4 % B & 20084 E53% FL10HI: 1098 ~ 1135 ¢
[ ] <//-SCIENCE IN CHINA PRESS

» s 210093;
* , E-mail: liuyym@nju.edu.cn
2007-10-26 ;2008-01-06
( :50332020) ( :2002CB613303, 2006CB921802)
, () ()
( ). (ferroelastics),
(ferromagnetics) , ( )
( ) ' [s].
, (giant magnetoresistant effect, (ferroelectric random ac-
GMR) , cess memory, FeRAM)
(magnetoelectronics) , (],
(spintronics), . , ,
GMR 2007 , ,
(magnetic ,
random access memory, MRAM) ,
[1~4]
(ferroelectrics)

1098 www.scichina.com csb.scichina.com



- +
l—>M - 8§
P w5 )
g —— YO Y O
t @ E
- @ ! §
| ssE M) |
P
2’ w*
a3 i 5
' it 647
1
18]
F
+ - 4+ -
e

2 [11]

[8~13]

, Fiebig[lg], Tokura®, Cheong“z] Ramesh!'¥)

b

1099

?1994-2015 China Academic Journal Electronic Publishing House. All rights reserved. http://www.cnki.net



i Z B & 20084558 ¥s53% FI0H

[11]

1
1.1

(multiferroicity)

(magnetoelectric effects, ME)

E

( ). 1888 , Rontgen

E

. 1894 |, Curie

B

[14~16].
Cr203
4.13 ps/m.

, 80
[18]

- 1
F(E,H) = Fy = B'E, =M H, = &8, E,E,

/)

1
— 5 Hokly HiH j =0y B

1100

Debye

[17]

oF

M{(E,H)y=——=M

oH,

K
i

+/1,0/1(,.Hj +aijEj

1
+ l:].kHjE[+57ykEjEk+ ...... R 3)

P, M,
/
[18~20]
( 3 )

, a

[18]

[21~24]

90

V/(em - Oe) (1 0e=79.58 A/m)!'l.

>

Schmid
(

(multiferroics)™.

E



1.2
BaTiO3
structure)

>

?1994-2015 China Academic Journal Electronic Publishing House. All rights reserved.

Pb(ZrTi)O;

(a)

a b ‘_‘

AT

Aéh;‘- .

4,

1 1

-30

30 60
BHMV-m™!

=90 -60 -30 0

CoFe204 BaTiO3

[5.6]

b

(perovskite

Mlemu-cm™

400
(d)
300+
2004
100 F
0
100 ¢
~200F
~300¢
-400 ) " "
60 40 20 0 20 40 60
HIKOe
(@) (b)) () (d)™*
s 4
( ABO; B )
/P
L R S A 2 910w Bt
—— e ey
10 +*“**f 0101901010
é H ; ? [ S o i
: ? F ey
olo © 0+ @Bt @ D
4 BaTi03
() () , Ti
[10]
1101

http://www.cnki.net



M 3 B & 20084558 53 F10H

(ligand-field hybridization).

hopping)

( Ti'Y ) d
5(a) . , pd Ipd
tha(1£gu), u > & .
~(~tpd’14), 4 .13
, SE
OF = —(tg (1+ gu))* / A—(t,q (1- gu))* / A+ 2134 / A
= —2t§d (gu)*/ A. (4)
2
) ~U
~Bu2/2, s B
5(b) , d ’
, (
)9 >
[10,26] d
(
)> 4
d
>
(a)
(b)
5 (a)

[10]

5 (b)

1102

Pb>".

(ns)’

[10]

(exchange interaction).

(virtual

Bi3+
)



/
LU,F6204 .
2
2.1
GdFe;(BOs),7, BO; ,
Fe*' ,
Ni;B,0,;1%%.
) Ni3B7Ol3I )
[28]
, Fe;B,0.5C1  Mn;B;0,,C1%.
B d°
B 3d 9
Pb(Fey»>"Nb,,° )05 (PFN), Fe** Nb**
, PFN ,
Néel 143 K, Curie 385 K032,
PFN ~65 nC/em?( 6(a)
[33])’

Kimura (34 Ginzburg-Landau ,
0]
@ =@ +aP? +§P4 ~PE+a'M?
+'%M4 —MH +yP’M?, (5)
P M , PPM?
Y 5
£ 0°d/0P?,
TN )
Ty
- ) TN
, de,
Ginzburg-Landau ,  d& ~p.
331 PEN
6(c) ) Neel
; 130~140 K ,8e M
) 6(d) , PFN
Moéssbauer
, 6(b)
[35] ’
PFN AB,_B’,0; ,
Pb(Fe1/23+W1/25+)O3[36] Pb(Fel/23+Tal/25+)
05, PFN
5 /
/
2.2
(ns)?
s sp (
sp”, sp’) : ,
5 S .
(lone pairs). Bi*"  Pb*
(ns)’
, (ns)'(np)'

1103



M 3 b &

2008458 ¥53%

%10 #

—a= =63 kV/mm
—e=[F=127 kV/imm
E=190 kV/mm

-80 0 80 160
E/AV-mm!

£=10'Hz

60 |(a)
- 30
5
o5 0
S
= =30 F
_60 L
3000 |(©)
2000
W
1000 F
0 .
50
6 (a) PFN
p >
PbTiO;
[37]
ABO;
B
—B1Fe03
Bi3+
F63+ Mn3+
BiMIlO3,
. BIMHO3
Tr~800 K,
(b) [41].

1104

100 150 200 250 300

'K

; (b) PFN 3K

[37~39]

NagsBipsTiO;

Bi*" Pb**
A ,
BiMnO; 2003
6s
[40]
, 7(a)

Tra~100 KM,

100} (b)

h
=
T

13

M10* Am™!

=50F

-100F

—-600 —400-200 0 200 400 600
/A m!

=

o€
|

=]

=

130 K
u‘hma_l

=120t

-180

e, e e

143 K

60 54 48 42

TIK

5 (¢) PFN

BiMnO;
tion function, ELFs)

BiMnO;  Bi-O

6s Bi

[37~39]

BiMnO;

BiMIlO3

36 30

;5 (d)

[33,35]

(electron localiza-
[39]

8(a)
Mn-O

LaMnO3

, Mn-O
, Bi-O , Bi

( 8(b)),

9T

0.6%
[41]



BiMnO, = (a) M ) IBiMl;(), (Ih)1 4—(‘c)ll3i;\¢{1:|(}. UM B IS
3 :

98 ¢ i o |
2 )
i B e e e = - -
- -—
E{i 9.7 - é‘h I
m 3 e 5
£ 96} PR A > REEih W i S
- a g 5 3y . 4
- _9_2: - ok i
5.6|oaoooc0000000@—0-—0-0- . . o oD ] ' 100 K
b iz ' 10K 1
~ Aadasassassssas oo e o ol o — — : 130 K
_ 55 P N .*‘“‘T’“’T""HBOSL —‘1.411‘L11l. bt
3 ——————t— 401 = . ]
g % 20} Gy =" © 5 ' 10K
B R DT, 10 F ok
M ":: 0 " i " 1 " 1 M L -—0.] A l\
+ + + ™ 0
10° (dg 0 '. 70 K
3 S 02} : -
. ] 2 : 30K
293 5§ 1 B :
G i E: : QK
120 ¥ ] 5 04r ! 7
@ 10k 1 : )
] : 10K
80 - = 0 ] 0.6} ) -
A\ & 10°% 1 ;
\ ] { EA N | 1 100 K
4 [ N 1 i L (.) L Raatth Ml M PR R M
31 32 0 200 400 600 800 -80 -40 0 40 80
200(°) BE/K HA/kOe
7 BiMnO; X (a) (b) (© (d) > (d) 5
(e) BiMnO; 5 (D) .
TI75BIMnO;, Bi-O%{ 1I75LaMnO,, La-O%E - \—)
1775BiMnO,, Mn-OFE
9
|
|
S
(a)
8 (a) BiMnO; LaMnO; Bi-O Mn-O 5 (b) BiMnO; Bi-O

139]

1105

?1994-2015 China Academic Journal Electronic Publishing House. All rights reserved. http://www.cnki.net



4 3 & #® 20084578 ®53H F10H
BiFeO;, uC/em? ,
. BiFeO; 9(b) , ,
, R3c, a=b= (rapid liquid-phase sintering) ,
c=5633 A a=B=y=59.4°M , (6],
9(a) . , , Bi
, Bi [111] , [111] , Bi Fe ,
, [111] , [47~49]
Te~1103 K%, BiFeOs; (501, ,
, 100
uC/em?. , Bi (~60 uC/em?),
Fe
; ) [001] [s1]
3.5 puC/em? ( [111] 6.1 BiFeO;
uC/em?®)*4. T\~643 K.
, 60 ,

S
et T
:| - L [50- | T
é: - 0 | O ® Fe
" "__1-‘| 100" 1 2000 25 ——"‘( . NS
‘:E; : =M . n I : OO
2 304030 2010 0 1d 20 30 40 30 . A
g 25- Salo DR
o | d b ¥
| —
50~ 1 /
1 »—“®Q@a"‘f T
= o i —-ﬁﬁﬁ K
% 0 bl
EkV-cm™ a
(b) (c)
9 (a) BiFeO; R3c 561, [111]
[111] , [111] [100] , BiFeO;
BiFeO; ~60 uC/cmz, ~12 kV/em. (¢) BiFeO;

1106

9

. (b)

[43,45]



[43] (
) ~62 nm, 9(c)
, BIFCO:;
[51]
BiFeO3
10 S
40 nm 4 nm,
[52]
BiFeO; 153,
- v 0.08
8f 24
320 — 0.4 e 10.06
61§ o
g 1 6| «—e 10.04
47 $ -
- Y, fo02 %,
e 2f 10 20 30 40 5
3 BRI (nm) {000 §
E 0 | =
B 0.02 5
rel 1-0.
-2t
BiFeO, {-0.04
~4t 7~300 K
4-0.06
1 \ - : : - -0.08
~15000 10000 5000 0 5000 10000 15000
t5/0e
10 40nm 4 nm  BiFeO;
5 nm, 14 nm, 25 nm,
40 nm Bh
BiMnO; , BiFeO;

(in-plane piezo-force microscopy, IPPFM)

[54,55] X
(X-ray photoemission electron mi-
croscopy, PEEM) . BiFeO;
[111] , z
, 9a)
[111] .
, Ramesh (361 (001)
BiFeO3 5
, 11

?1994-2015 China Academic Journal Electronic Publishing House. All rights reserved.

109° 180° 71°

2 um
11 (a) (b) X
,(¢) () PFM (e
PFM tsel
., PEEM
Bi . ,
Aurivillius Bi4+,,Ti3Fe,,012+3,,
[57]
BiFeO; , Fe
Cr (superexchange inter-
action)[ss’”], Bi,FeCrOq
[60), Fe Cr
) Fe/Cr ,
(o1, Pb PbVO;
[62]
1107

http://www.cnki.net



% B B 2008%E58 53 F10H

2.3
=7 (geometric ferroelectricity).
RMnO; (R=Ho-Lu Y)
B Mn , A
YMnOs, Tc~950 K ,
Tv~77 K [63.64], YMnO,
LaMnO;
YMnO; 12(a) , MnOs
(Op) ,
MnOs; Y )
.LaMnO; Mn MnOj
; YMnO; Mn MnOs
) (5-fold coordi-
nation). ,Y La 12
, 7 . , LaMnO;
Mn d thg
€ ,YMnO; Mn d
(e1g  €2)
ag.  Mn* d
YMnOs; Mn Jahn-Teller (
12(b)).
20 60 , YMnO;
P6;3cm, Mn
1e31, Mn
(Or) )
[63].
» Mn MnOs
s [65].
, Mn
R [65]' ’
P6;/mme
ab ) P63;cm
¢ , 12(a) 13

1108

Mn..@ - | > 4
&® ®0 .
® Po@ bt %
[*] [ ] o ©
& & ® °
® i @ =
e® & s @
® ]
® ® [ ] o

MnOy(D,,)

f ;
g o e
J € #—

12 (a) YMnO;

9

. (b) YMnO; Mn*
[65]
, MnOgs s c
, O (O1)
Y-Op ; , Y
) Or ,
12(a)
2.8A Y-Op
~2.3 A, ~3.4 A,
, 13
, X (X-ray absorption spectroscopy,
XAS) , Y 4d o
2p , Y O Born
(661 YMnOs Y-O



(@) e ig ) e ; (domain wall)
[67]
> P M
HoMnO;!%*¢%, T~875 K,
Mn** Tw~75 K
. P6;cm R
c 5.6 uC/em® ,
HoMnO; Mn** , f
Ho** Tyo ~4.6 K
. HoMnO; 14
, HoMnO; 6¢ Mn**
(3d%) 2a  4b Ho™ (4f'%)
Py .
@ Mn Mn3+ ab( xy )
00 , (spin frustration).
Ho’” z(c) Ising
13 (a) (b) YMnO;
Y Mn05 B
) A’ . [65]
/ ,
. YMI’IO3
Yo ., Mn-O . HoMnO;
A s Mn**
[68), , HoMnO;

: , » Van  yMnO;, Ho*" .
Aken , Ho"
RMnO; , ,

, 14 ,
H03+_Mn3+
, MnOs [68]

[10]

, RMnO; R-O, [69.70] ’

. ALO;
, Fiebig , TbMnO;

. TbMnO; 7, ,

180° : (+P, +I), (+P, =), (=P, +I), (P, —1), TbMnO, (TbMnOs
ZtP il , “+M “_» . , )

1109



4 % b B 20084578 535 F10H

2.4 P, (4
-P’M*
21 22 ,
’ PFN  BiMnO;
/ ,
N M
/ 4 )
. PMoM
P ,
, ( ’
) , ’
Po<[(M-0)M—-M(d-M)], (6)
, / . .M
1.2 ,
d R .
[72], J <0,
() .
) J >0,
R . : §,=S[e cosQOx,+esinQOx,]( 15(a)),
R P e e >
E r > -r R e; 5 0
t - —t . , cos(Q/2) = =J/(4)) , ,
s M
H s >
[11]
, P M
1110

?1994-2015 China Academic Journal Electronic Publishing House. All rights reserved. http://www.cnki.net



(a)

(h)
([E

15 @ ()

()
[73,74].

B

Dzyaloshinskii-Moriya

DM
La,CuO4
Cu-O

rn,n+1

. DM
LaZCuO4 .

>

Dzyaloshinskii-Moriya(DM)

Dn,nH'SnXSnHa
s S

DM

B

DM

15(c)

Dn,n+1

Dn,n+1
[75,76]
[75]

[77]

xxrn, n+ls

n n+l
, 15(c)
DM

B

(c)
DM#E5E EH
O’

Ve

gaEEEEt: (LaCu,O,)

500N ;-4 Ne - . & Ne -, ﬁ} M,

0" Cu*

BE BN (RMnO,)

{lﬂ,

e, =)
Q..@° ) [=] o o ] o
0" Mn™ * B t po
e, —0Q
5 (C) DM L32Cu04 RMIIO3
0]
SnXSnH 5 DM
, 15(c) ,
0 e B
P~Q><e3. (7)
Su Sun (spin
precession) 4,
()
,  J>1/4
, 15(a)l781,
LiCu,0, , 16(a).
(1)
Jio L
, 16(b)
s J1=5.8 meV, JL,/J, =
0.29>1/417%-801,
, (0.5, £&=0.174,
0)1*", , ¢
P, 16(c) ,

1111



%10 #f

2008458 ¥53%

M 3 b &

(d)

(©)

> (©) (d)

(b)

(@)

16 LiCu,0,

182]

17(a)

P,

. CuFeOz

Fe

Cu

18(a)

be

[82]

17

17(c), (d)

16(c), (d)

15(b)

13T
18(a) (b)

b

18(c)

18(d)

1112



. : _ , 6~13T
E; Ir @ LiCu,0, ,g , Fe
N £ (831,
= ol Kagome Ni;V,0q
= 19 [84~86]
w’ o
TbMnOs.
( Pbnm), Mn**
31
E try €y , LaMnO;
:? LaMnO; d,2 2 /d3y2_r2 (orbital
ordered state) ab s c
ab . Tb La
..-E , R ab
=
3 , ab
ab R TbMnO; Ty~41K
. Mn** b
17 LiCu,0, (a) (b) c 20(b
© “4 @ ’ ®) ’ [87~89]
(b, () (d) b , q=(0, ky, 1), 20(a) -
Tis2 , )
("]' LRI B | LN B B | 7 LA | LI a\lel L W
[ CuFeO, \'{)UI)T%' ~ 2ok _1 i
L < e M vl
Cu—* , N Rl i-— ] 1
- Bl L feuns 1EE T ¥ 1
i B - 107 | .
:--/ 14
| ] P T |
Ol :{:£Q:{:J?:
206 Lan},J!j,
& 204F
i*® 3 12.0
B 202t
! 1.8
20.0f
NPEE e e rerered | B G
5 10 15 20 25
BE/K
~ d00f@ Plec L
300+
3 ESUUF
e 2 200f
& 100
”EJ 5 10
EtA/T
18 (a) CuFeO, - . s(b) (o) c c
5 (d) ( 2,7,9,10,11 K) c (831

1113



4 3 & #® 20084578 ®53H F10H

(b) __',__ N """ . C(N) .”——r
| *e(l) M)
& L..f@ { ’( (N . v:ﬂ_{)
| Hlle

1
\

LTI HTI | PM
6 8 10

100; - =2k
50[ H{fal J: :]
#-t « ¢®t > « 2 0: by
[oF "ol Jo) " Jol Jo¥ "JoP 4 C |
CAF . 4 Qi g —
T — = H i
i b = moi, ) 't =5 K
50! L
0 2 3
HT
19 (3) Ni3V208 Ni N b
5 (b) a ¢ Ni;V,04 - 184]
o I R A T I
! v o’
£ 0051} A
% : ! _;o.eg
) =
0.050F : AN (P
? - R 9
0.58 -(c) . E' i :I' p g
e 057F47 " ' ] =2
£ os6f ’ :'{i 5 o
E . ”‘-‘*""j Pyl 1 s
& osspqg LI : -
5
*
i
=
2
S
B3
&
20 (a) 35K , 15K bc
; (b)~(e) TbMnO; 871

1114



TbMnO;
, ki ( 20(c)).
Tioek~30 K , ky 0.28
ki b ,
a . ,
P~[exk], c
. 30K , ¢
, 20(d)
, 20(e)
TbMnO;
, LiCu,0,
, TbMnO;
) TbMnO; b
5T Ttop
c P..
Thop , P ,
21(c) . , a

Teamle

P, , P,
Taop  ( 21(d)). . b
¢ a (871,
TbMnO; c
Tb ,
B7 " (Eu,Y)MnO;
[90]
¢ a
( , colossal magneto-capacitance
effect), 21 . s c
, a
[87,88]
[91]
(inelastic neutron scattering) ,
(1y) () (4,
+q, 1) , 22(a)
I I
( ) , 22(b)
800 =
600 -
400 ~
T‘E 200 =
€
= = .
S 0
=2 500 =
® I i
400 =
300 -
200 [N ]
100 .
ol 1

1115



4 3 & #® 20084578 ®53H F10H
TbMnO, 7=9 K
(a) — .
T T L I N A B e A
@, +q,1) ®/
3000 1F r>0 */

2000

1000

L M
LA B AL

4, -q.L)
- P>0

€

3000

BE(THE/100 )
=

1000

] ]
0.95 1.00

PR P
1.00

105095 T.05
Lr.lu) Lrlu)
22 TbMnO; ¢
5 TC 5
RMHO3 23 5
( ),
[88]
(Ho ) 2.3
) ’_I T T ll 'l‘_
100 L “\,U;.”
5 —k“{)y |
T wasdmmTh |
W 04 _*2‘6,_ id |
r .J_‘h* L L
L o Ty 3 T
L 0 20 40
\ T(K)
é 50 ) ( Ho -2
R 5
| AAF FRE-AF
¢ A
T
pipe it
RMnO, NE-AF
. 1 1
v 748 146
Mn-0O-Mn ¢/(°)
23 RMnO; - (
Mn-O-Mn ) 1881

1116

MEY e EE
P>0

187]

, EuMnOs;,

[91]

5 MHWO4[92], Bay 5St, 5-

ZH2F612022[93]
, (Cd/Hg)Cr:S4
( )[94,95]
()
(conical)
, 24(a)

S,=S1[e;cosQx,TesinQx, |+ e3.

CoCr,0,°%°", cr’
, 24(b)

[110]

>

®)



(b)

A site Co?

g ‘ :% h
> Co0, ﬁf&e
B site Cr'™

* T
CrO, :m: 2

2[001]

v [110]

24 (a)

5 (e)

( 24(c)), [110]
24(dy)™°. ,

( 24(e)),

[96]

2.5

b
(electronic

ferroelectricity)!”.

b

> >

(charge-ordered state, CO).

B0 R E y, per fu

B EE/MCm?

5 (b) CoCr,04

S
[ (e) Atz
0.1}
of ¢
—0.1}27K E ;qu : 3
18K __:-‘ J’:{zm 05 I'lK:i
. 1 71 —71r - Atk
(d) 20 3_."_ ]
2 g =)
1HI8K (+£., H‘}ﬁJ I8 K (+E,+H )
of ¢ 1
sl9l 27K (+E,+H.)
- -[2 A Ty ]
_2 | — Ao g
i a— " 1 i 1
-04 =02 0 0.2 0.4
BAH/T
(e)

p ot} 101
MEZL':'LJ;'—CZL%‘_]C‘{“

£

s ! .

=

b

%

E . V'V

® 24Py, HIE]
0 200 400 600

fyial/s

5 (©), (d) CoCr,04

196]
Fe;04, s ~125 K
Fe;0,4 - (Verwey ),
[99] ,
, Pry 5Cag sMnO; , Mn**
Mn** ( e )
, 25 . s €g
, Jahan-Teller s

(orbital ordered state, OO)!"".

[101]. LuFezO4

LUFCQO4
Fe?* Fe*
, 26(a) (¢)
2.5" , Fe’* Fe’'
~350K
Fez+ F63+

1117



M 3 B & 20084558 53 F10H

(Pbnm)

bla)

[ ] Mn*
25 Pr0'5Cao.5MnO3
[100]
Fe*"  Fe'' 2:1 1:2
26(a) (c) 26(b) 20 K
LuFe,0,
(©)
26 (a) (o LuFe,04
(b) 20K LUF6204

1118

[110]

[110] [102,
) Fe?t
Fe’* , ( Fe'*
Fe ),
, 26(c) . Ikeda
LuFe,0, ~26 pC/em’
) ~250 K
, ~350 K
, 350 K , 27
. —Ruddlesden
Popper Pr(Sry.1Cag9),Mn,07,
PrysCay sMnO; /
Pr(Sry1Cag9),Mn, 04 MnOg .
: COl1
co2 28 . ,
) ab
(zig-zag chains).
X (synchrotron X-ray oscillation pho-

= & & &' 8 = & B & = 8 8 & @

, (€) 5

[101,102]



8EER#/uC-cm™
=

27 LuFe204

30 - - —————T
i () N\ ]
:
1
5 s
- BH(-) f—/_
_30-....|....|. P EPEPEPEN B B
50 100 150 200 250 300 350

BE/K
[101]

@ 400K (T'>Teo)

(b) 340 K (Teo,<T <Ten)

513)
. 422) b 5 :
(402) (413) e - !
(313)

/ Mn**

6 o o

28 Pr(Sry.1Cajy),Mn,0,

0Ly~ -0

tography), /
90°,
[103] /
b .
MnOg o
. , b c
Mn-O-Mn 28(a)
/ )
Mn-O-Mn MnOg
b , 28(b) (c)
COl , c
MnOyg (1/2, 0, 0).
, . CcOo2
COl1 90°

(c) 280K (T<Tpy)
.

-

@ Pr. Sr.Ca
O Mn**
@ Mn*'

@ Mn**
Qo0

MIIO6

>

Mn3+

1119



4 3 & #® 20084578 ®53H F10H
Mn** c
(0, 1/2, 0), 28(c) . , b
, CO2
> . CcO2
[103]
, Pr,_,Ca,MnOs Mn**  Mn*
(CE ).
(site-centered charge or-
dered state), 25 29(a)
, ProsCagsMnO; » (a?ws]
Mn3* Mn** (b) ©
Mn-Mn (Mn-O-Mn) . ,
( eg ) >
Mn-O-Mn
(bond-centered charge ordered
state), 29(b) [104,103], ,
, 29(c) 3
La0.5Cao_5MnO3 ,
0.5 Pri_,Ca,MnO;
[105]
30
0.35 0.40 0.45 0.50 0.55 0.60 0.65
s X
’ 30 Pry,Ca,MnO;
’ FM,C,CE A C CE A
[106]
RMl'lzos,
[106.107] R Mn,Os a zig-zag  ( 31
3 1 ’ Mn3+ Mn4+ ,
M (5=2) Mn* (s=3/2).  Zig7ag Mn**-Mn*"
¢ ,Mn Mn*"-Mn**-Mn**- Mn*"-Mn** )
(Mn ( 31(b)). RMn, 05
) ) , 31(a) , b
p,1o%, ,  T3=20~25K
1120

?1994-2015 China Academic Journal Electronic Publishing House. All rights reserved.

http://www.cnki.net



c
P
(b) e
A f
/A . J— - &
21 | al \| "I F )“
] | 1 I
P-P—0-Q—0—P
31 (a) RMn,0s 5 (b)
’ 12|
, zig-zag
Mn a ) zig-zag
b .
a b
) 32(a)
~15K Tb*
: b : Mn
R Mn
a Tb a s
Tb , )
32(b)
3
(elemental excitations)
[108]
: , (
) (soft phonon)
( )
@ <1/ x(0). :

[6,108]
(spin waves) (magnons) [108]
C )
— (electo-active
magnon) (electromagnon),
o9, 1970
[109]
2.3 ,
, GdMnO;  TbMnO;
vo=(23+3) em™"  vp=(20+3) cm™’
[110]
, , 33
ella el/b,
, hllc hilb
, 33
b )
U Th(Y)Mn,0s
41(45) K , 24(20) K
7K
(~97 cm™) 7.9(9.6)
cm™ , 24(20)
K , 34 . ,
1121

?1994-2015 China Academic Journal Electronic Publishing House. All rights reserved. http://www.cnki.net



M 3 b &

2008458 ¥53%

% 10 #

[di/dT)

PinC-cm™

32 (a) Tanzos

(inelastic neutron scattering, INS)

. TbMnO 3

B

35c) 35(d)

(sliding mode),
2.5 meV

[113,114]

1122

a, b, c
5 b

35(a) (b)

5 (d)

[112]

1.1

C/T (J per mole-K?)

(b) T T T T
Ellb, Hila (FC)
1 kHz
33y Rigie
— () T
g 1T
30 F —_—3T
—_—
(1]
25 |
20 }
(d) ' "
Ep /b
Hila
a0\ @ro
20 }
§
S 0
£
an
_20 5
40 |
010 20 30 40
TIK
5 (b)
9
b

[115~120]

[106]



GdMnO,

ella hile 23K B=0, (b) || (d)

&

viem™! viem™!
33 GdMnO; TbMnO; (110
(a) TbMn, 0,
=0.16 mm
(ellb, hila)
- exper. 7=50K
0. ° exger =7TK )
: 04" - {g)?b?mﬁzos 5
" i =0.725mm | N
0.2
0.0 e L i ; 3
0 10 20 30 40 50 60 70 80 90
#A fom™
34 TbMn,;Os((a) (b)) YMn,;Os((c) (d)) i

, 36

1123



M 3 b &

2008458 ¥53%

% 10 #

35 (@ (b)

P

36

Ramesh

- (b) T LaMnO,

(magnetic pinning)

37

1124

T{Tsplﬁll T{Tsmml
0L A i N L N | 1 s 1 1 i ()
0.50 0.25 0.00 0.5 1.0 0.50 0.25 0.0 0.5 1.0
(00.28 1+¢,) (¢,0281) (00.28 14¢,) (4,028 1)
4 L4 T v T T | [
(c) T>T i (d) . Y
3F : .
>
E »
w .- .o
% ‘:Q o]
l_
............... m
(IRt é = 1 | (3) yg é ~
000 0.14 028 014 000 **7= A
(0g, 1)
TbMnO; , LaMnO;
HO) , (d) [112]
H .
: — ———FE/AFM—— '.) > -
L0 I O O O R O > >
37 -
[115]
. (
, «C ) ,
s [115]
> (0001)
YMnO; NiFe s
YMnO; NiFe (
Py) (exchange bias)
[116]
GMR —_— ), )



CI'203
N CI'203/
(i, YMnO;
Pt/YMnO;/Py( 38(b)
) (18] 38 38(a)
2K
V=0 , ,
60 Oe(l Oe=79.58 A/m)
, 38(a)
YMnO; (magnetic ani-
sotropy) M(H) ,
1.2V
Py 38(b) , 3 kOe
2 K , —100 Oe
81 : (@
pen et =
44
= l'-
g s o =
e |I ',r 5 ".
.IE 0 ' 'E‘ 0 \
E= i .;’* P v
-44 .. o FEaT _ Y
s e f‘"'M',
1 10 20
-8 - ; IES"’K
=300 =150 0 150 300
HiOe
-4.7 i %
41 i [\
" 248 ¢ X 3 | )Q
] L y 1\
’.C, 0 5—4.9 ;‘ \ \
E II\
=5.0 - 1
1.2 0.0 1.2 %
4] Vv N
212 -06 0.0 0.6 12
V.V
38 (a) P/YMnO;/Py V.,  M(H)
s 5 (b)
v, , [118]

39 5 K
(anisotropic magnetoresistance effect,
AMR), 6
, , ~270 K
[118]
21.24 4
2123 1
21.22 -: )
2047 - Gy
g 2046
2045 :
2037
20.36 :
2035 ]
T T T T T 1
0 60 120 180 240 300 360
0,/(°)
39 Ve Pt/YMnO;/Py
[118]
5ns, 64 Mb.
, (MRAM)
, , 2006
Freescale MRAM
. FeRAM
MRAM —_—
. EEPROMs
(electrically erasable programmable read-only memo-
ries) . , Fert (GMR
, 2007 Nobel )
Lay1BipoMnO3;(LBMO)
(magnetic tunneling junction, MTJ)
(barrier), [119],
Lay3Sr;sMnO;(LSMO)
Au >

1125



4 3 & #® 20084578 ®53H F10H

40 .2 nm LBMO

TMR ,
, 41 . 43(¢) . +2 VvV
, LSMO . ,
LBMO , ; 43~
’ 5
( )
”(forming domains)
(vortices  toroidization)
, (ferrotoroidicity).
(toroidic moment),
T=1/2) rxS, , Si
LSMO J .
40 LSMO/LBMO/Au ( )
[119] 44(a) 5
LBMO (
’ )- , 44(a)
, . 43 , H(  44(b)
-V , ) ,
2V 2V I . P
b
@ 300 — ®g
<A
200 L
T 100 ! TRl e
S £ "a
3 0 15 \
E = 100 g 40 "
S 1004 A W = -
s 4&9“”{;{ C 20 5
? amoe o LH=2k0e i-"‘--.--.._..----,._.
20 40 0 50 100 150 200
TIK
180
- OU
41 @ (b) PFM  (()~(e)""

1126



0.15
[
H o [ ]
AR
[ ]
0.13 ° 410
. g
g .r. % s
L 19
-.‘ -—n
0.114 ."’ %,
1-10
0.10 T T v J /
-4 -2 0 2 4
H/kOe
42 LSMO/LBMO/Au el
T b
a
()1000;. ~ >
100E "\?\ 7
= i
= 10/
1
! | A
-2 = 0 1 2
VoV
©
10mV3K
180
160

43 (a) LSMO/LBMO/Au

3 (d)~(g)

[8,25]
T o< PXM,
T.
, GaFeO; s b
Fe S
Fe )
c 45 ),
T, P M T
P M
GaFeOs,
, P M ,
(optical ME), ,
( 45(c)
), Farady(Kerr)
(b)
25 1 125
20 - o B R 120
- o S }?-‘r =
15| —f o @ 15 &
 { # #*_8 | &
£ 10 # R 8 {l0E
.'.S |" w® % i
1 8 B % 10
0 £ 0
-2 -1 0 1 2
Vd.cN
(d) After-15V (e) After+l15V
40 ' 40/
36/ 36 b
32| 32A
28 \\.,,_ 28
gl . - a4l
-3 0 3 -3 0 3
HkOe HkOe

(0 After—1.5V @

HIkOe HkOe

5 (c) +2V -2V

1127



4 3 & #® 20084578 ®53H F10H

tion, SHG).

44

s (a) . (b) H
, pls)

2w
P
Mwa\ic
S wave
M/ 20
PI S wave
(0] —
S wave T
45 (a) (b) GaFeO, T
5 (0) 18]
46 [125]
5 ME
! , ,
(second-order ( ) ,
nonlinear optical activity). . 47
@ ( )E 20 : (@) (b)
P, , . ©
PQw) =g, JE(w)E(w), 7 , (d)
T, P .
) T , GaFeO;
45(c) . T P LiCoPO,  LiNiPO,!"'?!~!125],
T (second harmonic genera-  LiCoPO4 mmm

1128



C02+
E 0
K , Co
mmm/[lZl]‘

y
48(a) (122],

(1/4+¢, 1/4, =0) ,
, 48 . 21.9
y )
, Co
o= 4.6°
2’
S$,[1(0, cosgp,

sing),  y
, 48(3) Xz (
48(b)). 2 4 1 3
s 71,3724, 1,3
2,4 S Xz
T,. S ¢
d).‘_ {h)_’. (c) (d)
R T
— —-—
47
(@ (b ,  (©
(a)
o 4.6°
X
AFM
3
(b)

FTO

48 LiCoPO,

x~3/4  x~1/4 Co
[125]

(@) xz (b)

(xl, £T) . X
24 LiNiPO, ,
- [123]
[123]
, LiNiPOy
o 0.,  a(LiCoPOy
,  z y ¥l 49 LiNiPO,
~20 K z
, X
z . )
(butterfly loop).
(
)
[123]
LiCoPOy,
23 LicoPO,
mmm mmm’, D).
% 2'mm’
. X
2, 2,
&7).
o X )
180° ,
2 ZA’
LiCoPO4(100)
2 ZAZZZ SO(a) 2

1129



4 3 & #® 20084578 ®53H F10H

40 4.0
5 7ILINiPO, ,H, cooling=1 T, 7=19.9 K} LiNiPO, ,H, cooling=1 T, 7=13.2 K|{ , 5
13F ] 113
I.E 0.0 0.0
g -13 -13
=
o =27 2.7
—4.0F ™ -4.0
-53F : - 4-53
—6‘7> P PR i X L X i " a4 i J i . 1-67
-20 -15-10 -5 0 5 10 15 20 -20 -15-10 -5 0 5 10 15 20
4.0 s - 4.0
5 7 JLiNiPO, g, cooling=1 T, 7=19.6 K|; {LiNiPO, ,H, cooling=1 T, 7=8.15 K] 5 5
1.3 1.3
g 00 0.0
o - ]
5% L3_ 13
o =27 217
-4.0 -4.0
-53 -5.3
6T A " TR T Lo L 5 TRt L 6.7
20 -15-10 =5 0 5 10 15 20 -20 -15-10 -5 0 5 10 15 20
4.0 (o= o . 4.0
27 {LiNiPO, u,H, cooling=1T, 7=18.2 K| NRNIPO, poH, cooling=1 T, 7=4.2 K}
13F {1
IE 00 -
;:i -13 -
Q_-' —2.?} :
-4.0 r
—53F 1 r {1
| S R T e 167
=20 -15-10 =5 0 5 10 15 20 -20 -15-10 -5 0 5 10 15 20
MoH T HoH /T
49 LiNiPO, H, [123)
6
( ),
( )' fyyz
Hayy
Xyye T Xopy ( 50(b)) ,
x 90°( Xyye = Xzpy) , ,
> 50(c)
(1) —
50(d) . ,
: ( s+
, T A7) (L, -T) (-, : >
+7)123], . DM

1130



2

(
50 LiCoPO4(100) 10 K
(3)
(a), (b) (o) 225 eV Hezzs Yoty Xz e
, - (d)
) ( >
+1, , +T; €477 (+,-T) (=L+T).
[125] )
) “
?
( RMH205 )?
?
RMI'I205 -
' [126]
(5)

5 LU.F8204

?1994-2015 China Academic Journal Electronic Publishing House. All rights reserved. http://www.cnki.net

Pr(Sr0.1Cao,9)2Mn207

>

Prl_xCaanO3
LUF3204
Prl_XCaanO3 Pr(SrO_ICao_g)zMn207

1131



i Z B & 20084558 ¥s53% FI0H

(SN

(o I B e S

10
11
12
13
14
15
16
17

18
19

20

21

22

1132

Tokura (1271, ,  LaAlOy/

La0‘68r0‘4MnO3/SrTiO3
[128,129]

> > >

(8],

(7

(6) ) [130]'

B . B

Fe/BaTiO;

Ziese M, Tohornton M J. Spin Electronics. Berlin: Springer, 2001

Prinz G A. Magnetoelectronics. Science, 1998, 282: 1660 — 1661

Wolf S A, Awschalom D D, Buhrman R A, et al. Spintronics: A spin-based electronics vision for the future. Science, 2001, 294: 1488—
1490

Zutic I, Fabian J, Das Sarma S. Spintronics: Fundamentals and applications. Rev Mod Phys, 2004, 76: 323 —410

Lines M E, Glass A. Principle and Application of Ferroelectric and Related Materials. Oxford: Oxford University Press, 2001

Scott J F. Ferroelectric Memories. Berlin: Springer-Verlag, 2000

TokuraY. Multiferroics as quantum electromagnetic. Science, 2006, 312: 1481—1482

Tokura Y. Multiferroics—toward strong coupling between magnetization and polarization in a solid. ] Magn Magn Mater, 2007, 310:
1145—1150

Eerenstein W, Mathur N D, Scott ] F. Multiferroic and magnetoelectric materials. Nature, 2006, 442: 759 —765

Khomskii D I. Multiferroics: Different ways to combine magnetism and ferroelectricity. ] Magn Magn Mater, 2006, 306: 1 —8

RIRAE, JrF . AR SR ARAT R . M A, 2007, 27: 225238

Cheong S W, Mostovoy M. Multiferroics: A magnetic twist for ferroelectricity. Nature Mater, 2007, 6: 13— 20

Ramesh R, Spaldin A N. Multiferroics: Progress and prospects in thin films. Nature Mater, 2007, 6: 21 —29

Schmid H. Magnetic ferroelectric materials. Bull Mater Sci, 2007, 17: 1411—1414

Freeman A J, Schmid H. Magnetoelectric Interaction Phenomena in Crystals. London: Gordon and Breach, 1995

Spaldin N A, Fiebig M. The renaissance of magnetoelectric multiferroics. Science, 2005, 309: 391—392

Rado G T, Folen V. Observation of the magnetically induced magnetoelectric effect and evidence for antiferromagnetic domains.
Phys Rev Lett, 1961, 7: 310— 311

Fiebig M. Revival of the magnetoelectric effect. ] Phys D: Appl Phys, 2005, 38: R123—R152

Zeng M, Wan | G, Wang Y, et al. Resonance magnetoelectric effect in bulk composites of lead zirconate titanate and nickel ferrite. ]
Appl Phys, 2004, 95: 8069 — 8073

Dong S X, Li J F, Viehland D. Vortex magnetic field sensor based on ring-type magnetoelectric laminate. Appl Phys Lett, 2004, 85:
2307—2309

Cai N, Nan C W, Zhai ] Y, et al. Large high-frequency magnetoelectric response in laminated composites of piezoelectric ceramics,
rare-earth iron alloys and polymer. Appl Phys Lett, 2004, 84: 3516 — 3518

Nan C W, Li M, Huang ] H. Calculations of giant magnetoelectric effects in ferroic composites of rare-carth-iron alloys and ferroelec-



23
24
25
26
27
28

29
30

31

32
33

34
35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54
55

56

57

tric polymers. Phys Rev B, 2001, 63: 144415— 144423

Dong S X, Cheng J R, Li J F, et al. Enhanced magnetoelectric effects in laminate composites of Terfenol-D/Pb(Zr,Ti)O; under reso-
nant drive. Appl Phys Lett, 2003, 83: 4812— 4814

Zhang H, Wang J, Lofland S E, et al. Multiferroic BaTiO;-CoFe,O, nanostructure. Science, 2003, 83: 4812—4814

Schmid H. Multi-ferroic magnetoelectrics. Ferroelectrics, 1994, 162: 317—338

Cohen R E. Origin of ferroelectricity in perovskite oxides. Nature, 1992, 358: 136 — 138

Levitin R Z. The magnetoelectric properties of GdFe;(BO;),. JETP Lett, 2004, 79: 531

Ascher E, Rieder H, Schmid H, et al. Some properties of ferromagnetoelectric Nickel-Iodine Boracite, Ni;B;O,;I. Appl Phys Lett,
1966, 37: 1404 — 1405

Smolenskii G A, Chupis I E. Ferroelectromagnetis. Usp Fiz Nauk, 1982, 137: 415—448

Ivanov S A, Rundlof H. Investigation of the structure of the relaxor ferroelectric Pb(Fe,,,Nb;,,)O; by neutron powder diffraction. J
Phys: Cond Matt, 2000, 12: 2393—2400

Brunskill I H, Depmeier W. High temperature solution growth of Pb(Fe;,,Nb; ,)O; and Pb(Mn, ,Nb, ,,)Os. ] Cryst Growth, 1981, 56:
541—546

Vokov V A. Ferroelectric antiferromagnetics. Sov Phys JETP, 1962, 15: 447—451

Yan L, Li ] F, Viehland D. Deposition conditions and electrical properties of relaxor ferroelectric Pb(Fe,/,,Nb, ,,)O; thin films pre-
pared by pulsed laser deposition. ] Appl Phys, 2007, 101: 104107

Kimura T, Kawamoto S, Yamada I, et al. Magnetocapacitance effect in multiferroic BiMnOs. Phys Rev B, 2003, 67: 180401

Yang Y, Liu ] M, Huang H B, et al. Magnetoelectric coupling in ferroelectromagnet Pb(Fe, ,Nb,,,)O; single crystals. Phys Rev B, 2004, 70:
132101

Wongmaneerung R, Tan X, McCallum R W, et al. Synthesis and multiferroic properties of BijgA,,FeO; (A=Ca,St,Pb) ceramics. Appl
Phys Lett, 2007, 90: 242901

Trinquier G, Hoffman ] R. Lead monoxide. Electronic structure and bonding. ] Phys Chem, 1984, 88: 6696 — 6711

Waston G W, Parker S C. Ab initio calculation of the origin of the distortion of 0i-PbO. Phys Rev B, 1999, 59: 8481 — 8486

Seshadri R, Hill N A. Visualizing the role of Bi 6s “Lone Pairs” in the off-center distortion in ferromagnetic BIMnO;. Chem Mater,
2001, 13: 2892 —2899

Aton T, Chiba H, Ohoyama K. Structure determination of ferromagnetic perovskite BiMnO;. J Solid State Chem, 1999, 145: 639—
642

Kimura T, Kawamoto S, Yamada I, et al. Magnetocapacitance effect in multiferroic BiMnOs. Phys Rev B, 2003, 67: 180401

Smolenskii G A, Chupis I. Ferroelectromagnets. Sov Phys Usp, 1982, 25: 475—493

Fischer P, Sosnowska I. Temperature dependence of the crystal and magnetic structure of BiFeO;. ] Phys C, 1980, 13: 1931

Sosnowska T, Peterlin N. Spiral magnetic ordering in bismuth ferrote. ] Phys C, 1982, 15: 4835

Lebeugle D, Colson D, Forget A, et al. Very large spontaneous electric polarization in BiFeOj single crystals at room temperature and
its evolution under cycling fields. Appl Phys Lett, 2007, 91: 022907

Wang Y P, Zhou L, Zhang M F, et al. Room-temperature saturated ferroelectric polarization in BiFeO; ceramics synthesized by rapid
liquid phase sintering. Appl Phys Lett, 2004, 84: 1731

Yuan G L, Or S W, Liu J M, et al. Structural transformation and ferroelectromagnetic behavior in single-phase Bi, - Nd FeO; mul-
tiferroic ceramics. Appl Phys Lett, 2007, 89: 052905

Yuan G L, Or S W, Chan H L W, et al. Reduced ferroelectric coercivity in multiferroic Bigg,sNdg;75FeO5 thin film. ] Appl Phys 2007,
101: 024106

Gao F, Cai C, Wang Y, et al. Preparation of La-doped BiFeOj thin films with Fe** ions on Si substrates. ] Appl Phys, 2006, 99:
094105

Zhang S T, Lu M H, Wu D, et al. Larger polarization and weak ferromagnetism in quenched BiFeO; cetamics with a distorted thom-
bohedral crystal structure. Appl Phys Lett, 2005, 87: 262907

Wang ], Neaton ] B, Zheng H, et al. Epitaxial BiFeO; multiferroic thin film heterostructures. Science, 2003, 299: 17190 — 1722
Mazumder R, Sujatha Devi P, Bhattacharya D, et al. Ferromagnetism in nanoscale BiFeO;. Appl Phys Lett, 2007, 91: 062510

Gao F, Chen X Y, Yin K B, et al. Visible-light photocatalytic properties of weak magnetic BiFeO; nanoparticles. Adv Mater, 2007, 19:
2889 —2891

Zavaliche F, Shafer P, Ramesh R, et al. Polarization switching in epitaxial BiFeO; films. Appl Phys Lett, 2005, 87: 252902

Zavaliche F, Das R R, Kim D M, et al. Colossal dielectric and electromechanical responses in self-assembled polymeric nanocompo-
sites. Appl Phys Lett, 2005, 87: 182901

Zhao T, Scholl A, Zavaliche F, et al. Electrical control of antiferromagnetic domains in multiferroic BiFeOj films at room temperature.
Nature Mater, 2006, 5: 823 — 829

Tsai M H, Tsang Y H, Dey S K. Co-existence of ferroelectricity and ferromagnetism in 1.4 nm StBi,T2,0;, film. ] Phys: Cond Matter,
2005, 15: 7901 —7915

1133



i Z B & 20084558 ¥s53% FI0H

58
59
60

61

62
63
64
65

66

67
68
69
70

71
72
73
74
75
76
77
78
79
80

81
82

83
84
85
86
87
88
89
90

91
92

94

1134

Goodenough | B. Magnetism and Chemical Bonds. New York: Wiley, 1963

Ueda K, Tabata H, Kawai T. Ferromagnetism in LaFeO;-LaCrO; supetlattices. Science, 1998, 280: 1064 — 1066

Baettig P, Ederer C, Spaldin N A. First principles study of the multiferroics BiFeO,, Bi,FeCrO,, and BiCrOj: Structure, polatization,
and magnetic ordering temperature. Phys Rev B, 2005, 72: 214105

Kim D H, Lee H N, Biegalski M D, et al. Large ferroelectric polarization in antiferromagnetic BiFe,;Cr,;O; epitaxial films. Appl Phys
Lett, 2007, 91: 042906

Martin L W, Zhan Q, Suzuki Y, et al. Growth and structure of PbVO; thin films. Appl Phys Lett, 2007, 90: 062903

Bertaur E F, Pauthenet R, Mercier M. Structure and magnetic properties of YMnOj. Phys Lett, 1963, 7: 110

Filipetti A, Hill N A. Why are there any magnetic ferroelectrics? ] Magn Magn Mater, 2002, 242-245: 976 — 979

Van Aken B, Palstra T T M, Filipetti A, et al. The origin of ferroelectricity in magnetoelectric YMnOj. Nature Mater, 2004, 3: 164 —
170

Cho D Y, Kim ] Y, Park B G, et al. Ferroelectricity driven by Y d’-ness with rehybridization in YMnOj. Phys Rev Lett, 2007, 98:
217601

Fiebig M, Lottermoser Th, Frohlich D, et al. Observation of coupled magnetic and electric domains. Nature, 2002, 419: 818 — 820
Lottermoser T, Lonkai T, Amann U, et al. Magnetic phase control by an electric field. Nature, 2004, 430: 541

Abrahams S C. Hexagonal YMnO;. Acta Cryst B, 2001, 57: 845—847

Katsufuji T. Dielectric and magnetic anomalies and spin frustration in hexagonal RMnO; (R=Y, Yb, and Lu). Phys Rev B, 2001, 64:
104419

Lee ] H, Murugavel P, Ryu H, et al. Epitaxial stabilization of a new multiferroic hexagonal phase of TbMnOj thin films. Adv Mater,
2006, 18: 3125— 3129

Bursill P. Numerical and approximate analytical results for the frustrated spin-1/2 quantum spin chain. J Phys: Cond Matter, 1995, 7:
8605— 8618

Sergienko | A, Dagotto E. Role of the Dzyaloshinskii-Moriya interaction in multiferroic perovskites. Phys Rev B, 20006, 73: 094434
Katasura H, Nagaosa N, Balatsky A. Spin current and magnetoelectric effect in noncollinear magnets. Phys Rev Lett, 2005, 95: 057205
Dzyaloshirskil 1. Theory of helical structures in antiferromagnets I: Nonmetals. Sov Phys JETP, 1964, 19: 960 — 971

Moriya T. Anisotropic superexchange interaction and weak ferromagnetism. Phys Rev, 1960, 120: 91 —98

Cheong S W, Thompson ] D, Fish Z. Metamagnetism in La,CuO,. Phys Rev B, 1989, 39: 4395— 4398

Park S, Choi Y J, Zhang C L, et al. Ferroelectricity in an §=1/2 chain cuprate. Phys Rev Lett, 2007, 98: 057601

Masuda T, Zheludev A, Bush A, et al. Competition between helimagnetism and commensurate quantum spin correlations in LiCu,O,.
Phys Rev Lett, 2004, 92: 177201

Drechsler S I, Malek J, Richter J, et al. Comment on “Competition between helimagnetism and commensurate quantum spin correla-
tons in LiCu,O,”. Phys Rev Lett, 2005, 94: 039705

Masuda T, Zheludev A, Roessli B, et al. Spin waves and magnetic interactions in LiCu,O,. Phys Rev B, 2005, 72: 014405

Seki S, Yamasaki Y, Shiomi Y, et al. Impurity-doping-induced ferroelectricity in the frustrated antiferromagnet CuFeO,. Phys Rev B,
2007, 75: 100403(R)

Kimura T, Lashley ] C, Ramirez A. Inversion-symmetry breaking in the noncollinear magnetic phase of the triangular-lattice anti-
ferromagnet CuFeO,. Phys Rev B, 20006, 73: 220401 (R)

Ye F, Fernandez-Baca A, Fishman R S, et al. Magnetic interactions in the geometrically frustrated triangular lattice antiferromagnet
CuFeO,. Phys Rev Lett, 2007, 99: 157201

Lawes G, Kenzelamnn M, Rogada N, et al. Competing magnetic phases on a kagomé staircase. Phys Rev Lett, 2004, 93: 247201

Lawes G, Harris A B, Kimura T, et al. Magnetically driven ferroelectric order in Ni;V,Oq. Phys Rev Lett, 2005, 95: 087205

Kimura T, Goto T, Shintani H, et al. Magnetic control of ferroelectric polarization. Nature, 2003, 426: 55— 58

Goto T, Lawes G, Ramirez A P, et al. Electricity and giant magnetocapacitance in perovskite rare-eatrth manganites. Phys Rev Lett,
2004, 92: 257201

Arima T, Goto T, Yamasaki Y, et al. Magnetic-field-induced transition in the lattice modulation of colossal magnetoelectric GAMnO,
and TbMnO; compounds. Phys Rev B, 2005, 72: 100102(R)

Hemberger ], Schrettle F, Pimenov A, et al. Multiferroic phases of Eu,_ .Y MnO;. Phys Rev B, 20006, 75: 035118

Yamosoki Y, Sagayama H, Goto T, et al. Electric control of spin helicity in a magnetic ferroelectric. Phys Rev Lett, 2007, 98: 147204
Taniguchi K, Abe N, Takenobu T, et al. Ferroelectric polarization flop in a frustrated magnet MnWO, induced by a magnetic field.
Phys Rev Lett, 2006, 97: 097203

Kimita T, Lawes G, Ramirez A P. Electric polarization rotation in a hexafetrite with long-wavelength magnetic structures. Phys Rev
Lett, 2005, 94: 137201

Hemberger ] H, Lunkenheimer P, Fichtl R, et al. Relaxor ferroelectricity and colossal magnetocapacitive coupling in ferromagnetic
CdCr,S,. Nature, 2005, 434: 364— 367



95
96
97
98
99
100
101

102
103

104

105
106

107

108
109

110

111
112

113
114

115
116
117
118
119
120
121
122

123
124

125
126

127

128

129

130

Weber S, Lunkenheimer P, Fichtl R, et al. Colossal magnetocapacitance and colossal magnetoresistance in HgCr,S,. Phys Rev Lett,
2006, 96: 157202

Yamsaki Y, Miyasaka S, Kaneko Y, et al. Magnetic reversal of the ferroelectric polarization in a multiferroic spinel oxide. Phys Rev
Lett, 20006, 96: 207204

Lawes G, Melot B, Page K, et al. Dielectric anomalies and spiral magnetic order in CoCr,O,. Phys Rev B, 2006, 74: 024413

Portengen T, Ostreich O, Sham L J. Theory of electronic ferroelectricity. Phys Rev B, 1996, 54: 017452

Verwey E ], Haayman P W. Electronic conductivity and transition point of magnetite. Physica, 1941, 8: 979 — 982

Tokura Y, Nagaosa N. Orbital physics in transition-metal oxides. Science, 2000, 288: 462 — 468

Ikeda N, Ohsumii H, Ohweda K, et al. Ferroelectricity from iron valence ordering in the charge-frustrated system LuFe,O,. Nature,
2005, 436: 1136 — 1138

Zhang Y, Yang H X, Tian H F, et al. Charge-stripe order in the electronic ferroelectric LuFe,O,. Phys Rev Lett, 2007, 98: 247602
Tokunaga Y, Lottenmoser T, Lee Y, et al. Rotation of orbital stripes and the consequent charge-polarized state in bilayer manganites.
Nature Mater, 2006, 5: 937 — 941

Efremov D V, den Brirk | V, Khomoskii D I. Bond-versus site-centred otdering and possible ferroelectricity in manganites. Nature
Mater, 2004, 3: 853 — 856

Ederer C, Spaldin N A. Magnetoelectrics: A new route to magnetic ferroelectrics. Nature Mater, 2004, 3: 849 — 851

Hur W, Park S, Sharma P A, et al. Electric polarization reversal and memory in a multiferroic material induced by magnetic fields.
Nature, 2004, 429: 392— 395

Chapon L C, Radaelli P G, Blake G R, et al. Ferroelectricity induced by acentric spin-density waves in YMn,Os. Phys Rev Lett, 2000,
96: 097601

Anderson P W. Basic Notions in Condensed Matter Physics. New York: Westview Press, 1984

Bar’yakhtar V G, Chupis I E. Quantum theory of oscillations in a ferroelectric ferromagnet. Sov Phys Solid State, 1970, 11: 2628 —
2631

Oimenov A, Mukhin A A, Yu Ivanov W, et al. Possible evidence for electromagnons in multiferroic manganites. Nature Phys, 20006, 2:
97—100

Sushkov A B, Valdes Aguilar R, Park S, et al. Electromagnons in multiferroic YMn,Os and TbMn,O;. Phys Rev Lett, 2007, 98: 027202
Senff D, Link P, Hradil K, et al. Magnetic excitations in multiferroic TbMnO;: Evidence for a hybridized soft mode. Phys Rev Lett,
2007, 98: 137206

Pimenov A, Rudolf T, Mayr F, et al. Coupling of phonons and electromagnons in GAMnO;. Phys Rev B, 20006, 74: 100403(R)

Valdes Aguilar R, Sushkov A B, Zhang C L, et al. Colossal magnon-phonon coupling in multiferroic Eug15Y,,:MnO;. Phys Rev B,
2007, 76: 060404(R)

Ramesh R, Spaldin N A. Multiferroics: Progress and prospects in thin films. Nature Mater, 2007, 6: 21 —29

Marti X. Exchange biasing and electric polarization with YMnO;. Appl Phys Lett, 2006, 89: 032510

Borisor P. Magnetoelectric switching of exchange bias. Phys Rev Lett, 2005, 94: 117203

Lankhim V, Skuimryer V, Matri X, et al. Electric-field control of exchange bias in multiferroic epitaxial heterostructures. Phys Rev
Lett, 2006, 97: 227201

Gajek M, Bibes M, Fusil S, et al. Tunnel junctions with multiferroic barriers. Nature Mater, 2007, 6: 296 — 302

Binek C, Dondin B. Magnetoelectronics with magnetoelectrics. ] Phys: Cond Matter, 2005, 17: L39 —L44

Santoro R P, Segal D J, Newnham R E. Magnetic properties of LiCoPO, and LiNiPO,. ] Phys Chem Solids, 1966, 27: 1192—1193
Vaknin D, Zarestky | L, Miller L. L, et al. Weakly coupled antiferromagnetic planes in single-crystal LiCoPO,. Phys Rev B, 2002, 65:
224414

Kornev I, Bichurin M, Rivera J P, et al. Magnetoelectric properties of LiCoPO, and LiNiPO,. Phys Rev B, 2000, 62: 12247 — 12253
Arima T. Resonant magnetoelectric X-ray scattering in GaFeO;: Obsetvation of ordering of toroidal moments. J Phys Soc Jpn, 2005,
74: 1419— 1422

Van Aken B B, Rivera | P, Schmid H, et al. Observation of ferrotoroidic domains. Nature, 2007, 449: 702— 705

Wang C ], Guo G C, He L. Ferroelectricity driven by the noncentrosymmetric magnetic ordering in multiferroic TbhMn,O5: A
first-principles study. Phys Rev Lett, 2007, 99: 177202

Duan C G, Jaswal S S, Tsymabl E Y. Predicted magnetoelectric effect in Fe/BaTiO; multilayers: Ferroelectric control of magnetism.
Phys Rev Lett, 2006, 97: 047201

Ogawa Y, Yamda H, Ogaswara T, et al. Nonlinear magneto-optical Kerr rotation of an oxide supetlattice with artificially broken
symmetry. Phys Rev Lett, 2003, 90: 217403

Yamada H, Kawasaki M, Lottermoser T, et al. LaMnO,/StMnO; interfaces with coupled charge-spin-orbital modulation. Appl Phys
Lett, 20006, 89: 052506

Ederer C, Spaldin N A. Towards a modern theory of toroidal moments in bulk periodic crystals. Cond-Mat/0706.1974v1

1135



