML A BPHET = %

e 23 AR 2 [001]24[100]2. E sz thfic > T 5 "V R 2 %k@E 2 o

A\

E R R AP A Y RS R B R e B bR
RRR Gz i e frE o

> %

[S%)

i

PARTE LR RRE L

o

> e R RREMZEIHAEREARRLS c BRI B E T G

ER



\

-

¥ ZHER

AN R RT BB &ML T B TLA N & P2 B R
TR E R BT ME el o 2-1 & 41 SRR LB ol 8 B2 4F & (8 ehit
A2 s BB TR A FE R 522 8 4 5 & M B R
23 AP AR ENE 24 SR LN 8 RRFEMERS FA 97 TR ity
i HULAR o

2-1 Hflle & g Bl

2-1-1 Hiftle = g s 28

BLEREME S FATLEA L R W OANEE A TH B F 2T
KR LF S B REE T RSB W o b L hE

REHEOTET R
THHZ e L B Gl BTGB R FARE S REM L S R L
VRN I SEY TP O

BT A

0 = Cyen + ey (—E)p),

D; = eyey, — ky(—E), (2.1)
P AN oy ZTERE 2 A (stress) D; & - 3k £ 2 ® 4 (electric displacement); &y
B FERE2

2 Jis % (strain) ~ E; 5 — Fg 3k & 2. & Hr(electric field) ; Cyyy = = F4 5% £ 2 344

4 #c(elastic coefficient) ~ e, 5 R BB T HM G2 Z R EDRT Gk

(piezoelectric coefficient) ~ x; = = FE5& & 2. 4 & ¥ #ic(dielectric permittivity) e

BREMF 2 et L



o = Cynen + qu(—Hz),

B, = qye, — 1, (~H)), 22)
> A2 P B n - FERE 2B E B & (magnetic flux density) ~ H; % — FE5k & 2 B3
(magnetic field) ~ ¢, 5 @B R F B RS2 Z IR B IRE Glic s 1,5~ IFRE LR
# & (magnetic permeability) °

e EHE S S S BRTREAEEHE 0 Y A &ML EES s THEBESE LR

MHERT s AR BT EME 2 B ET A
05 = Cyuen + e (—E) + q,,,(=Hy),
D; = eje,, — ky(—Ep) — 4;(—H)),
Bi = que,, — Au(=E) — i, (=H)). (2.3)

AR P e, T B 2 2T #ic(magnetoelectric coefficient)
HEZorsR g et vho g B HAPP | ol B Toek 0 fe B0 fless R B2 Lok o
00 A AT B H A H A2 Ay =0 ¢

2 FR 7R ¢ (ANSDE FPZ R4 % + 1 27§ ¢ (IEEE)2 & FHREHER T
[39]¢s B2 e = t2[40] % 7 3% m%#

SR PRnEY > BB ALENE R B REERSRRRAS, AR
R E R T L2 %2352 7 0 BP9 THRI B2 BEK T3 THL A

BRG] S > gag b o™

O-ij, J=1,2,3, Emn™ (um,n+ unm)/z ’ M:1,2,3,
2,=4Di, J=4 |, Zy, = —Ly=0, M=4 (2.4)
Biv J=5 D — =y, M=5 ’

Blusi# oo aidau oy s B

BB AR AR S

10



( Cymn, J<3, M<3,

€ijns J<3, M=4,

Do J<L3, M=5,

Cimn>» J =4, M<Z3,
Ly =8 T J=4 M=4 (2.5)

-lin, J= 4, M= 5,

qimn’ J= 5’ M= 3’

Ains J=5, M=4,

L K J=5  M=5.

EaRERS > VBN IR BB REM G

257 = LipnZptn- (2.6)

B L A T Ly, @ 01 Q)R 0 AT A T R S L T A
Z7 A 12X124B A5 50 5 H g B o [41]

11—-1, 22—-2, 3353, 23-—-4, 1355, 12—06,

41-7, 42—-8, 4359, 51—10, 5211, 53—12. (2.7)

WL QONL ARG ~ BBEAL BT BB 1 47 S

"F_qj;\? :
X=L1LZ, (2.8)
;E_[ v
205 r €71 7
022 €22
033 €33
023 2653
03] 2e3
o2 _ |22
2 - D] 5 Z - _E] 5
D, -F,
D; —FE;
B, —H,
B; | —H 3

11



¢, G, C; C, Cy (g € € €3 qn 9 93

Gy Cy Gy Gy G Cf e €x €3 a1, % q3

G, G, Gy Gy G G e €y €33 913 qy qs33

Cy Cp, Cy Cy Cf Cf e € €34 914 G4 934

G, G, Gy G G5 Gy g5 €5 €5 4qis q>s q3s (2 9)
L= Co Cop Cu Cy Ci Gy e €% €36 96 9 936 '

e, e, e; e, es5 e¢ —k, —k, —k; —A4 -~y -4y

€ €y €y ey €5 €y —K, —Ky —Ky —A, -4, —Ay

€ €y ey &y €5 e —Ky —Ky —Ky —Ay —Ay —Ay

9y G 93 Gu Gs G — A —An —An —iy — o~y

9y 9n 9y G Gos G —An —An — Ay~ — My

L9351 932 933 93¢ 935 Y36 —Ay Ay Ayl — Uy — Hs3 |
é‘,—h‘f}iﬂ_lfg ) u"i_/;’ﬁ sh 4 L—f?g d ?Eﬁmﬁ-ﬂj‘r :

Vo=0,VD=0,V-B=0. (2.10)
P AR T AR e BRI RE 2GR 0 )

[Xn] =0, [Zt] = 0. (2.11)

B nige etz HrZpd otdini etz EizrRed o ale]Rli P

REASHIRGZ L@ o

2-1-2 48 & PR £ o R

R R @R EHPLRATHRS B R THORELFE

(s

(X) =L%Z), (2.12)

£ *;;h‘;[i,tt%ﬁx AR A =

C* e*t q*t
L'=|s o . (2.13)

B9 (=L f edVE R AT R ILE A M VS AR R B & R )

f8 4% ~ % (representative volume element,RVE) » #7100 (X) ¥ 5 L350 £ 4 > (L) 5 L5

Gpd NGB EFLFEHEY 5 BN F 2L TIOR R BT R



R Y S I TR S TR SULE

(Z,) = AL(Z) (2.14)
B (Z): 5B 22 TR ERF ATIAHC=02%1rBr 224 2k

% B ¢ 7] (strain concentration factor) > H B ¥ WA A g A o0 ¥ JRR

R

ifrAr =1 (2.15)

[512x122 Bimapd o f 55— p g4 82 Horibanfifiet » THhr=0% 28 32

Hoor>0 TR AR 7T H 2 Mo

ﬁvlig}%%a}‘@?%"f?%\ﬁ‘%\ :

2)=3 12

(2.16)
FEIN > BAP AR N KT WET]

1) = (23 4 (205 22 A7) @1
BT kYR

():):ﬁ;‘fr@r):f0L0<Z0>+rZ]_V;f[Lr<Zr>, 2.18)
BQIDAF > QIN T @I TR £+ # TR HRRL M %5

N

(x)= {LO + 21: f(L, - LO)Ar}<Z>, (2.19)
BAAEHNATLE 33 NP 46 DI e R

L =L0+ifr(Lr LA, (2.20)

B BT A MR E & iR 4 BT TR (8o (magnetoelectric

voltage coefficient) » 2 # 577 ;% 5

*

| :
Gy =, MO summation. (2.21)
i

13



.

¥ v kh s 2 * vooxm s + ok . . .o . - v i
H “‘j«ij};‘ E R EI- AN Kij = Ereh T ¥ B Mz TR, ] P;ﬁﬁ AEEY o BT R
BRG#EzZ Em 5 ViemOe» EH 13 & 2 5 o4 (em) B A 2 R F 24— o 874

(Oc)ehpedh > ¢ & 4 op, "2 T =L (V) -
2-1-3 HptenE &

KEE G ArE 2 RE M L £ 42 (LINDO;, LNO) {4k fik 47 (BaTiO;,BTO) ; R %
4L 5 4548 % (CoFe,04,CFO) » LiNDO3 = — 8 & #44L » JH*t = & & J« (trigonal) » 473
3m 2 $HELE o T xR 12008 Btk 0 D REEGERERFE

1210°C » # # & 3BT % 47 12[43] 5 CoFe,044rBaTiOs % L H# » 3= & &

& (hexagonal) » ##73 6mm 2 # = ¥ v & > LNO ~ CFO & BTO 2 ## ¥ #iche £ 2-1 #7

T oo
AP 2 A A B 241 0 2 F AR 6X6 2P AEE 2 T S e P 3 A E[ G
5 36 ol B 1 633 R RAEy B RBELL R R TR LT 2 50

THE A RBRESFZHFEEE AL REARR o

3m 6mm

E:\:::::::E

H . Zero component
L] L ] L ] L ] L]

Non-zero component

Equal component

Indicate negative of @

;};
XO:.-

(C-C)/2

..—...I....

Bl 2-1 6mm £ 3m § $8 $FFE 2 PR H A 2 (4 $5240)[39]

14



21 PR

W LA LiNbO;[43] CoFe,0,4[44] BaTiO[21]
AL R/ A (3m) (6mm) (6mm)
C;(GPa) 203 286 166
C12(GPa) 53 173 77
C13(GPa) 75 170.5 78
Cs3(GPa) 245 269.5 162
C14(GPa) 60 45.3 43
C14(GPa) 9 0 0
xy (nC*/Nm?) 0.39 0.08 11.2
K33 (nC?/Nm?) 0.257 0.093 12.6
u,, (uNs?/C?) 5 590 5
1y, (uNs?2/C?) 10 157 10
e;; (C/m?) 0.2 0 -4.4
es3 (C/m?) 1.3 0 18.6
e;s (C/m?) 3.7 0 11.6
ey (C/m?) 2.5 0 0
q;, (N/Am) 0 580.3 0
q3; (N/Am) 0 699.7 0
q,; (N/Am) 0 550 0

15




2-2 e B #A)

AE NG REAEMREL B R 2 0 BB A DL w R R
B¢ T3 A ¥ @ % i) 5 Dilute $55% ~ Mori-Tanaka =58 [45] ~ p &%
(self-consistent method)[46]2 B 7 + #i-7] (double-inclustion model)[47]% - & K #7 3 #7
i# % 2 %] 5 Mori-Tanaka> @ & #* gt = 2B 2 & % 3| & »c & 218 %27 B & Eshelby 3%

¥ 0 i#m A a8 ¥ 3 Dilute 3% 2 Mori-Tanaka #-5%

2-2-1 &% 4 12

PO FH(F2-20) BQF BN Ff HAEBF A2 § 4 05 B2-20 b QERY

- RAPERERZ MR FEA R RN F R R P 2ERS S
SO R BPFABR LT L RS RO Do R AP R P
IR R




2L (F] 2-22) 2 30 TR BIQ2-2b) i R 54— Ao 2 B & s 4
ans = Zon, (222)
dg g A AR R P Z S i R &R (perturbation) i ¢ ZP'

REJPHRRBLY > RN § 5 R BHABEPN 5 o 2+ 2P w2’ + 27 -

L—ﬁﬁ’%%szbaf*'f QR 2B ERS ER BB M NG

L= 42 =1 (20+27), (2.23)

=20+ =Ly(2"+2"-7), (2.24)

=1
W

el SemBIEL QPR KRS AR

L(2+72")=Ly(2"+2" - 7). (2.25)

2-2-2 B % Eshelby & &

A % Eshelby 58 £ 2 7 6 "D S RN G2 R AFHR L8 AT
hig N RPH R L TR f-f 4 £ %= > Eshelby s&ﬂﬁ%q\ﬁ&ﬁgﬂ@ »%iﬁ
2 OF oA B S

gz'l;'t Sz]klgkl (2.26)
Eshelby 58  Sj 5 w [#3E 8 » H 2 H2 P2 N 54254k M o Eshelby 3% £ -
Be i 2 R HE 5w R RE[48] > 2 {4 7 I ehir 3327 48 £ 3 Eshelby
SERMESH/ D 0 A7 @ % Li ¥ Dunn 2 Eshelby 3% £ [49]» # & %k 4 ¢ Eshelby 3&

TR 2782 B % Eshelby % £ » F]p4(2.26)54:x 8 5

Zi?t = Sy‘k/ZZn (2.27)

17



[ [ G @+G, @b, M=123,
1 | (27
Snap = QLL/AI; 2J._1 L G, (2)d&ds,, M =4,
2J:11 J‘OZE G5Jin (Z)d&i§3 ’ M = 5

E=y1-ElcosO 5 & =41-Esinf >

1 v ,
KMR = KJR 1 nLtJRn & «T_E_'Ki >

(2.28)

Gy = 2,2,K3(2)

z; =& [r, (B Ap4e) >
LAYESRPR 2B B R RRHEY - A ENH LA M N T T Lk R
ry—ofF > BT R Z B 2 4[49] Bri=rn£0 =00 F OUESRE R 2

AAR[49] 5 F o R EAT L Mg T G H IO o] 2-3 477 [49]

B 2-3 H 3k 7 & B[50]

v

LB AHEEY o )% F 2 A 2 K RER % Eshelby 5% £[51]

ii[Gmﬁn (2 )+ G, (z")| W™, M =123,

p=l¢=1

U
S vinav :gLUAb 22

r=lgq

U
22
=1

M=

G(2™) W™, M =4,

1

Mw

G (27) W, M

Il
N4

=1

Q

(2.29)

18



= /1 —(53) cos?/a, ,
3= /1 —(53) sin@ /a,,

pq _fp/a:% s

wr=wiw,.
PIHRQATS S BRARA B HRIFABRI O AL HERE SN E LW

Wi s UBLV 27 § 8043 A Bhepiilic o Byt ks J[S1]#-U B~ 160 V B~ 64 «

19



2-2-3 Dilute #-3%

FEFHY o RFS e p PR SRR ok TR S 0 R EE
Bigg o )Nz ﬁw §4p3 B F - Dilute ' TH L 2o - A2 A

BE e e TR B R R R RS [42] -

(a) (b)

] 2-4 Dilute 3% & BI[50]

PRS- R &GS ol = X000 o] 2-4 0 {17 o et
L(Z°+77) = L(2° + 2" - Z"), (2.30)
2 4]* Eshelby 38 £ “rit 23 £ 0 RRZP N R R AR RL 2 W 2P =SL ¥ »
(2.30)5" :
L(2° +S2" ) =Ly(Z2" +82" - 7"), (2.31)

59 BAERGET LE IR A SRR
* B 0
FIUR TR RREE S

Z=Z°+Zm=h+SLfﬂg—Ler% (2.33)
20



RETIOEFRIRE (L) =2 N § 2 TIORF(L)EL o R(2.14):(Z,)=A(Z)

(8% 1l 17 & > Dilute ’}3_‘\7 }'@%";&t‘ ¥+ 5 -

. 1 !
Adllute= [I+SL(_) (Ll'LO)]

(2.34)

2-2-4 Mori-Tanaka -3¢

(b) (b)
8] 2-5 Mori-Tanaka #5¢ -7 & B][50]

Mori-Tanaka #-;' 2% g 7 # B @k 4p S B F > @ Dilute 3 BR &P 74 7 £
,ﬁ"/

gl F g BRES0] e F - BR FHAHAY - B FF TSR PRRAPE

AP > At H2LE I E A B F R F > Mori-Tanaka #0534 £EK P 3 4 £

FIA ML TR B B B ERE- P FHRATLIIE RN R R R A
A BN RER MG 5 FIOR )& (R 2-5b) o g T R B R
THES T 47 ,3 TR E L LT AETE R A Dilute BN 2 i S AN ¢ X dg 2 (X,)
Ly = (Zy) *

Y

(£)+2" =L ((z,)+2"), (2.35)

pY

(£)+2" =L, ((Z,)+2" -2"), (2.36)

21



L (z,)+2")=L,(z,)+ 2" - 2"),
£ 4]* B % Eshelby 36 £ ZP'=SZ'+ 7 :

Z,=(Z)+2" = [I +SL, (L, - L, )r (Z,)=A"(Z,),

T

TR AT A 2 TR R RS 2 BRI R LM

N -1
wfmegian]z
r=1

#-239 ;88 x 238 ;447 ¢

-

N -1
Zr :A:lilute|:f;)1+z]prA;ﬁlute:| ZO

r=1

W 2.14 3% 18 ¥ 2 {7 3] Mori-Tanaka #5588 o 2 % ¢ #]+ ¢

. . —1
A’MT — Agllute [j(')1+ Zii]ﬁASllute ] ,

B fs g% A ~ 220 37 2 3 Mori-Tanaka 5% F.2 & so R F

L'=L, + (L, — Lo) AY,

22

(2.37)

(2.38)

(2.39)

(2.40)

(2.41)

(2.42)



2-3 X 4 R

AP bR - R Y AR AE R AR L2 P HA 2R
P 2R A - R RE D w2 B R S 2 AR R e e

Bl#7m 0 A A 1~X3—$‘?’ T E AR D e PooA X -xp-x3;

AR R 28 R

,,\l‘a

X2
Bl 2-64& it & w2 38 A AT R R

LA EAPRTRTEY RAEE I e L h B R xR BARa~NBfy 0 &

:]e, J|l Fﬁﬁ—i}@ r EIJ

" "

}_‘iﬁ“ 9/;{_:1,;/ }j_’f%'a :l‘ o m j\lﬁ 7 e mKX3'xZ'X3 ,:l“ Ujiﬁ':fjggl—_’fgf‘,% [52] ’
E

Bk chfE S %

(w,

AR X XX ¥ x5 BE B 4 o P ETER AR 4 X)X,
4ol 2723 1k MATEE AR & x)-0-x; $ X B0 B 4E 5 B 18 FIRTEE Bk x)-xy-xs e

E] 2-7b ; ﬁ»f&; éi'?ﬁ'mﬁ- *,ﬂv' 0 X1-Xp=X3 mx?, ﬁj“lg F]i:f‘l’}:?ﬁ y Jﬁk%ﬂ‘; ’ f ‘f

X1 -Xp-x3( 2 B A ARk )4o B 2-7c o

23



(a) (b) (c)
Bl 2-7 ££ &1 & B

i B 3R AR 2 e S 0,(0) ~ 0,(B)100,.()
$HE S B 2 BB AR X -x-xg 2 Xy BhiE P A o

cos(a) sin(a) Ol

Q,(a) = (2.43)

-sin(a) cos(a) 0
0 0 1

AT AR 4 x)x-xy 10, il AR

cos(f) 0 -sin(p)
Q= 0o 1 0 |
sin(f) 0 cos(p)

HATRAR & x| xy-xy Ty hif PRI y

cos(y) sin(y) 0
Q;. (V) = |-sin(y) cos(y) 0>
0 0 1

Bofs it f e 8 H S - R A e

(2.44)

(2.45)

Q(a.8.7) = Q3u(1)Q,.(AQ;(a), (2.46)

- sin(a)cos(y) - cos(B)cos(a)sin(y) cos(a)cos(y) - cos(B)sin(a)sin(y)  sin(B)sin(y) |.

cos(B)cos(a)cos(y)-sin(a)sin(y)  cos(a)sin(y) + cos(B)sin(a)cos(y) - sin(B)cos(y)
l sin(f)cos(a) sin(f)sin(a) cos(f)

24



BRI AP E2 HHEELE > B4R S w2 HFERET L BHALEFTED R E T
B BART R o g AR 2 AR b LSRR (o fry>0) 0 FE
T2a~fryE 300 R E A AERERSE ED 2 A
M B PR R L

Ciikt = Qi 040y, Cinnops (2.47)
BT Gz PR R E

&ijk = QimanQkoe;nnoa (2.43)
R Bz PR R B

Tijk ~ QimanQkoqlmno’ (2.49)
AR ez RS

Kij = QimanQkOK;nna (2.50)
BES o R E

Hij = QimanQkO.u'mn: (2.51)
B Gy e gy o S G 8RB BAR L 7 2 HAL LR Cinnop > €mno @y > Konn

fotinn s BB R IRE 7 2 PEILT Q) 5 M EL .

25



247 TAE

241 WAL 4 A%

WEHEY B PFEPE A G A HY o FARE - B RS Y i k

X

NERE AR RS L0 I EY 0 AR P BECMAE 0 BB R
F B BAF &R 2 A B AL 5 BA & ~ F (representative volume element,RVE) ©
MR LAAZ2Z < PR ERMRE > 25 I Z2FEM)F ¥ » #HHHF AL
FZER TP ERFCEIHIRSRE VLR DT P F A2 T

XELZREILG o

W2-8 @ U B2 f B S E AR

N

hFT G 2 MERAF £ HE2 RVE 5 8 2 2 SA(Q2d=1)0 2§ 38 B0 7 0E

#oALBLHEZFESO) ez 3BCOE R w2 > (FCC) 4B 29 -

(a) f§ ¥ = = (SC) (b) 4.« = = (BCC) (c) & « = = (FCC)

B12-9 AEAE 4 A2 B4

26



2422 Fr R FEREFHHERER

EERANE ARG BRP S EAH ARG L 2E ARG
[=n] = 0, [Zt] = 0. (2.52)

Al nigse otz zZ2pE o tdns iR tzEixrand  alddiirsd

1@‘3‘

BEAEAPIF G2 LE o
TR VRt FRAMA S A S F L AR AP PRER FE o T
AR R A AR B e MER LS TR ERES R LI ER

Frotdp R g e P (R 2-8)
(D(dX2,X3)—(I)(dX2,X3)+< >2d
(D(Xl,d X3) = (I)(Xl, d X3) +( >2d

D(xy, x5, d) = D(x, xy4 d)+(—)2d (2.53)
TN O Ry~ By B i sy w2 B ok T s B
B 2d R EREAE N A A F Y BRI T BRIAE N A G L - BRenpEGE o

2-4-3 o LR

20 RERTEAR S ML AR At L RO & & RVE 2 % &
AL > A RF A B BRE Z Bihe TR G EERN o ¥ - %2 Ti0
REBREZY ? ~(e)=1> 7 B & T3R50 FALETUEINR&ES - £ 50

Tiag 2w R ETER &R
<O-if>:%J.VO-iidV’
1
=;Laaa

1
<&>—;LBAV, (2.54)

He VL4 Az 2840 285 Qd)° -
27



AT MR A AR EE 2 eQd=1) HMHEE 1 FLHEA LR A

Bt TR TR R RRAE AR T G

_0-11_ _<511>_
0, 0
(o 0
Oy 0
O3 C e qt* 1 0
%1 e O (2.55)
=l e —-K - .
D, 2t .l O
p,| LY o
D, 0
B, 0
B, 0
| Bs L 0
d 3 EE A T IR F(e ) =10 BB 5 0@ % B R jE 7oy S rke F“ﬁ‘” ¥
3 B s 00 F @R TR Bk (B 5 RVE 2 % sl s 1 e
= R e AT R A B e T D
(g11) = 1~ (ex) = 1~ (esz) = 1 3{en3) =055 (e13) = 0.5~ (612) = 05
(E)) =—1 (Ep) =—1 (E3) = =1~ (H)=—1(H)) =—1"(H;) = —1
BuEhe 2 BRETIHRET LE T S L
[{e) 0 0 0 0 0 0 0 0 0 0 0 |
0 (&, O 0 0 0 0 0 0 0 0 0
0 0 (&) O 0 0 0 0 0 0 0 0
0 0 0 2y O 0 0 0 0 0 0 0
0 0 0 0 2e;) 0 0 0 0 0 0 0
Lo " 0 0 0 0 0 2e,) 0 0 0 0 0 0
o
0 0 0 0 0 0 0 —(E) 0 0 0 0
0 0 0 0 0 0 0 0 —(E) 0 0 0
0 0 0 0 0 0 0 0 0 —(H) 0 0
0 0 0 0 0 0 0 0 0 0 —(H,) 0
L0 0 0 0 0 0 0 0 0 0 0 —(H,)]
(2.56)
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[(EY(E)..(Z)?] = L' (Z)Z)*.. (Z)'?] » (2.57)
LREELEY S ERNMBLL A F 2 SRR
L = [(Z)ZP.. (D)2IKZ)Y(Z)?.. (Z)'"?] . (2.58)
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M-T frofe it fe it N3k &m fL
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M-T Frofe it e (L Fe L T ¥ L
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A1 Ns/VC
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ag,, V/emOe -8.0381 -6.1265 -7.0276 27.1210 | -7.1649 | -7.1897
#4 (%) - -23.78 -12.57 -11.41 -10.86 -10.55
M-T Frje i fofe v Ae it ks i
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A (%) - -5.96 -4.78 -5.05 -4.29 -4.24
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M-T P 1 Fofai (b T Jm
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FZ (%) - 78.48 10.28 9.80 8.76 8.66
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# 3-2 LNO # CFO **[001]22 [100]2 41 #1127
(a) LNO[001]2 # #4425 L

2.03E+11 530E+10  7.50E+10 9.00E+09 0 0 0 -2.50 0.2 0 0 0
5.30E+10 2.03E+11 7.50E+10  -9.00E+09 0 0 0 2.50 0.2 0 0 0
7.50E+10 7.50E+10  2.45E+11 0 0 0 0 0 1.30 0 0 0
9.00E+09  -9.00E+09 0 6.00E+10 0 0 0 3.70 0 0 0 0
0 0 0 0 6.00E+10 9.00E+09 3.70 0 0 0 0 0
0 0 0 0 9.00E+09  7.50E+10 -2.50 0 0 0 0 0
0 0 0 0 3.70 -2.50 3.90E-10 0 0 0 0 0
-2.50 2.50 0 3.70 0 0 0 3.90E-10 0 0 0 0
0.2 0.2 1.30 0 0 0 0 0 2.57E-10 0 0 0
0 0 0 0 0 0 0 0 0 5.00E-06 0 0
0 0 0 0 0 0 0 0 0 0 5.00E-06 0
0 0 0 0 0 0 0 0 0 0 0 1.00E-05
(b) CFO[001] 2 H #4425 L
2.86E+11 1.73E+11  1.705E+11 0 0 0 0 0 0 0 0 580.3
1.73E+11 2.86E+11 1.705E+11 0 0 0 0 0 0 0 0 580.3
1.705E+11 1.705E+11 2.695E+11 0 0 0 0 0 0 0 0 699.7
0 0 0 4.53E+10 0 0 0 0 0 0 550 0
0 0 0 0 4.53E+10 0 0 0 0 550 0 0
0 0 0 0 0 5.65E+10 0 0 0 0 0 0
0 0 0 0 0 0 8.00E-11 0 0 0 0 0
0 0 0 0 0 0 0 8.00E-11 0 0 0 0
0 0 0 0 0 0 0 0 9.30E-11 0 0 0
0 0 0 0 550 0 0 0 0 5.90E-04 0 0
0 0 0 550 0 0 0 0 0 0 5.90E-04 0
580.3 580.3 699.7 0 0 0 0 0 0 0 0 1.57E-04
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7.50E+10 5.30E+10  2.03E+11 0 0 9.00E+09 0.2 -2.50 0 0 0 0
0 0 0 7.50E+10 = 9.00E+09 0 0 0 -2.50 0 0 0
0 0 0 9.00E+09: = 6.00E+10 0 0 0 3.70 0 0 0
0 -9.00E+09  9.00E+09 0 0 6.00E+10. 0 3.70 0 0 0 0
1.30 0.2 0.2 0 0 0 2.57E-10 0 0 0 0 0
0 2.50 -2.50 0 0 3.70 0 3.90E-10 0 0 0 0
0 0 0 -2.50 3.70 0 0 0 3.90E-10 0 0 0
0 0 0 0 0 0 0 0 0 1.00E-05 0 0
0 0 0 0 0 0 0 0 0 0 5.00E-06 0
0 0 0 0 0 0 0 0 0 0 0 5.00E-06
(d) CFO[100]2 # # 44 7 L
2.695E+11 1.705E+11 1.705E+11 0 0 0 0 0 0 699.7 0 0
1.705E+11 2.86E+11 1.73E+11 0 0 0 0 0 0 580.3 0 0
1.705E+11 1.73E+11 2.86E+11 0 0 0 0 0 0 580.3 0 0
0 0 0 5.65E+10 0 0 0 0 0 0 0 0
0 0 0 0 4.53E+10 0 0 0 0 0 0 550
0 0 0 0 0 4.53E+10 0 0 0 0 550 0
0 0 0 0 0 0 9.30E-11 0 0 0 0 0
0 0 0 0 0 0 0 8.00E-11 0 0 0 0
0 0 0 0 0 0 0 0 8.00E-11 0 0 0
699.7 580.3 580.3 0 0 0 0 0 0 1.57E-04 0 0
0 0 0 0 0 550 0 0 0 0 5.90E-04 0
0 0 0 0 550 0 0 0 0 0 0 5.90E-04
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3-4 BEatm

3-4-1 FoRiE N

d AFHFA & ML HRiE S 9w A 45 0 &% LNO/CFO & CFO/LNO » p 3
FEAHEEAApREC S e A AT TR %o, - LNO[001]/CFO[001]> 4 4 +*
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%33 Bl 2 2 kBT TR Gikog(V/emOe) & 52

ey a1 S g 33 S =
I -8.0548 0.38 -2.0829 0.39 ] 3-4
i -2.0829 0.39 -8.0548 0.38 & 3-6
LNO/CFO
v ] ] ] ] ]

I : LNO[001]/CFO[001]

II - LNO[100]/CFO[100]

Il - LNO[001]/CFO[100]

IV : LNO[100])/CFO[001]

) g 11 f ag 33 / s
vV -2.1023 0.92 0.0619 0.88 & 3-10
VI 0.0619 0.88 -2.1023 0.92 Rl 3-12
CFO/LNO
- - ’ - - -
- - _ - - -
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% 3-4 LNO/CFO # k41 = v 2 b $ B T (28 ) (Ns/VO) B 12

BT Gk LNO/CFO
(Ns/VC) I II I IV
A -1.1906x10° | -2.4679x10"° - -
(H ) (0.59) (0.51) - -
A -2.4679x101° | -1.1906x107 - -
(H ) (0.51) (0.59) - -
A2 - - 8.4241x107!! ]
(R 1) - - (0.63) -
Al - - -1.9310x107 | -1.2507x107
(A - - (0.50) (0.58)
A2 - : 8.1193x10"1° .
(A ) - - (0.59) -
A3 . - - 8.1193x107'°
(R ) - - - (0.59)
31 - - -1.2507%10° | -1.9310x107'°
(H ) - - (0.58) (0.50)
A3 - - - 8.4241x10™"!
(R ) - - - (0.63)
= ® 3-3 ® 3-5 ® 3-7 ] 3-8

I : LNO[001]/CFO[001]

II - LNOJ[100]/CFO[100]
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% 3-5 CFO/LNO #7k4E 1 & 2§ 2 BT (ool 18

BT #(Ns/VO)

CFO/LNO

v

VI

*
}‘11

(A 1)

-1.9333x1071°

(0.81)

5.5648x107'?

(0.85)

A3 5.5648x10"? | -1.9333x107!° - -
(HFH 1) (0.85 (0.81) - ;

M2 - - - 4.9963x10"!
(s 1) - - - (0.69)

A3 - - -2.5334x101° | 2.5555x107!!
(A 1) - - (0.79) (0.78)

A1 - - - 1.5408x107'°
(R 1) - - - (0.81)

A2 - - 1.5408x107"° -
(WA f) - - (0.81) -

A1 - - 2.5555x10"" | -2.5334x10"°
(A 1) - - (0.78) (0.79)

A3 - - 4.9963x10™"! -
(R 1) - - (0.69) ;

2 ® 3-9 B 3-11 ® 3-13 B 3-14

V : CFO[001]/LNO[001]

VI : CFO[100]/LNO[100] VI : CFO[001]/LNO[100]
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G ERE G op, 2 - i 3 % LNO(307,33°,90)/CFO(;,0,p,) » £ & *

Mori-Tanaka #3% & 5

% CFO[001]2 45> 1 ™ Z g ggm it = v {5 2

x{l,:_,_%

7

BE o REAE L 038 20 SRR

LNO(30°,337,90") 2. # #1125 L

% KRR A 2 S e HEE R CFO(0,07,y,)

LNO & CFO H £ 7 # 5 i ap 130

2.03E+11  6.77E+10  6.03E+10  1.37E+10 0 0 0 -2.0 1.5 0 0 0
6.77E+10  1.92E+11  9.04E+10  5.39E+09 0 0 0 4.6 =24 0 0 0
6.03E+10  9.04E+10  2.25E+11 1.01E+10 0 0 0 -1.7 2.3 0 0 0
1.37E+10  5.39E+09  1.01E+10  7.54E+10 0 0 0 0.6 0.2 0 0 0
0 0 0 0 5.62E+10  -3.2E+09 45 0 0 0 0 0
0 0 0 0 -3.2E+09  7.88E+10 -0.1 0 0 0 0 0
0 0 0 0 4.5 -0.1 3.90E-10 0 0 0 0 0
-2.0 4.6 -1.7 0.6 0.0 0.0 0 3.50E-10  -6.07E-11 0 0 0
1.5 -2.4 23 0.2 0.0 0.0 0 -6.07E-11 2.96E-10 0 0 0
0 0 0 0 0 0 0 0 0 5.00E-06 0 0
0 0 0 0 0 0 0 0 0 0 6.48E-06  2.28E-06
0 0 0 0 0 0 0 0 0 0 2.28E-06  8.52E-06
°© ,.'
CFO(0,0 ,v) % #1442 L
2.86E+11 1.73E+11  1.705E+11 0 0 0 0 0 0 0 0 580.3
1.73E+11 2.86E+11 1.705E+11 0 0 0 0 0 0 0 0 580.3
1.705E+11  1.705E+11 2.695E+11 0 0 0 0 0 0 0 0 699.7
0 0 0 4.53E+10 0 0 0 0 0 0 550 0
0 0 0 0 4.53E+10 0 0 0 0 550 0 0
0 0 0 0 0 5.65E+10 0 0 0 0 0 0
0 0 0 0 0 0 8.00E-11 0 0 0 0 0
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