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Fig. 1. (a) and (b) show XRD patterns of SSO+CMO (z = 0, 0.05, 0.10, 0.15, 0.20) and structure sketch of SSO+CMO.
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Fig. 2. Rietveld graphs of SSO4+CMO (z = 0, 0.05, 0.10, 0.15, 0.20) and the variations of cell and volume

with doping content x, respectively.
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Table 1. Rietveld parameters of SSO+CMO.

BiE Ruwp Ry x?
0 0.0832 0.0642 1.755
0.05 0.0843 0.0652 1.800
0.10 0.0848 0.0653 1.818
0.15 0.0848 0.0653 1.818
0.20 0.0848 0.0653 1.818
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Fig. 3. Electric band of SSO+CMO (z = 0, 0.05, 0.10, 0.15, 0.20) bulk.
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Fig. 4. Variations of (a) dielectric and (b) loss of SSO4+CMO (z = 0, 0.05, 0.10, 0.15, 0.20) bulk with the change of frequency.
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Fig. 5. Magnetic property of SSO+CMO (z = 0, 0.05, 0.10, 0.15, 0.20).
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SPECIAL TOPIC — Multiferroicity: Physics, materials, and devices

(1 — )Sr3Sny07 + xCazMn,0O; ceramics and their
photo-electric characteristics®

Huang Yu-Tian"#  Wang Yu?# Zhu Min-Min? Lii Ting" Yang Hong-Chun®
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2) (Institute for Advanced Materials, Hubei Normal University, Huangshi 435002, China)
3) (School of Materials Science and Engineering, Hubei Polytechnic University, Huangshi 435003, China)

( Received 14 May 2018; revised manuscript received 13 June 2018 )

Abstract

In order to obtain new hybrid improper ferroelectricity, the (1 — z)Sr3Sn,O7 + xCasMn20O7 (0 < =z < 0.2)
samples each with a Ruddlesden-Popper phase are prepared by the conventional solid-state reaction method. The
phase purity is characterized by X-ray diffraction through using the GSAS refinement. The results indicate that
(1 — x)SrsgSn207 + xCagMn20O7 sample has an orthorhombic structure and its cell constants decrease with content
x increasing. At room temperature, the dielectric constant decreases with frequency increasing. Sr3Sn»O7 exhibits
diamagnetism. With increasing the content of CazMn2O7, the sample presents diamagnetism, paramagnetism, weak
ferromagnetic and paramagnetism in sequence. And the sample with x = 0.1 has a weak ferromagnetic property. All

these pave a way for selecting Ruddlesden-Popper multiferroic materials.

Keywords: Sr3Sn,O7, CagMnsOyr, dielectric property, magnetic property
PACS: 42.70.Mp, 77.84.Cg, 87.64.Bx, 64.70.K— DOI: 10.7498/aps.67.20180954
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Fig. 1. Crystal structure of perovskite BiMnOs: (a) Cu-
bic; (b) tetragonal BiMnOgz with 0.18% strain; (c) tetragonal
BiMnOgs with 4% strain.
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SPECIAL TOPIC — Multiferroicity: Physics, materials, and devices

Theoretical study on magnetoelectric effect in
multiferroic tetragonal BiMnQOg3*

Yuan Ye Tian Bo-Bo' Duan Chun-Gang

(Key Laboratory of Polar Materials and Devices, Ministry of Education, School of Information Science Technology,
East China Normal University, Shanghai 200241, China)

( Received 12 May 2018; revised manuscript received 15 June 2018 )

Abstract

Perovskite BiMnOs3 with ferroelectric and ferromagnetic ordering simultaneously, as a kind of multiferroics, can be
expected to have the coupling between the magnetic and dielectric properties as well as their control by the application
of electric fields. This advantage can make BiMnOgs a good candidate for an artificial synapse material. Under the
framework of the density functional theory, in this paper we adopt the generalized gradient approximation (GGA+U)
plane wave pseudopotential method to calculate the ferroelectricity double-well potential curves and magnetic moments
of Mn of tetragonal BiMnOgs, with 0.18% and 4% strain exerted in its x-y plane. The results show that the magnetic
moment of Mn monotonically increases from paraelectric state to ferroelectric state. It means that the ferromagnetic
property of tetragonal BiMnOgs can be controlled by the intensity of polarization. The greater the stress, the greater
the range of magnetic moment is. This would imply that the multiferroic artificial synapse device based on BiMnO3s can

bring another degree of freedom into designing the complex cognitive systems of artificial intelligence in the future.

Keywords: multiferroics, BiMnOs3, artificial synapse
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Fig. 1. Representative structures of perovskite and layered perovskites: (a) Cubic-SrTiOs with simple perovskite
structure; (b) CsLaNb2O7 with n = 2 D-J structure; (¢) Sr3TioO7 with n = 2 R-P structure; (d) tetragonal

BisSrTaoO7 with n = 2 Aurivillius structure (22],
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Fig. 2. Symmetry mode decomposition of the (a) paraelectric to (b) ferroelectric structure in R-P A, AB2O7,

and (c) the representation of antiferrodistortion displacements (X) at every layer and the total ferroelectric

polarization (Piota)) in the structure [16],

¥EL 1 BisTizOq9, BisSrTas0g £, HARIZIHM
Bk FE A AR Hp A R 30 S\ TR ) e, B
SR A TER G, (AR R i &
0ol PRk, MR R B E, IR RN T
HIF. 1fi5¢T D-J 25 M ek sk 1) /i, SR 55— 1t
i R TR R e A A S A7 AE HIF, H2] H AT
1k, {XAE 5 Bi*t ) ABiNb,O7 (A = Rb, Cs) 13k
5T BV ScInEeE 23, X T R-P 45K, BRTCH
KB T SR S a6 45 S 3 i HIF 477 31,
I AR S F S R-P 45 M HIF.

HIF 2 1 A e s a®a®ct AT AMBIN 0~ a~
PR R\ T A O R B 0B 2 i D7), 76 R-P 450
w43 0 %6 B Y 7 I R AE AR A ELI X X R B
XoP AN X5 AN REFRASE, T3 PR A5 BRI IR R A 5
B AR I (B, T 5 A S 58 1 Ak
Pk, R IEAS Bk, Bk dn e 2 fros Do—18l &5
BERR (2, IEAS B A I AN TR XS X
NSRRI, AR I BN S S, Wik, HIF $
P MR AR 3 S 1, &2 M gkdy.
fEn = 2 R-P45#) A9 AB,O7 1, AL E T H L
f S Bk AR L R 0 1 2 (c) FiT s, FEA5 KT 2 R iy
H—a i), AR EHNWIEE o 7. fE—NE51
By, BANMIBIEE a 7, — MIBHE —a 7
], PRI, B AE A A7 B8 AH 8] 558 4 0 [ 1%
N, SRR B AR R AT IR AN RS 78 A HEI, T Bk
AL, BIfEn = 2 R-PEiH T, AR THF
ANFLRZIRIT HIF FIRTEE, XK & 7 HIF #4 K}
MYEH. 5 b, 78 n AEEUN R-P 258 3 m]
PLHIF, H i F— N A — AN RN B

BOATIRH, BB n (300, A ARRRIE N, Sos ik
WAEFEAR. B, n = 20 R-P &5 M e il B A BT AT
By 1O—181,

i B ITE AR HEG, HIF 7E B /M3 R i H
HIRE F R LARR oy 192

F =A((T — To)w2 + Asw? + A3w® + C1 Xwows
+ C3X? 4+ C3Pwyws + Cy P?

+ C5(P%w? + P%w?), (1)

Rt o {5 B AR A <C\;3§%w2) w2 Py
I3RS S RRBE X R X AR X s Ak e
A, PO EIMAL; A WL T S B 1 B T
HIBE 2, T C MRS 728 B IR H 5]
RIF RGN E RE. H A O3 Pwaws BT
RNEE, IERAHTIZ =S DA, Siiit
AREH I A (1) AT DAHE S B 2k HAR AL A HL TR 9

25 B A i FE AR, B2 H LA AR AT 2],
HIF H 18k HE AR A 2 H 48 )\ TR A% 14D THD A e
FOTH AMET S & S 200, KBk, Bk s A B L 4
s S EWANTIRLNTOE (TR R 2 1P o2 AN TR % N SR
FEREME ST (W Mot Fedt £5)) i i 8 A2 e f
FTE R (R RBRGKAEE . TR 2
1 A LS T I AR AL RS SRR, 58\
BT IE 0%, R BRI AR H i AN B8+ T 1%
KA 7, sinl e il 2 ke pr k. 7ok, BT
A HAE T 02— R T 02 @M+
B, 78\ AR SR I 18 A b SR S Bl 2
ARk, T T B R ) 2 VR e A AR AR A, IR R —
A i HY f H A5 R A 1 6 —18) [ g, HIF W] fE 2 3K

157503-3


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 38 % 3k Acta Phys. Sin.

Vol. 67, No. 15 (2018) 157503

15 B A r iR 2 BR AR A R Az, TR
I S S R KBk AR AL SR AR 5

LR LPNIR, HIF 238 £ BATF5ER0™ 4544 .0 )
<52 A P e SR \ T A THT PR e R T 0 A
A ek H e, A B R R S 2
PREXZEELEIRCY & VA NP LY TN K ) RSN RN
PO EE S B IR AN S SE .

3 R-P &5 44 7 b 4F AAE ok 2 1R B9 5T
i3

FL1E 2008 4F, Bousquet 2 33 7EHf 7T PbTi03/
SrTiOs i f A ek PR, % B 2430 9 2 1 Lo 4
MO/3FEFI2/3 IF, Fotk B8 MARE Bk B 14 7 A8 SR
N IR 7R ER i TTREZE %N (1R 7R R ol = S N = WANTTTR

(a) (b)
R
Cag_,Sr,Ti;O7

[010]

10 ©
e
8_
E//[110]
61~ f =260Hz
B 4~ RT
ol
2 o
4 o =0
- x =0.54
-6 o =085
78—
—10 L R B
—400 —200 0 200 400
E/kV-cm~!

3 (Ca, Sr)3TiaOr7 B i I 4k s

W75 3 1, X RZAE HIF IR AL LS.

2011 4F Benedek F1 Fennie 17 F1J F 55— J5 7
I T CagMoOr (M = Ti, Mn) B4k F1 754 HIF,
FEEH T HIF B A B8 (HAEARAC I 8] Y
BEAAERLEFIN. BE 2015 4E, Oh%% P4 i h
HiAKH T (Ca, Sr)3TiaO7 B, HAE=T N FIH
PUND (positive-up-negative-down) 77 £ 15 T HL
W E 2k, FARGE R 3 iR, BRI X AT
4F (X-ray diffraction, XRD) fl & tHH i RS54, A5
FH i 2 B0 5 IE RS B, e I OE A B A
Caz_,Sr,TipO7 £ 0 < z < 0.9 R IERCAH P4, 2 HE
g E TR ANEE, WATUTT A, B3 (a) K 3 (b)
A T a%alet Flama™ O PIANE )\ H AR
AR, RN AL aMEaTLERT A

(d)

(a) il (b) %% 1 B Ay A21am ] (Ca, Sr)sTisO7 M4 & 1K 4 1, () Bl (d) A

Caz.46510.54Ti2O7 H AR (001) FEELR A M Z WAL Z 5T ER A (e) Cag—zSrzTi207 (z = 0, 0.54, 0.85)

ALY [110] 7 1 B IR 2% (F) TP-PFM [ e B i 8 241

Fig. 3. Planar electric polarization of Cag_,Sr;Ti2O7 single crystals at room temperature: (a) and (b) Crystallo-

graphic structure of Cag_4SrzTi2O7 with the orthorhombic A21am space group (the layered perovskite structure

consists of a perovskite (P) block and a rock-salt (R) block); (c) photographic and (d) circular differential interfer-

ence contrast image of a cleaved (001) surface of a Cag 46Sro.54Ti2O7 single crystal; (e) ferroelectric hysteresis loops
of Caz—_4SryTi2O7 (z = 0, 0.54, 0.85) single crystal along [110] orientation; (f) schematic picture of our IP-PFM

measurement (241,

157503-4


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 67, No. 15 (2018) 157503

(b) O T, on heating
1100 - ® T, on cooling
2
& 1050
1000

ok

1
0.05

1
0.10

1
0.15

) _(a) On heating
0. On cooling
— 0 B
|
0
£ 0.2 <
= 1099.5 K
g
>~ —04
2 S
A
—0.6
1082.4 K
—0.8F 1 1 1 1 1
450 600 750 900 1050
Temperature/K
K4

TV T T WA WA (AU, JLr 9 il & 45 R 129)

x in Ca;;(TilfanI)QO7

(a) CagTieOr7 MI¥EHI DSCE 5 £ THEL AL H 26 4 T BEE EE I EAL; (b) Cag(Tii—oMng)2O7 PR R BN

Fig. 4. (a) Temperature dependence of DSC signs for CazTiaO7 ceramics during the heating and cooling cycles;

(b) temperature 7. of endothermic or exothermic peak for Cag(Tii—zMng)207 ceramics, and solid lines are the

linear fitting results 291,

fir (Sr,Ca) B THIR BRI AR RS, 13 (c) MK 3 (d)
M2 545 1T Cag.46ST0.54 Tio O7 B 1) (001) T 1)
T BRI 2 4 0 4 BE IR, AT DUBA R
EHZBAEPRAAEIERLZR B3 WG H T
Cas_,Sr,Ti,07 (z = 0, 0.54, 0.85) LFHEZIR T
MASHE [110] 77 M e 126, PR3 (e) mT AN, ARk
I SEAFAE W B B B R AL, LR R AR A B v T
158 uC/em?, K H ML ERfIA T HIF FIAFAE.
A, HAFHUIA L 150 KV /cm, A% T35 75,
IX B 1% A2 S B R 42 5 0 TIAS — 303 8.
FyAk, B TV [001] 75 9] Y HRT RT 28 45 SR o —
Sl i S B4R, UL SR E By Ml B
AR B AL, X — BB UE TR Rk
FEL P R SRR T AL S T AR KT 1 R Bk e AR
R Tt PR R L s g5, A W 3 (f) s
[ T PA S HE I 2 7 2 5 BR (in-plane piezo-response
force microscopy, IP-PFM) 3k 3 ik #4 4} 5 1) 2k B8
W, KL T 3 SN Sk 1 T H I BE A B2 ) 8 1 4
ZWEEE. Huang %5 28] IR0 F R B AT 5T 45 &
HL I B 7 Cag_ St Ti2O7 (z = 0.915—1) Bfik &
W — Y TT Pdo /mnm AH.

Liu %5 250 [ 5 1) FH b o [ A0 I o2 3 1) 4% 7
Caz(Ti;—Mn,)207 (z = 0, 0.05, 0.10, 0.15) P %,
WAE W T H PUND 543843 T dE 28 M i
B2, AT B A RN &, P R R R AR A A
NN HE Y, BRI Z 9 0.6 uC/em?, H
P AR —EL N TR MR E RE

i, a2 s A & AGE (differential scan-
ning calorimetric, DSC) #ll & 7E Ca3Tio O Mg & Ft
%2 1099.5 K B I WL %% 21— AN g =] IR R
410824 KMz Bl 7 — i (8 4 (a)). A
B, 7R A 3 AN o AR R B T IR BRI A,
HARE a4 (b) fion. %A A4 2%, £1F
POl AR R — RARAS. T IX R AR AR
PESC R, Al A HEN H CagMna O7 B AH AR I
FE, £ 550 K, 5 SCHR [34] RIB AT, Liu s 29
FI b i VR 0 B A iR XRD W T H AR AR IR
FELL L i S AR S5 4. iR XRD (0L 4 45 3R B,
CasTiO7 M B 7E 1173 K N WY J5 14/mmm M, X
SR — 3 07, Li 2 29 R A i DSC
T Cagz_,Sr, TioO7 (z = 0.1, 0.2, 0.3, 0.4) B &
AR AR IR FE B Sr2t B s AR AR, BF T 45
BRY, ZARYIM G RIS E, B3
FHAR 5L 5 B A Sr2t B 9 i IR 3 T 26 1 R BE, 4
HER 45 35 Huang 25 P8 (45 5 —50

Li %5 (261 1) i ik b 06 0 AR 1 IR AE (110) St-
TiOz FEMR F 4 K T CazTi O I JE, I H
— ZR B 45 # R AEE B T [001]Cag TisO7//[001]
SrTiO3 f1[110]CazTioO7//[110]SrTiO3 4 4k 5 .
BB B, KA R ER N afll. 2N
RF ALY 2, #3515 kV /em, K
KAK T 5 S AP & B Hrmidy. 55— MR R R
B R AR TR0 R JEE 1) 7 73 I 1% — 5, T e O b
(I3 12 VA 45 T T (1 Al 5 36 s

157503-5


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 67, No. 15 (2018) 157503

2P/nC-cm—2
o

()

410.8
Joa = | 4

. _
lo ¢ e
{043 - .
1-0.8
i a

—400 —200

E/kV.cm~! il S
o%ﬁ'
-

0 200 400

10 F(d)

'.
- §
£

-g g‘:: e B Ig B ..g

- Fitting (e) i
— A21am e A A
— Amam Ll ‘;—\.h}p_. =

A2iam J A ¢ __L

 Amam _:-X»‘.
o .
#: Data ‘:-:\l-» -

o -

wn
8]
= 8
=]
s 6
g
~ 4
>
=
w2
g
-‘EO
=

Pl T T e ey e - B @
—2F =] =+
. I I
20 40 60

26/(°)

5 £ Sr3SnoO7 FEM IR R IER 2 MR R  (a) POLRITAEEFHE T M mIRL EHIB A, (b) ZETFH
HIEIZE; (c) 285 K FHIXRD il (d) il (e) 2k a—a~cT WASRIRTE ¢ Fl b 7 #35 (0]

Fig. 5. Orthorhombic twin domains and switchable electric polarization of a polycrystalline Sr3SnaO7 specimen

at room temperature: (a) Polarized optical microscope images of the polished surface in a transmission mode;

(b) electric polarization (P) and compensated current (I) versus electric field (E) hysteresis loop by a PUND
method; (¢) XRD pattern of Sr3SnaO7 at 285 K; (d) and (e) c-direction and b-direction views of the ferroelectric

a~a~c* distortion in Sr3SnyO7 U1,
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Fig. 6. Phase diagram of polycrystalline (1 —2)(Sro.4Cag.6)1.15Tb1.85Fe2O7_;CazTi2O7 (0 < < 0.30) and the occurrence

of magnetoelectric coupling in the polar and weak ferromagnetic region: (a) Dependence of crystal structure, magnetic

structure and magnetization on composition and temperature; (b) cross section of the phase diagram at 300 K (saturated

magnetic moment per Fe plotted with calculated polarization showing the simultaneous emergence of magnetization and

polarization as x increases); (c) linear magnetoelectric susceptibility versus composition at 60 and 100 K showing that the

magnetoelectric coupling increases with polarization (311,
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SPECIAL TOPIC — Multiferroicity: Physics, materials, and devices

Hybrid improper ferroelectricity and multiferroic in
Ruddlesden-Popper structures”

Liu Xiao-Qiang Wu Shu-Ya Zhu Xiao-Li Chen Xiang-Ming'

(School of Materials Science and Engineering, Zhejiang University, Hangzhou 310027, China)

( Received 9 February 2018; revised manuscript received 13 March 2018 )

Abstract
Hybrid improper ferroelectricity (HIF) is a secondary ferroelectric ordering induced by the coupling between oxygen
octahedral in-plane rotation and out-of-plane tilt in a metal-oxide containing the perovskite structure units. Investigation
of HIF will greatly extend the connotation and denotation of ferroelectric physics and material science, and it is expected
to develop the room temperature single phase multiferroic material with large polarization and strong magnetoelectric
coupling, owing to its intrinsic characteristic of the electric-field control of magnetism through HIF in magnet. In the
present paper, the recent primary progress of HIFs and the multiferroics with Ruddlesden-Popper structures is reviewed,

and the perspective of the future development is also presented.

Keywords: multiferroic, hybrid improper ferroelectricity, oxygen octahedron tilt, Ruddlesden-Popper

structure

PACS: 75.85.4+t, 77.80.—¢, 77.80.B— DOI: 10.7498/aps.67.20180317
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Fig. 1. Structure, band structure, and comparison of d1T with c1T: (a) Trimerization of Mo atoms
in the distorted low symmetry 1T form with a v/3 X v/3 unit cell and (b) electronic structure of d1T
MoSz2; (c) displacement vectors (green arrows) of the d1T phase with respect to the c1T phase; (d) an

isosurface of the difference in charge densities of ferroelectric d1T state with up polarization and the

c1T state; green color (light grey) denotes negative charge and blue (dark grey) denotes positive

charge; the broken inversion symmetry in the charge density difference confirms ferroelectricity in

the cell-tripled ground state structure (301,
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Fig. 2. (a) Top view of group-V elemental monolayer; the rectangle with black dashed lines indicates the
unit cell; (b) side views of the two energy-degenerate distorted non-centrosymmetric structures (phases A
and A’) and undistorted centrosymmetric structure (phase B, corresponding to the phosphorene structure);
the height differences between red and blue colored sites in upper and lower atomic layers are labeled as

htu and hr, respectively; (c) free energy contour for As monolayer versus the buckling heights (hy, hy,); the

phases A, A’ and B are marked [34].
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Fig. 3. Structure and lattice distortion of SnTe film
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Fig. 4. (a) and (b) Side and top views of the crystal structure of monolayer XTe (X = Si, Ge, and

Sn), respectively 137
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Fig. 5. Structure of monolayer group IV monochalcogenides (M X) and their ferroelastic and ferroelectric orders [

42]
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6 (a) H)= AgBiP2Ses A5 MALIE, ForiRta b S G (/RS IR Se, P, Bifll Ag JiF, AL tIEL
JeTeML; (b) BIASBAT A RIBRAL 7 [6] e AR 2k AR (b ) AR s e ARG R AR (e ) 5 g M40 ), G e 58 R R
Hi kA AR BidY B TR Agt BT TTMMIRAL, SEF LR AZ AgBiPaSes MMRAL; (c) MM Ag MK\
i () R Bi (0 )\ (47) DL B

Fig. 6. (a) Top-view of the structure of monolayer AgBiP2Seg; the brown, pink, purple and blue balls
represent Se, P, Bi and Ag atoms, respectively; the red dashed line is the unit cell; (b) schematic side-views
of the two distorted ferroelectric phases with different polarization directions (upper and lower images) and
the high symmetry paraelectric phase (centre image); the purple and blue arrows represent the polarizations
contributed by the Bi®T and Agt ions, respectively; the green arrow represents the total polarization of

monolayer AgBiP2Ses; (c) schematic side-views of the distorted selenium octahedral with the Ag (left) and

51

Bi (right) ions inside [
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() (b)

—CHs
—CH,0OCH3

—COOH

7 (a) FEEE G/ B IAELIE; (b) Sn(P, As, Sb)—CHoOCH; UL R, Hork it 3 Sk R on il pk
#¥%; (c) —CHzF, —CHO Ml —COOH B (¥ 45 4 / S AL B A AL (d) —COOH M (e) —CONH;
B 2 MoSa ML [55]

Fig. 7. Side and top views of (a) methyl-terminated germanene/stanene and (b) Sn(P, As, Sb)—CH2OCHs3,
where the blue arrow denotes that the polarization is switchable; side and top views of (c) germanene/stanene
functionalized by —CH2F, —CHO, and —COOH, respectively; side view of MoS2 monolayer functionalized
by (d) —COOH and (e) —CONHz, respectively 7],

(a) (Top ) o e
electrode [ 0 ] [ ! ]
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FUA T 2B B IR AR A 40t 555 Sk R R 18 B R AL 77 1) 156

Fig. 8. (a) Design of high-density two-dimensional multiferroic tunnel junction array, where top and bottom
electrodes are metals with significantly different screening lengths; (b) design of two-dimensional multiferroic
field-effect transistor, where only the bottom phosphorene layer is attached to the source and drain electrodes.

Red arrows denote the direction of vertical polarizations [°6].
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Fig. 9. Top and side views of the geometrical structure of the 2-UC BaTiO thin film with TiO2 termination for
the (a) paraelectric (PE), (b) FE 110-P, and (¢) FE 100-S phase. The blue arrow represents the polarization
direction. Compared with the PE phase, the FE 100-S phase has a big distortion along the [100] direction.
The numbers denote the Ti—O bond lengths (in A) 58],
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Fig. 10. (a) Top and side view of the 2-UC SnOas-
terminated CaSnO thin films with the FE 110-IP state;
the green arrows represent the direction of polariza-
tion; (b) schematic illustration of the FE, rotation and
tilt modes presented in the FE 110-IP state relative to
the PE state (58]
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Fig. 11. Top view of the optimized CrBrs (a) and CrBrg‘s_ (b) monolayer. Brown and cyan balls represent

Br and Cr atoms, respectively. Dashed rhombus represents the primitive cell [61].
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The schematic diagrams of (a) three-

metal with an in-plane polarization and (c) two-
dimensional hyperferroelectric metal with an out-of-

plane polarization [64]
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SPECIAL TOPIC — Multiferroicity: Physics, materials, and devices

Research progress of low-dimensional ferroelectric
materials”

Hu Ting Kan Er-Jun'

(Department of Applied Physics, School of Science, Nanjing University of Science and Technology, Nanjing 210094, China)

( Received 19 March 2018; revised manuscript received 30 April 2018 )

Abstract

Ferroelectricity, which exhibits a spontaneous electrical polarization under Curie temperature, is of potential value
for sensors, photonics and energy-efficient memories, solar cell, and photoelectrochemical applications. With the rapid
development of high-density electronic devices, miniaturized and integrated ferroelectric devices have been a development
tendency for ferroelectric materials. However, the size effect and surface effect restrict the applications of traditional
bulk ferroelectric materials on a nanometer scale. Therefore the ferroelectric properties of low-dimensional nanomaterials
have become an extensively studying subject in the field of material science. In this article, we review the theoretical
and experimental researches of low-dimensional ferroelectric materials in recent years, including two-dimensional van der
Waals layered ferroelectric materials, covalent functionalized ferroelectric materials, low-dimensional perovskite materials,
external regulation and two-dimensional “hyperferroelectric metal”. We first give a concise outline of the basic theory,
which relates to the existence of ferroelectricity. And then, we introduce the intrinsic ferroelectricity into two-dimensional
materials. Many samples have been predicted, and the origin of ferroelectricity can be attributed to the soft modes
of phonon, which leads to the ion displacements. Further, we discuss the ferroelectricity in covalent-modified two-
dimensional materials. In such structures, the modified groups produce spontaneous electric dipoles, and lead to the
macroscopical ferroelectricity. Therefore, we focus on how to design such structures, and the consequent ferreoelectricity.
Considering the big potential of perovskite structures in ferroelectric family, we also discuss the recently reported low-
dimensional perovskite structures, indicating several competitive mechanisms in such complex compounds. Additionally,
we also introduce the research progress of other aspects in this field, including charge-polar induced ferroelectricity, two-
dimensional ferromagnetic ferroelectrics, and hyperferroelectric metal. The reported new physical mechanisms are also
provided to explain the low-dimensional ferroelectrics. Thus, such results not only mark the research of low-dimensional
materials entering into a new stage, but also provide abundant physics in this area. Finally, the development prospects

for low-dimensional ferroelectrics are also discussed.

Keywords: ferroelectricity, van der Waals layered materials, covalent functionalization, perovskite oxides
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Fig. 2. Schematic of solar cell output current as a
function of voltage, for a shift current solar cell, dis-
playing the linear relationship between current and
voltage. Also shown are short-circuit current Jsc and
open-circuit voltage Voc points, and maximum power

point, Prmay [24].
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Fig. 3. Models for the bulk photovoltaic effect (101 (a) Asymmetric carrier scattering centres, resulting in a net

flow from randomly drifting carriers, following Belinicher (421, (b) asymmetric potential well at a carrier generation

centre; photogenerated carriers have a preferred direction of exit, following Lines [43]; (c) relativistic splitting of

the conduction band minimum establishes two distinct channels for electron excitation, polarized light promotes

electrons preferentially to one channel, following Fridki
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Fig. 4. (a) Isotropic and (b) anisotropic nonequilibrium
carriers momentum distribution in centrosymmetric and
noncentrosymmetric crystals corresponding to the classi-

cal and bulk photovoltaic effects, respectively (371,
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Fig. 5. Schematics of the anomalous photovoltaic effect with (a) electrodes perpendicular to the domain wall and

(b) electrodes parallel to the domain wall. The corresponding photocurrent-voltage curve for the devices in (a) and

(b) are shown in (c) and (d), respectively 2],
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SPECIAL TOPIC — Multiferroicity: Physics, materials, and devices

Photovoltaic effect in ferroelectrics®

Cai Tian-Yi' Ju Sheng

(School of Physical Science and Technology, Soochow University, Suzhou 215006, China)
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Abstract

Ferroelectric oxides are attractive materials for constructing efficient solar cells. The mechanism includes the
anomalous photovoltaic effect (APE) and the bulk photovoltaic effect (BPE). The BPE refers to the generation of a steady
photocurrent and above-bandgap photovoltage in a single-phase homogeneous material lacking inversion symmetry. The
mechanism of BPE is different from the typical p-n junction-based photovoltaic mechanism in heterogeneous materials.
We survey the history, development and recent progress in understanding the mechanisms of BPE, with a focus on
the shift current mechanism, an intrinsic BPE that is universal to all materials lacking inversion symmetry. We also
review the important factors to the APE, i.e., the domain boundary, the Schottcky junction, and the depolarization field.
The recent successful applications of inorganic and hybrid perovskite structured materials in solar cells emphasize that
ferroelectrics can be used in conventional photovoltaic architectures. We review the development in this field, with a
particular emphasis on the perovskite materials and the theoretical explanations. In addition to discussing the implication
of a ferroelectric absorber layer and the solid state theory of polarization, the design principles and prospect for high-
efficiency ferroelectric photovoltaics are also mentioned. Considering the coupling between the degrees of freedom, some
special ferroelectrics are expected to have prominent multi-functionality. With the introduction of the additional degree
of freedom, some ferroelectrics, i.e., ScFe,Cr1—,03 (1/6 < = < 5/6), can be a promising candidate for highly efficient

solar cells and spin photovoltaic devices.

Keywords: ferroelectrics, photovoltaics, multiferroics, solar cells
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Fig. 10.

(a) Reciprocal space map in H and K of the antiferro distortive octahedral order reflection at (3/2

1/2 5/2); (b) L scan through the (4 4 2) Bragg reflection and an atomic model of the titanium displacement at

5.2 K[114]; (¢) FE. giving rise to a polarization P,
(e) AFD; (M;‘ mode) with oxygen rotation angle ¢;

; (d) AFD.o (M, mode) with oxygen rotation angle ¢.o;
[115]
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Fig. 11. (a) Calculated energies versus strain for the Q -, Q- and Q.+ modes; (b) stability of the Cmc2;
3

1 2
and Pbcn phases with strain; energy contributions from (c¢) the AFD and (d) FE(AFE)-AFD interaction

terms to the energy gains with respect to the I4/mmm structure, respectively, with strain (1201,
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Fig. 13. (a) Schematic illustration of cooperative (green) and competing (orange) behavior between stress e, polar-
ization P, magnetization M, and oxygen vacancies § [124], (b) XAS O-K edge of SrCoOg3_s films on the different

substrates [126]; (¢) comparison between SHG signal and electrostatic force microscopy contrast as a function of

temperature; (d) electrostatic force microscopy images of nearby regions taken at different temperatures (791
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Fig. 14. (a) Phase and (b) amplitude of the piezoelectric domain after application of +10.5 and —10.5 V

bias [130]

; (¢) STEM image (upper panel) and simulated image (lower panel) of the superlattice structure;

(d) Fe cation displacement map obtained along the out-of-plane (d) direction [}32],
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Fig. 15.

XRD scans of (a) a brownmillerite SrCoO2.5 film and (b) a perovskite SrCoO3_s film. Real-time

temperature-dependent XRD 6-20 scans clearly revealing (c¢) the SrCoOgz_;s-SrCoO2 5 transition (reduction) in
vacuum and (d) the SrCoOz 5-SrCoO3_; transition (oxidation) in oxygen [146],
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Fig. 16. (a) The experimental setup of applying an electric field normal to the film in a TEM; (b) HAADF images

of NSCO with periodic nano-twined structures; the ABF images intensities for the (c) pristine state, (d) LRS and

(e) 1 V-LRS [148],
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Fig. 17. (a) Schematics that depict the electronic reconstruction across the oxide heterostructure; (b) Hall resistance versus
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Fig. 19. Ionic liquid gating can be used to induce the insertion of (a) O2~ or (b) HY ions into a thin film material;

(c) reversible phase transformation of SrCoO3 5 through an electric-field-controlled, dual-ion (02~ and H+) switch [159],
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SPECIAL TOPIC — Multiferroicity: Physics, materials, and devices

Oxygen vacancies induced tuning effect on physical

properties of multiferroic perovskite oxide thin films

Zhao Run?’ Yang Hao?!
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2) (College of Science, Nanjing University of Aeronautics and Astronautics, Nanjing 211106, China)

( Received 28 May 2018; revised manuscript received 2 July 2018 )

Abstract

By controlling the position and concentration of oxygen vacancies, the relevant physical properties of the multiferroic

ABOg3 perovskite thin film can be modulated, including electric, optical and multiferroic properties. In this paper, we

briefly review the various typical multiferroics. The details of oxygen vacancies are introduced, including the formation

mechanism, oxygen octahedral structure, relationship between strain and oxygen vacancy, and specific tuning effect on

the physical properties (multiferroic, superconductivity and electrochemical behavior). The latest research progress of

the oxygen vacancies induced tuning effect, especially in the field of the multiferroic, provides valuable reference for

exploring novel magnetoelectric functional materials and devices.
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FURIN TAGERR" 6 i i R A5 H), LA 1 IRk S A B4 i 1 S B W B 45 4 o A A P A0 1 58 P R/ B L
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i 161 3 44 1 2k R ik BiFe O3 22 2k A4 K] Hh i FN B
FH AN [R] (1) 4 J@8 76 2 A o 7= AL R AR Bk
(improper ferroelectrics) 8k HLAHAE o, 2k LA AL
P (polarization) AN & H K= AT S5, M2 H
A\ AE [ Bk AR 20 A H e P B AT A 7 55
SHIREZ &, K 15E AR v el R g 3 A2 T Dy mT
. FLSk Z B R AR 2k A AR IR AN R A R 2
Fhor2RT71%, B2 AR VEAE B 48 0T LLS 2 23R S
R [17] B4

Landau 7E 1937 452 AR ME R B 16 2 )5 9,
Ginzburg 921 ¥ 45 ¥ Landau #H 28 3 i B ] 1£
TRk H S T 1 Devonshire 227240 411 37, 4 Ba-
TiOs K8 ) B K BB T 5 Landau #1148 #1828
AR ME GBI, FF PR T8 T X PR A 2 R B —
GeARAR. Rk, B ARk R A R ) E R P
WHFR A Landau-Ginzburg-Devonshire theory, i
FRLGD FHif. 7£ Rabe, Ahn Al Triscone *°! 4% 5 )
B A2, Chandra A Littlewood X LGD
PR T IR A, 8 SRR TR
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JE 2 AR AL R R AE AN AR . R L
H1 BB L F A AL 58 L P ek SR T, RieT
FREVBRHAT NI — N IT 2R X T AR
LI RL, FAVECE s B BRI R % a, b, c
FEWH a = ao(T — To) LMEHMI TIRSE, IEE R
RIAZ Je eIt s nl A5 8

1 1 1
Fp= 5aO(T — Ty)P? + pr‘* + chG — EP,

X EZAMINHEI5E (electric field). — M8k
A B I P A S s TR) G5 A SO R, BT A SR
WA TR JE P& ORI, AP 2 T, il F
P ()4 5 T 4R 2 F BIMME, 13 3 B R R A 98
(spontaneous polarization). ag T ¢ % 2k LA K i
HONIES, W T — Ty B IE UK P R AR A I R A
e M ERE A NRAC SRR, b > 0, AR
AR A 58 P2 0 e A AR U I o B R T B T i AR
NE, RAEZHMA; b < OB, HARE T E
RAA TR R IR L BT AN SRR 3T, KA
— AR AR 6],

1974 4F, A JRHR AR 038 3T B A AR AR I R
B RET M EBRGR P ZREgE iR T
B ALK R0 SO R R R TR A 25 R S S 4
H#AT T R, 146 H Indenbom F-7E 1960 SEEL
SRRV TN T AR H AR A AR A A7 AE 8 B T Bk
AR IR AE = RIS F S B A0, FEH Uk R Y
N HFE RS — RSB A IR KANE,
A FL B O T PR R R O R AN 18 e B -4 e A
(Curie-Weiss law), X 17 ik AHAR 45, 9E
LR R B 5 A B B R R PR B, B AT AE R
PR (7] W 45 4, 3 2 DR D Al 8 BBk AR AR R 2R
I ) AR IR AR BTk AR k. R EE RS, 1
EAR R, EAYEE SIH 2R R (FEH
A [F] B I, T SR Dy A B R R B R K 2 ik
NTFZE, BAXMERAGER I IR M
Yerll: WREIR S HIE N S B E T P
1973 4, Holakovsky %1 341 Hy — i i 15 ) fish % 72
BRHAEAS (triggered ferroelectric phase transition),
ZHERREIHDAE TS BRFT 55%H
A5 P 5 2 TR R 5 TSR A

2008 4F 2 i, B T4 YMnOg 14 & 19 /b 8 5t
AR AN BOL 18 2 R AU OGRS AR 4 R el
Wi AR 7= A AR Rk L AN 2 O DSt R R
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HA A4 48 38 Dy« TLART™ Bk F A 1T I E <R F I 2k
. R S O RUE 2 B E e AR A AR
BeHL, 412007 #E7E Cheong F1 Mostovoy #2 5 i) £k
R AR R T RE A ) R A BE B R e
Dzyaloshinsky-Moriya (DM) #H H{F i 334 = 4=
B MERIHLER B 2006 4E, Sergienko % P91 K HLH
JiE zigzag BE 45 14 1 E B i k4 15 28 85 EK 0 4 H AL
VAR IR 2 b 2 Lk AR AL, TOINX AP B e
HIER G JC G E B SOk -2k v = A= L ] B
A2 LE 2R ABL ThbMn O3 1) H i8R e A 7 2k il A K iy
MR R E M AL. ANATTIE I SR AR OW E e
B E MR ES S R REE A T RS
IEASESERT R B A M AR B, DA R B o A 1
TR I I P BT e A
SEA PR A R AR F AR SR AR R G, T B R
U i R R M 195 B A6 2 7 T R LGB e G I
A2 B R BR AR A I L 26 e b, B AR L AR
T sin i B 2 AR /N 36390, [RI I IR A 2 B ) — st
S MG PHARAT AT AT 2 R A AR AR 251 T 8. WL
AT YMnO3 H Sh A 251 EAFH [F] 5975 M A5 5L
2H-BaMnOg 10 7E AR A 7T LAt 30 S 4k
RS R AL, 5 4h Park 25 1 7E 2017 4E (1)
TR I, LE LA A 7 1945 8 B LaVO3 /SrVO3 25
BB AR, d I R AN A DU RS AL S
A MELE B — MRS A IR R AR L. 1
A ALY RMno O 1 FH % 22 2k 7k 3 A i i F A &
RONABAZ B T E A T S 1

2008 4, Bousquet &5 9 3 1 2 T AR Mk
FL S 56 AN FR B 7T B T B M A, At AT e J
] (short-period) FIF5ERH" 8 fri#% PbTiO3/SrTiO3
L RIRT DR SR o A6 5 T A LA A A AR T R
3 B X6 PR AR SR PR I 1T PR TS 1T 5 BUR) HE R AR
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FOETEFE, Al A0, BDAR A6 98 B P, A =2 KB
HEFZE. /EERIE SR P4/mmm MR
TSR T(0,0,0) AT M (1/2,1/2,0) # s5 HBLE
W, %R HAAEATRERFE, (I ), AFD,; (M)
AMAFD.o (M, ). BEER ¢.1, ¢.0 MR N P,
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Fig. 1. Sketches of the antipolar displacements leading to hybrid improper ferroelectricity in the (A’BOs3)1/(A”" BO3); and
(A’BO3)m /(A" BO3), superlattice grown along [001] direction with both A’BOs and A” BO3 having an a~a~c? tilting
pattern. Panel (a) shows the antipolar displacement in the case of the (A’BO3)1/(A” BO3)1 along [110] direction. The lack
of full compensation between the motions of the A’ and A" atom (represented by arrows of different lengths) leads to hybrid
improper ferroelectrics. Panel (b) corresponds to the case when both n and m are even and shows that no polarization exist
since antipolar motions precisely cancel each other in the A’O and A" O layers. Panel (c) shows the unique case in which hybrid
improper ferroelectrics can occur, that is when n and m are both odd. Panel (d) represents the case when n and m are of
different parity, which also results in a vanishing polarization. Panel (e) provides the magnitude of the polarization of (001)

(LaFeO3)m /(YFeO3)., superlattices as a function of lanthanide composition for different combinations of n and m 6],
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Fig. 2. P2y ground state of the studied RoNiMnOg/LasNiMnOg superlattices. (a) Representation in three dimensions. (b) Rep-
resentation in the (a,b) plane. The La3t, R3*+, Ni2t Mn**t and O2?~ ions are displayed as green, orange, cyan, purple and red
spheres, respectively. The NiOg and MnOg octahedra are displayed using cyan and purple octahedra, respectively. The largest
magnitude of the antipolar displacement (82) of the R3%t ions with respect to those (§1) of the La3t ions along the b axis is
schematized here to emphasize that this inhomogeneity is the microscopic reason for the creation of the electrical polarization. The

antipolar displacements along the a axis of the R ions within the RO plane (denoted as +683 and —83) (617,
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Fig. 3. Properties of R2NiMnOg/LasNiMnOg systems as a function of the rare-earth ionic radius | a),
transition temperature (as calculated by Monte Carlo simulation) in the relaxed P2; ground state of the superlattices, respec-
tively; (b) the average forces (along the b direction) on La3t, R3%, Ni?*, Mn*t and O2~ ions in the unrelaxed state of the
R3yNiMnOg /LazNiMnOg superlattice, for which the lattice parameters and atomic coordinates are those of the paraelectric P21 /n
state of LagNiMnOg and for which the R ions occupy the second AO layer of Fig.1 (a); the blue horizontal dashed line in (d)

represents the magnetic Curie temperature of LagNiMnOg bulk.
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Fig. 4. Spin configurations yielding the ferroelectric polarizations are shown for two sublattices of magnetic ions
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in the rare earth perovskites 39, In (a)—(c) the dominant G-type antiferromagnetic vectors are along a,b and ¢

directions of Pbnm phases, respectively. The bigger blue spheres represent the rare earth, and the smaller cyan

spheres represent the transition metal ions.
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Fig. 5. Schematic of the Fe3t spin arrangement in the studied Xo magnetic monodomains and some Xn-m mul-
tidomains of SmFeO3 for (a) G, (b) C, (c¢) A, and (d) F. The green planes locate the domain walls, while blue and

red arrows represent spin up and spin down, respectively
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[124]
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VAR TR 3 M7 2 W1 e Al Rk v 1) 2 FL B DA 1 2
A2 i A48 280N 5 BUE S BRI W BE Ak O2 B T %
ANBER LRI, A7 £ 5 i F AR 53— 7 i,

157504-9


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 67, No. 15 (2018) 157504

0.08

0.06

0.04

0.02

0

0.08

0.06

0.04

0.02

(b et F Mg 0.08
et w4 loos

g i 0. Woos
o~ W T o0z

0.08
0.06
0.04

0.02

K6 BRI EMEYS (a) Gn-m, (b) Cn-m, (c) An-m, (d) Fr-m BEWERIEL R n R m 4600 6 £ B [124)
Fig. 6. Computed magnitude of the electrical polarization for the various studied combinations of n and m in the
(a) Gn-m, (b) Cn-m, (c) An-m, and (d) Fn-m structures [124],
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4 R

Fig. 7. Displacements of oxygen ions (represented by
black arrows) located at domain walls (represented by
green lines) in the (a) G3-3 and (b) G4-4 spin con-
figurations which contain 3 FeOz planes and 4 FeOq

planes in each domain, respectively [124]

4 % %
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SPECIAL TOPIC — Multiferroicity: Physics, materials, and devices

Recent progress of improper ferroelectricity in
perovskite oxides™

Zhao Guo-Dong Yang Ya-Li Ren Wei'

(Department of Physics, College of Sciences, Materials Genome Institute, International Centre for Quantum and Molecular
Structures, Shanghai Key Laboratory of High Temperature Superconductors, Shanghai University, Shanghai 200444, China)

( Received 10 May 2018; revised manuscript received 6 June 2018 )

Abstract

Perovskite oxides show many potential applications in the research fields of emerging materials and devices for
electronics, information and communication because of their rich functionalities, e.g. magnetic, ferroelectric, multiferroic,
mechanical and optical properties. Among them, ferroelectricity is currently being studied intensively due to the existence
of many different mechanisms, and the coupling with magnetism and strain. In contrast to the proper ferroelectricity
in which the polarization is the main order parameter as the driving force, the improper ferroelectricity possesses the
ferroelectric polarization that becomes a secondary order parameter induced by other orders. In this review, we focus
on the inorganic perovskite oxides to summarize the recent research progress of the improper ferroelectricity in general,
but we review the magnitude of polarization, and the generation mechanism of improper ferroelectricity in perovskite
superlattice, double perovskite structures and a specific SmFeO3 single crystal possessing antiferromagnetic domain walls

in particular. This review will hopefully provide routes to systematically understanding the improper ferroelectricity.

Keywords: perovskite, improper ferroelectricity, superlattice, antiferromagnetic domain wall

PACS: 75.85.4+t, 75.30.Kz, 75.70.Kw, 77.80.—¢ DOI: 10.7498 /aps.67.20180936

* Project supported by the National Natural Science Foundation of China (Grant Nos. 51672171, 11274222), the Fund of
the State Key Laboratory of Solidification Processing in NWPU, China (Grant No. SKLSP201703), the National Key
Basic Research Program of China (Grant No. 2015CB921600), the Fok Ying Tung Education Foundation, and the Eastern
Scholar Program from Shanghai Municipal Education Commission, China.

Corresponding author. E-mail: renwei@shu.edu.cn
1%

157504-13


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.67.20180936

Chinese Physical Society
IR Acta Physica Sinica

. Institute of Physics, CAS

SMABFISHRE SHRMEMRINSES 594

Bl EiE KEHK ¥R FI EAAFL

High pressure synthesis and physical properties of multiferroic materials with multiply-ordered per-
ovskite structure

Zhou Long Wang Xiao Zhang Hui-Min Shen Xu-Dong Dong Shuai Long You-Wen

5| 5 & Citation: Acta Physica Sinica, 67, 157505 (2018) DOI: 10.7498/aps.67.20180878
TE %132 View online:  http://dx.doi.org/10.7498/aps.67.20180878
23 2% View table of contents: http://wulixb.iphy.ac.cn/CN/Y2018/V67/115

A RERR AR A S E
Articles you may be interested in

V47746 % 2% BIMnOg HiL ¥ 1 1% (1) LS T 97
Theoretical study on magnetoelectric effect in multiferroic tetragonal BiMnOg
PP 224%.2018, 67(15): 157511 http://dx.doi.org/10.7498/aps.67.20180946

S Bl R 5 AR (R B HL B ST AR B R A A A

Fundamental circuit element and nonvolatile memory based on magnetoelectric effect
PP 2%, 2018, 67(12): 127501 http://dx.doi.org/10.7498/aps.67.127501

FINFHAE G RE 7 BUREH E AR S0 R ) 28 R B A Y

Equivalent circuit model for plate-type magnetoelectric laminate composite considering an interface cou-
pling factor

PP 22,2018, 67(2): 027501  http://dx.doi.org/10.7498/aps.67.20172080

HET e B R P P 1 P R S DRI AR F T N 73 B

Low frequency magnetoelectric response analysis of magnetoelectric laminate material based on energy
conversion principle

YyH 2422014, 63(20): 207501  http://dx.doi.org/10.7498/aps.63.207501

ZHRAEF HOMN O H 't 27 IR YSUR i A2 BIX A 1Y) 28— 1 i PEATE 7T
Research on optical absorption and distortion driving in multiferroic HoMnO3 from the first principles
YE = 4.2013, 62(12): 127502  http://dx.doi.org/10.7498/aps.62.127502


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml
http://dx.doi.org/10.7498/aps.67.20180878
http://dx.doi.org/10.7498/aps.67.20180878
http://wulixb.iphy.ac.cn/CN/Y2018/V67/I15
http://wulixb.iphy.ac.cn/CN/abstract/abstract72431.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract72216.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract71454.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract61496.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract54164.shtml

) I8 ¥ 48  Acta Phys. Sin.

Vol. 67, No. 15 (2018) 157505

SR IR R R ER R R

LM BFISIAT ZERMEM RIS ESIE ST

ARV EFVD EHY

H A AR D2

U REP R POLl

1) (P ERFEFEGEEE AT, JCERASYIE R G, JE3 100190)
2) (P EREERE KPR SR, Jbal 100049)
3) (RERZFEWH P, B 211189)

(2018 4E 5 7 4 Hi#; 2018 45 5 1 29 HUkFIME 5k )

PEERT B TG 2 BV iR L B AR R 2 — . T RS A B, AR DU A SZ T B ERAT A% o i
REINZBRIER. 350, DU A 2 BRIEAOBR MR R AR A A SR AR 1, ™ 1 20 2 BR VR R B0 78
FERLH]. A s ggad 1 Y I v i 2 AF ) 25 OIS 2 A A5 B S A i re 2 BRI . (R A ST
s % A 22 A5 K0T LaMing CraO12 7, MUEEE A e i T B LA AL, RITZAM B2 S — D ROR LN B AT 2 8k
PERISLITESER A R, 725 — A ZBrA PSR BiMng CraOn Y, B FEARIZA RN T 1282 8k
L2 BAH. TR X B SEAN R 2 2At 1 R I, BiMnsCraOn [ 7N T K 1 AR A4 55 P52 R 58 1 i v
R R, JF HE I A R ) i 3 A 2 mT SERL DY Sk Al Ak A, DD 2 Thie B e i 122 0 5 2 B AF il e fit

T HEHE AR,

KR, BN, BABME S, mIE SR, 2P R

PACS: 75.85.+t, 75.50.~y, 77.84.—s, 81.40.Vw

1 5 =

Tl PR 22 B Ak AR 2 45 R I L AR R R A A
KREWEA 7 R RR 2, il PR A 5 P
M AALRE 5 e 37 B %, AT Bk 4% H i
P2 08l = 5 B W B R L B TE B %
P07 T AV AE LI, T 2 R PR AR 25+ L4
BT TR RUE, R A T A R S
SRAEAE il 45  HRAE A8 S8 I B ATRL. $58R0 2
W7 2 Btk i EE M RMA R 2 —, fE1£58 ABO;
PSERAT A, AR ORIE T8 5 L A AT 0 2 T S Jeon
FRPE. BRI, A8 WA D £E B A 22 8] S ot (Y
FARPEST T R, A S LA Y S 28k
P, S b, T R 4R B LERRL R S R .

DOI: 10.7498 /aps.67.20180878

N T FIREA ST AR AR 2 B AR FRAT]
e SR E T A SN BIEERET 1 AL, TE Ak
2N AALBL O AR P 2 85560~ (K 1).
T A AL 4 8 S T B AR TR 4 AN
T4, N T HERFSERT 458, BOg \THIR 2 K E
FTEEAIR, IEIB—O BT 140° 4. I,
Z WG AR IR ME T R A kAR .
A SRR SR () PR e )\ T A4 7™ 28 i AR ) 45 2K
WgE ), 205 ADLE PR MBI BT B 1E
AN 7 Z SR, ik 4 E B 1 R s A7
L5 BAL, B 7 WL B LA BARF 4h, AR B
Ry A S AR HE A-BALIE A BAE T, M
AT S8 R A e - Rk, @
EREAENA NS BNSESES THE,
T ] AAERFARH AR 25 W 9 3207 gl &R, 3 —J7 TR

* [E K AR S (WS 11574378, 51772324). B K & S SE R 70 & S8 1R (HE#ES5: 2014CB921500). [E K & A6 & it
(HEvES: 2018YFA0305700) A1 E R 2B 35 H (HEES: YZ201555, QYZDBSSW-SLHO013, XDB07030300, GJHZ1773) ¥ Bl

HIURAR.
T #E/E#H. E-mail: ywlong@iphy.ac.cn
© 2018 FEYIEF S Chinese Physical Society

http: //wulizb.iphy.ac.cn

157505-1


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.67.20180878
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 67, No. 15 (2018) 157505

A R SE K B e e 4 K O 5 3 Bk B AL,
SEHLLTT S M G 2 BR PR SR (1 T AT RE.

B1 ARCHFELZMSHEE AALB O AR EE, B &
R T ETA R BOg JNHRFIH EREITH A’ Oy PN

Fig. 1. Schematic illustration for the crystal structure of A-
site ordered perovskite AA% B40O12. The corner-sharing BOg

octahedra and spatially isolated A’O4 squares are shown.

BT AN [ A Bk AR AL AL EE SR 22 R 1 A )
LA AR 2L RITRANTI S, fETR 28k
MR (640 BiFeO3), #k HRALAEA F A R
I AT IR, DR Ik AR Ak A AN T RE 2 B8 K, (HLRE
HES 2o (= dP/AdH) AR N3] 55—
J7IH, AR LR 2 kR (1 4 IE A ThMnO3),
R 1) FE JE 465 W TT T B s D) TG R 1 i Sk e
AR Ak (1517 DR AT S 505 ik R R A N, (LS
AR 1D o F A A B B AR AR S, B TR 2k
PEMEME A E R EE T L. ik 2 52 br b A
oK, AATHAEE 2 B b Rk R I B & K I Bk il
A iR 5 0 B8 P T PR 5 RO, (ELIK P AR S 1
15 B 0T R B SR 22 A R R HE LS L. R
FH R i S H R, AT H R T ANE T
Z 5%k LaMngCryO 1o (LMCO) 8], Sz56 Anee
WIFH R, LMCO &2 45 N 1R — MR I
B A S 7 B R S5 K I 2 B v A Rl L R A
Cr3t A M3+ B 71 B e 5 )7 fr 5l ie, J& T 38y
(T 28 2 Bk e Ar R} 8191 AR LMCO B 2
il PR B 25, AE G F AR A B R 0N, A DA 2
SRR TSR, AT &N, R Ph2t 5 Bitt &
T 652 PN FEL T~ 250N A 7= AR 50K () K B i AL, 2
11 BiFeO3 [12:20 F1 PbFeq s Nbg 5 O3 21 1) B 42 44, 3
JE A E 10100 uC/em?. Wk, TATH Bt #
R Ladt, 76 K s & T 3RS 7 5 — N as i
£ BiMnsCr,O12 (BMCO) 22, IE #1745 (9 98
FE, BMCO H Bi? ™ B 7 [ 90 HL 7 2808 7E 135 K
FSEHBME FEEENRE MREE— PR
K& 125 K F148 KB, TR AR 125 2 Ak

WA, TR, K AR A 5 P R 55 R R 5 B T
BMCO iX — B A AR WL R I B A SOf
ZER LMCO A BMCO 33X S5 0t  F 14 i

2 HREIT®
2.1 LaMngCr4012

EAEE (> 99.9%) ) LagyO3, MnyOs fil CraOs
R AR AE A R R i 45 LMCO. 3% 88 JFUR % 251k
U EIERBR I FEL T RSB
Ja, EANEA2.8 mm. &4.0 mm MR ES, &
8 GPa, 1373 K ¥ [k myila 261 T~ 4L ¥ 30 min, 2
J K ALK LR, AR R R PR A =, AR S R g
HE, B2 EATIMCO 2 @ikl B2 E8nRT
LMCO 7 300 K i[RI 458 X SGATH (synchrotron
X-ray diffraction, SXRD) & i, SXRD Ml ik 7 H
A Spring-8 [ BL02B2 £k 3% 58 i, 1 RN
0.01°, X 6K~ 0.7754 A. i@ id %t SXRD Kl 1)
Rietveld %] 45 #) k1, AT LLAH L LMCO B A
AR 7 2 W 85 EE0 25 0, 25 T3 S 0 X RR 1
SLJ7 Im-3. 9F B, iRAERES 2] Mn—O, Cr—O
B, J8 O 8 K A (bond valence sums, BVS)
i (24251 AT DL B M A1 Cr 5 7 B0 23
+3 40, T H d g 44 77 X0y LaMns  Cr T 0.
SERIREESE BRI R, LMCO i 1R T S
BRI 100%, 2 B IRAAE = R i 2k 15 2
TEAATFRE I LMCO.

Intensity /arb. units

L e e e e A e A N e R R N R R R AR R RN R AR AR R R R R RA R R AA N
——
lIO 2IO 3I0 4IO 5I0 GIO 7I0
20/(°)

B2 LMCO i SXRD Filf & JoRs 45 5t (261, Horh S (i )
10 2R £ it 2 43 ) R SR A THEE AT e A A 2
fH; BEOEBFRR Im-3 25 (AR UK Bragg ATH G FTAERI L8
Fig. 2. SXRD pattern and the refinement results of
LMCO 26, The observed (black circles), calculated (red

line), and difference (blue line) were shown. The ticks indi-

cate the allowed Bragg reflections in Im-3 symmetry.
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R LA A T 45 R PO LMCO 7 150 K
(Tna) M50 K (Two) W3 ¥ A2 T I 8k ik AH A2
AT HE — 28 R H] 22 fE 48 4980A-LCR L MF %, 1E
1 MHz ) 555 T, 3£ F] F Quantum Design 23 &
FIP N = R 4 (physical property measurement
system, PPMS) #&4k 1IGIR I8, X LMCO 1)
HAT N BEAT T R AE. K I LMCO 47 L H At AE
50 K fir B4 T %48 (3 (a)), 5 LMCO ¥ 8k
WG AR BE Tg FEAHAIR], BUuRAG LMCO H Al R4
TEER R A N 280, Fk, AT H Keithley
o~ #6517 ikl LR LT, FEAH PPMS $2 4K
IR IR B, 3 — 20X LMCO B #0RE H R08 3 A7
B, B R L T, XIS R AR 4y, 3RAS T A
IR HEL AR AL R E P, 45 B4y n a1 3 (b) AT 3 (c)
Fin. nTLVE B, PRI E Tae I, SR E
BRAR A R, SRR 67 4. AR R,
YA Y E BT R, 1, K0P 35 Re i il AL
Y E WP RR I, 2R B LMCO 1E Two Mb R T 8k
FLRHAR, AR HE B HLAH.

w 4.441

4.421
H=0, f =1 MHz
4.40 t t t
(b)
0.4F 70—5 K poling
<
£
< 0f
—0.4 —Poled
151
10f
1
G
O or
=
A 5k

—15L L L L L L

42 44 46 48 50 52
T/K

3 LMCO ¥ (a) /rHFE e (b) BRI I, 1 (c)

HibAk P i AR Ak (18]

Fig. 3. Temperature dependence of (a) dielectric con-

stant €, (b) pyroelectric current I, and (c) ferroelec-
tric polarization P of LMCO 18],

1T LMCO 7E T M3 H 3L S5 B 5 AR 22 1 1)
I 13 1 Ik A AR, T R TS A Bk F AR ALV TR R
MEIEH . AT B IRE I A ) 5%
M, FRATIF) F PPMS $2 4 (AR ARG 305, 0 7L
TAEA A B35 A% R LMCO 7E To VLR Bk
HAT 9. W 4 FroR, T CAE B, AR T A I o i
W, W — AT T WAL L35 (1 4 3 7T
DU 5 0 sk AR AL SR B, A REIA A B T T I,
Tno M BT ARBU AR HRIE (K4 (a)),
H, 30 K&#igm etk AP(= P(T) — P (50 K))
M 15 uC/m? BN % 68 uC/m? (K4 (b)). LA ks
5 B LMCO J& —Fi B A S35 1 FE R A 2508 18
T Z B VEADRL.

4 T T T T T T T T T T
L (a) H//E |
75—30 K, +poled

_(b) H//E ]

30 35 40 45 50

T/K
K4 LMCO AR TH (a) BRI I, 71 (b)
R AL AP BRI AR L 18]
Fig. 4. Temperature dependence of (a) pyroelectric

current I, and (b) net polarization AP of LMCO at

selected magnetic fields [18].

AT PR 5T LMCO FIRE R A 2 B
ECVR, FRATTLE 25 G 0% [ 5K S50 % HB2a K K AT
S bR AR e B R AT TR P R R
1 3 (neutron powder diffraction, NPD) #llli&, M
TR 7 W 5 Brs (G S5 4. IR NPD il
SER R LB RS T (150 K) B, LMCO k4
SRRUEARAS, B AL O3+ iM% B 795 [111) J7 [ JE A%
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G B RHEFT, W 5 (a) Fos. 43— 20 FAR
Z Tno (50 K) i, A’ 47 Mn3+ 0 [111] J7 7] FE 5%
G &M (K5 (b)). K5 (c) T LMCO i
I [ B A e 4 A, X A LR IR Bk L P 5
Seug b B 2 MR SR B — S L B
LMCO 7£ Tno KbBR T H e AL AL, HEH K
A2 A AR (B i AR S R R ), BT Te BAR
PR PR 5 22 M I 2 SRS T AR R I e &5 44

(a) (b)

K5 (a) LMCO/BMCO ' B fii Cr3+ B [111] Ak
e G B RBRRLY; (b) LMCO/BMCO 1 A” fif Mud+ B 74
(111] J7RTERL G B R EHEFF; (c) LMCO/BMCO i Cr3+
A Mn3+ B4 E g i (22

Fig. 5. (a) The G-type AFM structure along the [111]
direction for the B-site Cr-sublattice in LMCO/BMCO;
(b) the G-type AFM structure along the [111] direction
for the A’-site Mn-sublattice in LMCO/BMCO; (c) a com-
plete set of spin alignment composed of Cr and Mn spins
in LMCO/BMCO [22],

Xt B e ek kAL, BT 2 =
WAL 7] 45— & ) Dzyaloshinskii-Moriya 4 H.
PRI (SCFR O E e ), R il At ok T
H R AL T7E LMCO H, Cr3 1 Mn®t #iAE
B [111) J5 R EARA, K BERUNE, Mozt
R REMRE LMCO HIBR sl Al 28 — A2 S il
ARREAY | FLR AR A iR B2 T BT AH 40 1 e B A
AN, HARAL T 181 5 B DT 1A e R i AR S R AR
PEdsE. X LMCO, H e Ll s1im, 71 [111]
() 38 28077 0 # BE T2 I G, T AN S T e — A
T TAFE AT G . B PR A 28 e f = 2 R
TRy ER H AR AL, (ER T L R AR S R B e AR
PE, DI, JRER B AR AL AR LA, B A FE AR A 5 S

NE. F=MR AR FH p-d F B, HEk
AR A 5 (R A0 R A A 25 R RO T PR 2. F T Min3
N Cr3t B ERAL T A O XS BRI AL B, 2T RR P
8, SR . BRI, LA =M
WAL I eV AR RE LMCO ME R & 2 MR A

TR GEH AR A VR, FRATHEAT T
B3 M, B 2% 18 B AL Cr3 ™t - di i A1 A7 AL
Mn3* ¥ g Ak, BATS EH BT AR AL 1 1 R B
—& F1 —8. SR, 4EIX PP 1 Sh S 2 A A gk
AT o0 BT INF, SR B e 45 R A R A T R B 8. ik
AT r TR 25 TR e 35 0 R A 7 A2 Y T 7 [ )
A4k, IF HEREL Forb— PG S5 A% 1) B e 7 [ #4S
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SER BT AR B e TT [, X — s A8 4 e A A 2
HHHEMX A H e RAH BARH— TR s xR
B4y W FRAZ AR ) « PR 7 (Dzyaloshinskii-
Moriya #H B4 ) 1% ) e X FRER 4. 72 Z 1T 1
WEFE R, 2 1) S X RR 2 — B RS AN T, (H 2,
X T R IR B A v X R A 5 ) R ] B R 2R
Jie 45 46 (R4 22, Tl P A A REfiERE LMCO £k FiL ik
A A RIHL. R, & T S P RRAE ELAE FH AR A
& LMCO H §E7 S8t g pLE ), LMCO fE
RNEABA IR S50 G AR S 2 BV
Bl RZHHLEE I PR AL T B LR

2.2 BiMl’l3CI‘4012

FIH 5 LMCO 2 L 1 il 2% J7 %, RATZE =
JE i A& T B RS T BMCO £ B 44 R
K6 & T = T BMCO B SXRD K1, Rietveld
iR HTR B, BMCO Z e =l P fioh A
R 7 2S8R0 S50, VEAI 250 S 80k 1 i
H. MRYE K ER 2 Mo—O M Cr— O B K,
BVS i+ 5% I Mn il Cr & T LA N S AR BT
+3M (1), FiRd BIMn3TCra T 0y BATAL A
AR 53 MR BE J5 4 20k (1) NPD K38 K
BEER, FrA IR 1 3R R E T 100%, R A
TE = R i 2k A R RT3 BMCO B A #EAR (15510
bl

BMCO [ #i 4k Z AT EL 3 Cp BE R E (1) A8 1k
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20T T T T T T T 11.48 up/fu. (ZBSHUERIFE R STHR). N 13—
z 15- - AN AR AR R, AT T AR E (2, 70,
= 150 K) R fL 3R RS 10781, W 7 () B,
2 5, \ J— N — N
& oL i FITATIR P T I REACAT NI R 1 R AP N ER IR A,
< RS 125 K5 48 KR A B9 P AN AR 22 359 0 S Bkl
Z o5t FIAZ. ARAERE 5 B NPD SL40 4 R AT R, 125 KRR
e Li! FAZ B AL Cr3t B 71 B e A P BT sk, 148 K
S S R R O TR TR TR it A2 B R AH A8 T BT A 45 9 A7 AL MnSt B 110
1I0.2IO‘3IO.4IO.5IO.6I0.7IOI @iﬁéﬁﬁﬁ
20 0.09 25
Bl6 BMCO [ SXRD [t S Fokb s st 5 221 Jepor g '
V5 V] € B 20 0 7 €0 1 2 20 0 s S TH SR A e 7
MZ I ZAE; BELBEFRR Im-3 2 AR LV Bragg T g
FF SR AE (o o 8 £ 3
Fig. 6. SXRD pattern and the refinement results of % =
BMCO 22, The observed (red circles), calculated = =
(blue line), and difference (cyan line) were shown. The
ticks indicate the allowed Bragg reflections in Im-3
symmetry.
21 BMCO HfS4H S BVS Bg 944 (2R G
Im-3; B-FHE: Bi 2a(0, 0, 0), Mn 6b(0.5, 0.5, 0), Cr [y )
8¢(0.25, 0.25, 0.25), O 24g(=x, y, 0); BVSitHRH AR E v
Vi = X;8;; M S5 = exp[(ro — ri5)/0.37)], HHrro Xf Cr %
1 Mn 43 BIH 1.708 F11.732) [22] Q
Table 1. Refined structure parameters of BMCO and the
BVS values for Mn and Cr based on the SXRD (Space

group: Im-3; atomic sites: Bi 2a(0, 0, 0), Mn 6b(0.5,
0.5, 0), Cr 8¢(0.25, 0.25, 0.25), and O 24g(z, y, 0);
The BVS values (V;) were calculated using the formula
Vi = XS5, and Si; = exp|(ro — r45)/0.37)]; ro = 1.708
for Cr and 1.732 for Mn) [22],

m
Parameters 300 K 100 K =
a/A 7.39097(2) 7.38539
z(0) 0.3105(5) 0.3122(5)
y(O) 0.1758(6) 0.1776(6)
noH/T
dpi_o(A) (x12) 2.656(4) 2.652(4)
HAFAY - H N 3 RE (AR AL - N
der o(A) (x6) 1.9790(14) 1.9762(15) H’J}U@ (b) Lk Cp Tﬂn Eﬁ%éﬂtsf BRI () A
e O 1381521 158.93(22 Ik I A P B i 37 1) 28 4k 122)
(Cr—0—Cn) 38.13(21) 88.23(22) Fig. 7. (a) Temperature dependent magnetic suscepti-
BVS (Mn) 2.97 2.98 bility x and its inverse x~1 of BMCO; (b) temperature
BVS (Cr) 2.88 2.91 dependence of relative dielectric constant e; and spe-
Ruwp/% 5.63 5.76 cific heat Cp at zero magnetic field; (c) the isothermal
Rp /% 3.06 351 magnetization behaviors at selected temperatures [22].
B AR A —104.1 K, H AU 3 B BMCO BMCO EA KN LMCO f & A 25 7 1260 f

B REMMEAEN. WREWVEH 2N ER Jig 46 4 181 DR BRATT A A B AR %A el R B
WO = 17.06 emu-K/mol, 7] i@ it 1 5 15 2 ZEME. K8 (a) Tan T BMCO fEA A T il ik
BB A R N 11.68 up/fu., 1% H 3E W 73 2B AR A HLH B, BEIR B AR L. BAR, 1E
I BIMn3 T Crit O M B A H e 1 1 H 0 5 135 K I I — DA BESTHE R 5 1) g, Jf HAE 1
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HEEVL b, e ARG, HBLEALE B SN 178,
X BB 5 2 B RE S AE 135 K B Al REAEAE — Nk
HARAR. Dt FRATHE— K T BMCO [ #0BE
HIL RS, JF3R15 T AH S AR A SR FE P I8 (b)
7~ T BMCO #Rs L FLi 5 F A Ak, 5 B O 2 1)
Ak, IR R KR 170 K I, HOR L R T 4R
HHL, JEE 135 KB — R, 5 EiRkA dE 3
UEE AR PR T BRCSRARA, IE Sk L AH AR BT . B4k, 4
5L 3k — 25 PR 31 48 K (Ting BT, P FL HE
WO 4E LA A B, IR BEE B AR A
WIGGR, FURE 7 — DNE AR I R AL IF
B, ®H¥ AL B 3 e 8 0 AR B R 5% 1, 1 — ik
S BMCO 775 AN B FEARAR . & i 2k R AHAZ FEL
H Il SR Tren ~ 135 KA, 135 KE 170 K2
B T A A7 AR SRRk L . B TR IR 2 B A FE2
HEL I8 UG 11 6T RS FE Tno BT, X BRHAR S A4S W
FHEVIM O, B IRATE SOZAH 0 5 B
Trre = Tne ~ 48 K. HE 8 (b) 7l %1, Bk AL P
23 FELM 0484 1.39 uC/em?, 45t FE2 %
AMEINT 0.14 uC/em?.

500 ———F———T————T—
| (a) l

400

300 -

Trp1 ~ 135 K 100 Hz

200

100 M0H= 0oT 1 MHz T
L 1 L 1 L 1 1
T T T T L T T T 80
| (b) I
1.6 ] 1 200 K poled
..... |
...... - 60
1.2
0
<
5 0.8 1% £
. 3.
% ~
A, 1
0.4 : 120
|
|
| -
0 L 1 L 1 L 1 L 1 L 0
0 50 100 150 200 250

T/K

8 (a) BMCO 7 Hi % £ bl B2 1738 4k; (b) Hbkik P
O L LI T, IR AR 4k, (22)

Fig. 8. Temperature dependence of (a) relative dielec-
tric constant of BMCO; (b) I, and P poled from 200 K
down to 2 K [22],

N7 =2 E BMCO B2k AR, FRATTR
I PUND (positive-up negative-down) (27,28] Ty 33
& T AT R 2R, PUND J7 v vl HE Bk JE AR E [
ENOR AN NS U B SV N RN
SREE. B9 (a) B 1 ANFREE T AT 2 A A
B2k, 1F Trg: LLR, ATFE BMCO AW 2 31tk 45
R AR b BT R I L B R, IR SZIR R K
FREHFRIEK. £170 K5 Trg, Z B AFERL
SSHAT R, 5 ERYE AR A B
170 K DAL R iy [ £ 58 47 2%, 2R WA i A T I R,

1000

500

0.8

80 K

40

E/kV-cm~!

Kl9 (a) KM PUND J/iER &S B BMCO I [l
% (b) 80 K Al (c) 30 K I /N[A] HLsz  p i [ £ 122]
Fig. 9. (a) The P-E hysteresis loops of BMCO mea-
sured at selected temperatures by using the PUND
method. The P-E loops measured at (b) 80 K and (c)
30 K under selected electric fields 22,
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. ABMCOTE 135 K148 K4 T B4~k
HLAH AR, R A4k P 7E 75 K 230 K 2 [8] B 2 %
i (E9 (a)), 1X ] B 2K AR ) 28 K B 5] ke
f. B9 (b) 59 (c) e 1 80 K130 Kl
A 0 (1 LR (R0 2, R E AR [R] 1 B K ko L )
™, 30 K FIHFm /8 5 L 80 K (I EL K. b4, 76 [
S8 W B ST, FL ] 2 B A A R ikt B R (3 K
AT g, 4, 78 30 K i, 24k ko s iz M
17 kV /em %] 34 kV/ecm i}, P, A\ 0.35 uC/cm?
BRF 1.4 uC/lem?. AT 223 — 20 1 KRk
M, PR RS EE T, REEWRINZR
FE R RV RN AR A 5 . BRI X AR, H ATE
PUND J7 iR M E) 553k 1.4 pC/em? (AR GRE,
TERE 2 B MM B C R TR K, etk 4
126 2 2k M4 BHE 1 ThMnO3 (0.08 pC/cm?) 16
TbMnyO5 (0.04 uC/em?) 1290 &5 8 o HH AN
. PRk, BPETE BMCO 2 @ b, JRAT 1 s B
IPNGL

P2 R R FRAE BMCO A [A) 2k HiL AR B4 B R 2850
Ky FE2 AH 5 BEAR AR % YA 5%, 00 82 BT 2
R RS A AR, DR FRATT B S B Trma / Tz
PR BR8N T HRBR FELAH B2 M, B4k
FEL 37 I 1 i DX R 60—2 K. 10 (a) o T
Z 2% T R AS [R] 3% 00 315 21 1 AR 4K it 28
N T HE B A ) H AT A5 S ARAE R 3R B s, K FE2
I AR AL 2 N Prre = P(T) — P(50 K). 1R
P& 410 (a) AT A0, FHES 564, Prgs KM K4
019 pC/em?. 40N BT 1AL 35 G
i, BMCO 1 W) Ak B A 1 3% 38 K 4 5 35 T ol
KWL R A 0 7 WA, TR B RO )
FRS G 28 RE. R R A R ) BAORE H R R R
Al REAL S EOR IR S AR A TE ST, N T HRRR X
e S, FRATILE [ g iR R A R BB e HL I B
W AR Ak, I a8 T R B 1) R 43 15 21 AR A 1) iR
AP = P(H)— P(0T). E10(b) &R T A E
TAPSHIAIKEBC R, B, 75 Tho LA 1 (H1
80 K), AP ZHas2 iR /N, 2 B ro il & 2508
§5. SRIMTE Tno AT (B0 2 K), AP BRI IR
BN, TR FE2 AR 1 AR & 80N, R4 sk
MR, BATTEE 9 T, 2 K%M T BMCO
Z eI ERE S R o MWEATL ps/m. 5
Fofth 22 Bk M 4R AR L, FE2 A 11 AR & R 30
BRFIRZYAMEL W BiFeO3 H4 (< 5 ps/m)
DA Rz — &6 Y [ 1136 2 8k A4 RHB] 40 TbMnO3 £

fm (13 ps/m, 4 T) PO Fl ThMnyO5 #Lf (21 ps/m,
2 T) BU. [k, BMCO AMUE A KA H AR 658,
L ] I LA i T LR RO

a

Prga/pC-cm =2

AP/pC-cm~2

-9 —6 -3 0 3 6 9
H/T

10 (a) BMCO RT3 T FE2 M BAAL Prgo
BE W B AR AL, e BT A, (b) AR
N EARAL IR AP BERE7 AR 1 22)
Fig. 10. (a) Electric polarization Ppga of BMCO ob-
tained at selected magnetic fields perpendicular to the
poling electric field; (b) the change of polarization AP

as a function of magnetic field at selected tempera-

tures 221,

1 & 10 (b) AT %1 BMCO (¥ FE1 A FE2 #H 1)
P IO 5 R R IR R S B A R R AR K Y
BARNFEMERE. #ARS Bl E RN E
B FE2 A A I SR S T — 2, I HLAE Tno BAE
BMCO K ARG R AR & /S, 124 FE2 A TE %
I, Bk AR G RO AR OR 1 . I e S 25 L i B
FE2 A1 1 F A U5 BR G 7 26 DIAE G, (R E 34T
%F BMCO #E47 7K 15 NPD 3R I V40w 58 1 14
REWEEE. 5 LMCO 284k, BMCO ) NPD il ik
gh SR 0 2R B B AR B Ty B, B AL Crdt b s
T i R i G B R R, B e T M)
A BBV A6 L7 dm AR S5 A AR AR [111] 77 1m), 1R
R S (a) Fis. iR ERE— PR EE
To B, A M3+ 7 5% T2 i o — MO G A
RERRER, 37 H 5 B A Cr3t B 1 B A A H 16 B i
e (B15 (b)), B, BHRLE I B e g i R34 1Y
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AW (K5 (). 5 LMCO #[F, BMCO & [ H
JVE 25 P KA AR AR 5 8, 2 A T A B T AT
2] SO ARV T OB AR A, R, FE2 AH
& FHRRIR H BESE A S TR 2 M, IR T
KITHG F R K

LR AT 12 FELAH IR JE. T FELAH
FHAS R P2 B 2 T Ty, AT R A AR A B &
HE AL IR. 25 P8 B Bidt 87 I IO F 7 ROR AR A
A] L3 EUE U BiFeOg AR FE 19K AL SRS, BRI
BMCO H17E B Jig A 7 i B2 UL E SR 1K FEL AH %
AIRESR B F B3+ (90K B 7 20, 7E BRI I F,
BMCO ) % Wi it 74 25 ¥ ¥4 35 32 07, R AR — 8 2
FE AR AR A AT B SXRD A K H T
AT, FEIX L SRIG AR ) o HER T o, IR
W22 2 7 W SRS MM AR (R 1), (R A5 EReT
BiFeO3 #1, A {743 i Bit+ &1 55, HAO 1
RUNLFY 5y 38 B AR 5 F IR 2 . (BAE Z A T
FEERH BMCO 1, A 25% [ A A7 i Bidt 57
W, FAMG 75% B Mot S5 Bi A8 K K45/
AJHE A T HEAS DR 200 it A% 235 g g A2 ) —
ANEEJGH. 5—J7m, ST Bi M KE 47
FEAEET, RIS BLE N A AR R AR, (HAE
135 K I FFARB sl BEAG (Bl 11), TR Bidt B ¥
WEATT AL, HIESECT FELHBE K.

T T T T T T T T T
1.2 }
8 }. T T { E T
2 11f 't { 1
-
5
3
< 1of
g
5
-
3
A09F
g Below Trg;
-
2 osth Above Trg1
H
0 7 1 1 1 1 1
100 150 200 250 300
T/K

Bl 11 BMCO " Bi f# R T Bl 254k [22]
Fig. 11. Temperature dependence of the thermal pa-
rameter of Bi in BMCO [22],

N TR B S FELM B R I, B AT X
BMCO & R BEAT T2 — MR B 5. S
IR TH R RR Y, MBHEAT IN X T B
170 W B AE = SCRE A, X0 B il 5277 R A R A
FesE vk, TS B R A, JEE, R

AR E R SR R BB AR H T Bidt &
THLTT a/b/c T MRS, B 12 B8 T R4u6E
BB B LA, 4BiE
T ML 5 G5 K N B B Am s K2 0.7% AR, 2
DU R R R A PR %45 R U BMCO L
i RE T B R, M AT 5 B0 RS B8k B AR AR, AH
N )23 A B R AL Tmm2. B8R, 0.7% A (A8
BN IR A H SXRD, NPD Al By 17 5 25 s 06 1 K
Sy EHOR, XA A4 T T X g W S 06 T B
BATARBEM 2251 BMCO &5 FAHAS (1) JE A

1.5

1.0

0.5

0

Energy/meV

—0.5}F

—1.0 F

—1.5

0 0.005 0.010 0.015 0.020 0.025
Displacement/A

12 HeTHE B BMCO [ RE & B Bi 25 7B 142
122
Fig. 12. Calculated energy of BMCO as a function of

Bi’s displacement [22].

Trr2(TN2) Tn1 Trer
T

PM + PE

1
0 50 100 150 200
T/K

B 13 BMCO HfHAE (22]
Fig. 13. Magnetic and electric evolution as a function
of temperature in BMCO (221,

2, RAIE LR T FELAA FE2 A1 AR
ECYR A R LI, 10 B Bi & MO0 - 208
g3, Ja i Crdt, Mot B R B e h R 4
PTGk, R AR SCS 2 S ae 45 R, v LI
BMCO A g AHE. Wikl 13 frs, 76135 K BA
b, BMCO & TG 5 W 7S, AAFAEAT ] KR/
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HLA R A, IR RIE 135 K R AR B AR, (b7
Tni = 125 Kl Tpg; = 135 K 2 [8], BMCO 4+
HI IR, 76 125 KN, B AZAY Crdt BitE B 1% 2%
DR &R R SN M ERAFE R AT AR N R AR A
[B) Jsz y58 6F R, DRI AE 48 K AT 125 K 22 17 BMCO
Tk AT 7 3L, MR NBI T 2R 2 2k
FH. 25 PRARIRLE & To = 48 K I, A/ fi7 Cr3t
B KRR R Bk, SF Bl M3t 5 Ot
FL (A 2H B B T 45 0 ] DAFT il 25 1) SO pR 3
BT URZEAMEIRL. BT L, 48 KPLR T8
BRI TT 28 2 A0 72 BMCO 28 WL 3677, (R Tfg
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IR 7 03X ANk B AR HEAT A%, AT 3R 15 DY =
R AL L2 ] 14 R, 47E 2002 K2
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WAL 20055 K Z [EM#E +E, (HE55—2 K2
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Fig. 14. Temperature dependent I, and calculated P curves under different poling procedures. The expected

polarization states arising from the two ferroelectric phases below T2 /TrgE2 are (a) (+P1, +P2), (b) (+P1, —P»),

(c) (=P1, =Pa), (d) (~Py, +P2) 122,

3 & w
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SPECIAL TOPIC — Multiferroicity: Physics, materials, and devices

High pressure synthesis and physical properties of
multiferroic materials with multiply-ordered
perovskite structure”
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Abstract

Perovskite is one of the most important material systems for magnetoelectric multiferroic study. However, mul-
tiferroic is not expected to occur in a cubic perovskite on account of the highly symmetric crystal structure. Besides,
magnetoelectric multiferroics with large ferroelectric polarization and strong magnetoelectric coupling have not been
found to occur simultaneously in a single-phase multiferroic material discovered so far, challenging to the potential ap-
plications of this kind of material. Here we briefly review two multiferroic materials with multiply-ordered perovskite
structure synthesized under high pressure and high temperature conditions. In the cubic perovskite LaMn3zCrsO12, we
observed spin-induced ferroelectric polarization, providing the first example where ferroelectric takes place in a cubic per-
ovskite material. In another multiply-ordered provskite BiMn3gCrsO12, type-I and type-II multiferroic phases successively
developed when cooled. It provides a rare example where two different types of multiferroic phases occur subsequently so
that both large polarization and strong magnetoelectric effect are achieved in a single-phase material. In addition, since
double ferroelectric phases take place in BiMn3CrsO12, one can obtain four different polarization states by adopting
different poling procedures, thus opening up a new way for generating multifunctional spintronics and multistate storage

devices.

Keywords: multiferroic, magnetoelectric coupling, high-pressure synthesis, multiply-ordered perovskite
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Fig. 6. (a) Layered structure of the magnetoelectric composite and the energy harvester; (b) magnetoelectric voltage and

power output of the energy harvester shown in (a) (891 (c) scanning electron micrograph image of a thin film magnetoelectric

energy harvester based on PZT/FeGa; (d) voltage and power output of the energy harvester shown in (c) 94
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Fig. 7. (a) Schematic and sensitivity of the nano-electromechanical system magnetic field sensor (108}, (b) schematic

diagram of the performance of the ring-type electric current sensor 1091,
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SPECIAL TOPIC — Multiferroicity: Physics, materials, and devices

Recent progress of multiferroic magnetoelectric devices”
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Abstract

Multiferroic composites possess the coupling effect among mechanical, electrical, and magnetic ordering, showing
potential applications in compact, fast, and low-power magnetoelectric devices. Owing to the increasing application
demand, the researches of device design, micro-/nano-fabrication, and performance test of magnetoelectric devices have
made continuous progress. In this review, we briefly introduce several prototype devices based on magnetoelectric
coupling, analyze the noteworthy application techniques, and summarize the working mechanisms and performances of
devices including tunable inductors, RF /microwave filters, magnetoelectric memories, energy harvesters, magnetoelec-
tric sensors, magnetoelectric antennas, etc. Besides, we discuss the issues and challenges in researches of multiferroic

magnetoelectric devices, and present the perspectives for improving the device performance.
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Fig. 2. (a) XRD patterns of the BFCTO films grown at 620, 605, and 590 °C with the same oxygen pressure of
20 Pa; the inset magnifies the shoulder feature near the (0020) peak of the film grown at 620 °C, which represents the

spinel impurity (Imp.) peak; the surface morphologies of the three BFCTO films are shown in (b)—(d) respectively;
the scan areas are all 2 pm x 2 um; (e) the HAADF-STEM image taken from a cross section of the BFCTO film
grown at 605 °C; the bright spots are the Bi atoms. Adapted from Ref. [29].
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Fig. 3. (a) and (d) are XRD w-26 scans of BFECTO/LSAT and BFCTO/LNO/LSAT films, respectively. Stars (*)
and number signs (#) indicate LSAT and LNO diffraction peaks, respectively. Rocking curves of the (0024) peaks

are shown in the insets of (a) and (d). (b) and (e) are 2 pm x 2 pm AFM scan height images with roughness RMS
of 3.04 nm and 0.274 nm respectively. (c) and (f) are X-ray reciprocal space maps around (103) LSAT and (1035)
BFCTO diffractions. The (103) LNO buffer layer diffractions is indicated by the arrow in (f). The bottom peaks in
(c) and (f) are from BFCTO films. Adapted from Ref. [30].
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Experiment Simulation
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Fig. 4. (a) Comparisons between the experimental interface images and the corresponding simulated images of the

four types of interfaces. (b) The ionic charges per square unit cell of the Bia O§+ bilayer and the perovskite layers

are shown for the four interfaces in (a). A small screening charge density of d+ per square unit cell is shown in

the first layer of LaNiO3s near the interface. (c) and (d) are the schematics of ionic charge p, electric field E and
potential V' of the type III-a interface in BFCTO/LSAT film and the type III-b interface in BEFECTO/LNO film,

respectively. Adapted from Ref. [30].
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Fig. 5. (a) The magnetization as a function of tem-
perature for BFCTO films grown on LNO buffer layer.
The room-temperature magnetic hysteresis measured
along the in-plane direction is shown in the inset.
(b) The phase and (c) the magnitude of the phase
switching along the out-of-plane direction in the PFM
measurements. Adapted from Ref. [30].
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Fig. 6. (a) The m = 10 BFCTO film magnetic hysteresis measured at room temperature and (b) the magnetization

as a function of temperature; all measurements were done along the in plane direction of the film. (¢) The room-
temperature AFM image, the PFM image measured along (d) out-of-plane and (e) in-plane direction of the m = 10
BFCTO film. Adapted from Ref. [33].
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Fig. 7. (a) The m = 5 BFTO (4BOL) and m = 5 LBFNTO (4B1L, BFTO : LNO = 4 : 1) film agnetic hysteresis loops
measured at room temperature; (b) the magnetization as function of temperature of the two films; all measurements

were taken along the in-plane direction of the films. Adapted from Ref. [31].
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Fig. 8. (a) and (b) Surface morphology, (c) and (d) are out-of-plane phase, (e) and (f) in-plane phase images of the
m = 5 BFTO (4BOL) and LBFNTO (4B1L) films, respectively; (g) the tipbias pulse period in the SSPFM loop with
the in-field and field-off is 2 ms and 1 ms, respectively; (h) the piezoelectric response (PR) of the field-off loops of 4BOL

and 4B1L. Adapted from Ref. [31].
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Fig. 9. Fe L-edge RIXS spectra of (a) BFTO, (b) BFCTO, and (¢) LBFCTO films at selected incident photon
energies. The incident photonenergies are displayed next to the corresponding RIXS spectra. Adapted from Ref. [34].
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Fig. 10. Co L-edge RIXS spectra of (a) BFCTO and (b) LBFCTO films at selected incident photon energies. The
incident photonenergies are displayed next to the corresponding RIXS spectra. Adapted from Ref. [34].
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Fig. 11. Simulated Fe3* (top panel) and Co?t (bottom panel) L-edge RIXS spectra (thick curves) as a function
of Ds in comparison with the experimental spectra (thin curves) of BFTO, BFCTO, and LBFCTO films at the
incident photon energy of (a) 709.7, (b) 710.2, (c) 778.2, and (d) 778.7 eV. The intensities of simulated spectra are

all rescaled for clarity. Adapted from Ref. [34].
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Fig. 12. (a) The spin-dependent R and R+ neutron reflectivities of the BFCTO film at 300 K; (b) the 300 K
spin asymmetryof the BFCTO film. The measurement was done with a 700 mT magnetic field applied along the

in-plane direction. Adapted from Ref. [35].
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Bl 12 s, FRATT R BILAE 4M 4 3% 29 700 mT i
AT, RTTAN RY LT3 A AT o 22 51, 3 3 B
VoL = A A R R I R M N T PNR R DU A
BR. 383 LA = U e S 4 FR P (spin asym-
metry) # 45, BFCTO # i % I 1 #2440 58 JE A
(0.0104:0.014) pp/Fe-Co 545, T iiF B LG 1
U, FRALG T W 3 R AL 5 4y SR 0.3,
0.4, 0.8, 1.6 pp/Fe-Co 5 4% 1] H JiE A X Fx 14 £ 4,
i 12 (b) fras. WG4 R BRI 2 a R
0.3 pp/Fe-Co M A58 EE, PNR S5 1 5 6 5 A
HbAR I 3.

BT SQUID L 46 & 7n T — AN I X 19 3k 55
AR AR R BRATT AR T 50 KR E T~ #E
PNRiEE, 3t HRILRIT FIRH KA T 55 KAt
ARk, BJEAXTFRYE (spin asymmetry) 45 5 H L T
Q R EITAIMIR, W 13 fioR. @ik HE,
SRR T A AR S R R R. AT
I Py 788 8 5 B A0 L T RELRES P82 0 XRD &5 R AR H —

#, EPBFCTO #5224 66 nm, LNO Z21 )z &
2412 nm, BECTO ¥ 5 ¥ 5t i A1 2% 10 0 57
¥ LNO/BFCTO # [ Al BECTO /%% <, 5 T # F
FEEAY 1.6 nm A11.4 nm. &5 5 BFCTO
ISR AL B FE M (0.049 40.015) up/Fe-Co X, 7t/
T8 5 7 SQUID S2 56 4145 FI#J3L 0.4 up/Fe-Co Xf
(> 5 1) 5 & — X Fe-Co J& ¥). {H2 SQUID
S A SEER I 2 50 K 2247 I 53 RETEARAE (L 5),
DR FRATT AT LR E 50 K 72 A5 (R A+ A SR T 7
[EEN

BATFT i PNR SE4 45 BECTO ¥ 5 32 7R 11
FIMWACERERE T —A EIR, 810.08 pg/Fe-Co,
LT SQUID MR 45 3R, BT PNR S50 Al 1
H UK R 2 200 nm, RIERR T KR, AN
F200 nm 1) /NEURLAE A 8 S 2] PNR [l 2 45
Ferp. PNR AR 2 (1452 14 A SQUID 03X 21 (1) i 14
Wi R B 22 500, AT ek B A IR B DT R, (H & 7R
IR BATH A BRI A BBk RAAS 5, BRI A
AT AHERR A S R RE M. 5 AT A 1) SR 5 A A2 R R
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SPARM IR, IX S IR AHAT R fE 2 PLD B KL 2
LR AR AT LIRS A, S BRAEAL
Yo 55— 75T, BECTO I E A4 o PRI A 21 5 1
FEVEAS 5, th2 T DABRARIN), 47 7] BE 2% Rl 1k &

2 i) (Fe3T-Fe3T, Fe3t-Co?t, Co?T-Co?") K% #t
AHEAE FH 2 kWAL Y, 1 7T E Fe A1 Co 7E i
A R R ORAR, AN DA AR R A B IR B 1 A8
FAEAEH (01,
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LaNiOg
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(a) 50 K [Z ~ BFCTO #i i ity B e AH S5 iy RYT A1 RV oh 7 S 5 %5 (b) 50 KR T B A% #k 44 (spin

asymmetry); (c) BEVEFIR T4 SLD FIE B 120 &R WHRAMINEE% N 700 m'T, 77 [F) 4 TH A 77 [ (15 5 SCHR [35])
Fig. 13. (a) The 50 K spin-dependent R'T and R*} neutron reflectivities of the BFCTO film; (b) the 50 K spin
asymmetry SA of the BFCTO film; (c) the magnetic and nuclear depth profiles used to obtain the fits shown. The

measurement was done with a 700 mT magnetic field applied along the in-plane direction. Adapted from Ref. [35].

6 ZEHRE

EAER, A 138 10 B J2= AR SR A B T )
WEFC, R T — Ll a6 w o B A i IR I BoR, IF
HBLIX L B R B AT AR W AP B, R T
AR DR T 15 2 X B IR AR B AL BER AT AL By Ti3012
M BisFeTizO1 (EL LRI RIRK, B85 1

VHEIATY B IR THI T P9 9 1 9 Rk L, TSN T
I 1) Rk PR IR 55, Ik S R RN BE A B L S AL
W PEM AN, G685 TETH 8 J7 17 SEEL— L2 [A]
FHRERBNRSE, BRERSRENm =51
BFCTO 5 o it 5280 180° MBI, (HERKR &
{1%) 7 JE o A A B T8 S /N T 180°, PR FRAT XS T3
NN 7 AR B — e GRS, SR, FRATT
TE45 2% 5 11 e IS Rl 14 AT 7 o e L 7 O AR Al A i K

157702-13


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 67,

No. 15 (2018) 157702

SE RN, W) SQUID i 5 7 78 JI £ 55 3R 1
FIVEAY 550 FE 206 50 0.3—0.4 up, 1AW PNR
DX 5 7R T AT SR B M AN AL SR /N T
FEFLNL0.08 pp, PRIIbL 5 T M0 G 1 D 22 A
IRATRESE AN — RN, RN S 0T B o I 1)
PERR LTSS, FLGSREVE AR5 nT e A2 S Bk AE AR
FH B R AR FLAE . RV 2 i X Ve R r i
e 59, EMKIRIX (50200 K) SQUID il PNR #f
RILT 55 FIBRREMEARAR, 1 B SRR g 1t AH L
1B FAE Bl VIR A ).

AR RAE X — 4003 PR 9 5 B4k 2 T I AR K
MR, AT H AT AL BE S % 100 nm BL T JE BE 1) 5 4
WL, I HOX Se IR B A — B A A, IR
T FELARS & SIS R AR, A ERE AR A TT B
SRR R B A TR 2 A SR, FE
AN BRI 2 O VAR I AR s R T[RRI
% sn B B TR SR AN B R, RE A R 2 1
MRS R L. 3 —J7 1, FRATAE BRI v ) R
REO% 18 S HUARE W BB 7, AR (B 1R
1—2 /N DR ) A B R T A =R T IR PT R R
S50, FATIN N JR W E 5 A ST S AL FE o,
FOHE F AR B AT 9 B A2 R Bk g AN 2k F 2 TR ()
R, B AR 20 B8 Bk R AR ANk H A 2 TR R A
T B A BT Bk L TR AR . R SR IX — ATt 1)
PR I T, RO 2 g I 7 145 4%
WP, I BRI R s kg 5 2k AR AL 2 [ R &
KEZR, A M FEAREUER B4 51 2 [0 — & /2 Bk
WA BAE . (R, I — 4k i 55 318 TAE 48
T, BRI S — L R A RORN ARG A B 15
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SPECIAL TOPIC — Multiferroicity: Physics, materials, and devices

Research progress of multiferroicity in Bi-layered oxide
single-crystalline thin films”
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1) (Hefei National Laboratory for Physical Sciences at Microscale, University of Science and Technology of China,
Hefei 230026, China)
2) (National Synchrotron Radiation Laboratory, University of Science and Technology of China, Hefei 230026, China)
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Abstract

Room temperature multiferroics with a single phase is very rare, and magnetic elements doped Bi-layered Aurivillius
oxides are an important family of room temperature single phase multiferroics. However, due to the lack of single
crystalline samples, the multiferroic related researches of these materials are mostly based on polycrystalline bulk or thin
film samples. And the multiferroic characterizations are performed mostly by using the bulk type of samples. Therefore
the studies of the origin and mechanism of the multiferroicity of these materials are extremely difficult. Recently, multiple
magnetic elements doped singlecrystalline thin films have been successfully prepared, which makes it possible to study
the physics mechanism of the Bi-layered Aurivillius oxides of multiferroicity. The current study shows that most of
the single-crystalline thin films exhibit in-plane orientated spontaneous ferroelectric polarization and very weak room
temperature magnetism. Moreover, at low temperatures the single-crystalline films exhibit a second magnetic transition.
The resonant inelastic X-ray scattering experiments indicate that the doped structure exhibits a changed crystal field
split, which may enhance the weak ferromagnetism through Dzyaloshinskii-Moriya interaction. On the other hand,
the polarized neutron reflectivity experiments reveal that the single-crystalline thin film possesses much weaker room
temperature magnetism than the bulk sample, which indicates that the origin of the magnetism and the magnetoelectric
coupling in the single-crystalline samples are different from those in the polycrystalline samples. The current study of
the multiferroicity in the single-crystalline Bi-layered Aurivillius thin film opens the road to designing better multiferroic

systems of the Aurivillius materials.

Keywords: Bi-layered oxides, multiferroic, single-crystalline film, magnetism
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SPECIAL TOPIC — Multiferroicity: Physics, materials, and devices

Magnetoelectric effect in stretch-shear mode self-biased
LiNbQOj3; based composite with high-frequency
resonant response’

Xin Cheng-Zhou Ma Jian-Nan Ma Jing! Nan Ce-Wen

(State Key Laboratory of New Ceramics and Fine Processing, School of Materials Science and Engineering, Tsinghua University,
Beijing 100084, China)

( Received 25 April 2018; revised manuscript received 18 May 2018 )

Abstract

Magnetoelectric (ME) composites have received attention abidingly due to the promising potential applications in
magnetic field sensor and energy harvester. In recent years, shear mode ME composite was frequently discussed with
promising applications in high-frequency magnetic field with large signal-to-noise ratio. Single-crystal LiNbOs, as a lead-
free piezoelectric phase with high mechanical quality factor and small dielectric constant, is suitable for achieving a large
shear ME effect with large shear piezoelectric coefficient d15 or d24, and different piezoelectric coefficients can be obtained
by crystal-cut transformation. The transformation rule of shear ME coefficient with transformation of LiNbOs crystal
orientation and the MHz high-frequency magnetic detection is still lacking. Furthermore, self-biased ME composite can
be obtained with SrFe;2019 ribbon, which is useful for the integration and miniaturization of ME sensor. In the present
work, we use a series of X-cut LiNbOgs to obtain different di5 or dis in a stretch-shear ME composite. Piezoelectric
coefficient di5 and ME coefficient agi1s of Metglas/LiNbOs composite are obtained in experiment, respectively. The
results show that LiNbOgs zzt/30° has the largest dis and agis, and the transformation rule of agis is consistent with
the coordinate transformation of dis. The structure of stretch-shear ME composite is optimized to improve the ME
coefficient. Then the stretch-shear mode self-biased SrFei12019/Metglas/LiNbO3 composite is fabricated, and shear ME
response is observed under zero external direct current magnetic bias. Moreover, agis at electromechanical resonance
frequency is gained at shear-mode high frequency (0.991 MHz and 3.51 MHz). The largest ME coefficient ag1s is acquired
in the stretch-shear 5-foil Metglas/LiNbOs (zzt/30°) composite of 134.16 mV /(cm-Oe) at 1 kHz and 9.17 V/(cm-Oe)
at 3.51 MHz. This work is beneficial to the confirming of the corresponding rules of shear ME coefficient and LiNbO3
piezoelectric coefficient, showing that the composite possesses the potential applications in integration, miniaturization

and high-frequency resonant sensor.

Keywords: stretch-shear mode, LiNbOg3, magnetoelectric composite structure
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Fig. 1. (a)-(i) The schematic view for the (1-1) laminated magnetoelectric composite and (a)-(ii) the prototype snapshot of
the magnetoelectric sample; (b) magnetoelectric coupling coefficient and the anisotropy factor for untreated Metglas alloy
(see the inset) as a function of the DC magnetic-field bias; (c) the frequency dependence of the magnetoelectric coupling

coefficient; (d) magnetoelectric voltage output signal in response to an extremely weak step AC magnetic-field variation of

1.35 x 10~13 T.
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(a) Schematic diagram of the Metglas/piezofiber configuration consisting of an interdigited (ID)

electrodes/PMN-PT fibers core composite and symmetric three-layer Metglas actuators on the bottom and top

of the core composite; (b) the magnetic field dependence of the magnetoelectric voltage coefficient and magneto-
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Fig. 3. (a) Schematic illustration of PZT film growth by GSV deposition technique [4°1; (b) schematic of laser annealing of
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Fig. 5. (a) Schematic diagram of a multi-pushpull configuration magnetoelectric composite and (b) exploded view photo of
constituent components; (c) a summary on the development of magnetoelectric coefficient and noise floor at 1 Hz for the
multi-push-pull mode magnetoelectric sensors; (d) optical micrograph of a longitudinally poled push-pull element in the core
composite; photographs of the complete sensor detection unit consisting of (e) a multi-push-pull mode Metglas/piezofiber
magnetoelectric composite and (f) a low noise charge amplifier; (g) basic detection circuit and noise model for a magneto-

electric sensor and (h) an example of noise contributions of a sensor unit comprised of a Metglas/PZT-fiber laminate and

2SK369 based charge amplifier (601,
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Fig. 6. (a) Signal sources that the sensor may receive in the actual environment; (b) physical basis for increasing the detection

sensitivity with multiphysics modulation; (c) schematic diagram of traditional passive detection pattern and magnetoelectric

signals; (d) and (e) schematic diagram of active detection pattern and signal: the low-noise region is adjusted to a high

frequency band by applying (d) a high-frequency magnetic field and (e) a high-frequency electric field coupled with the

measured magnetic field.

HAT, EBR ST B 5 5 450 6L 2 V) B4
BRI TR AT A BB, R m SRR & R
PERIR AT 55 A5 5 4 TE FL > 70781 i ) e g
SRR E by e CF S L

& 45 1 4 B 2088 DA =X 2 T S
S5 I 4 1R RN, N HE S G g BB ER I (i
K6 (c)), Iz i il R o) B =X P A8 5 )
W4 2 B SO 48 1 IR 2R M OB, BT R N 1 R
Jilit 37 Ho 5 48 WA AR 3y Hoo 77 A2 BRI,
LS 5T 45 B RLAE e AT B H — S R -2 O
yEfES (WE6(d). 20114, Zhuang %5 7 4
% 1 3T 2 #E $7 45 ¥ Metglas/PZT /Metglas 1
Metglas/PMN-PT /Metglas f H 5 5 45 ¥4 R4 1)
Yl %%, I BRI AR 2R MR 1l R 73 B A% IR A%
(A5 5 AL H e ) LS A 7K. AR, AR 2R i il
RE 7 R e R IX PR ) 7 V2 K B B H b, R ]
DAFE A SE 4R B e 75 (R Be 0, Ao Vr B
T, AT AR SR AR . 2013 4, Liu %5 (79
IR 37 A H ST Metglas/PMN-PT i L 57 Ji

b o R AS TS BRI, % A B AR AT R
JEIN T AR 1 1 R 10 mHz, 100 mHz 11 Hz
() R 43 54 200 pT, 150 pT A120 pT. X Fh
HLAE B AR R A B4 2 FE A IR AL ) (f < 1 Hz) B,
A DA I i A AT G — L Y (1) f, AR RS F4b
(PR ) (R S AT B i R UK S

L, 7 935l R ) A 21 L A S ) A B O
B 28 A RE B ORI R 3% 77 AR R B 7 R 4%
Tl HL S O 5 ) U R A R A f ARER T I AL A RHL
PU(BE F90) KA, T4 7 B
H137) B FIAFIMR ARG Hoe BOSRRFRIN, Bl H 52 5
SEMPRHE S A i — AR -ZE 5 AR S (0
K6 (e)). 20134E, Zhuang 2 51 3@ b mi 37 14 il (1
JEBE A BT T 3% A S A TR R SRR, SREL T 1 Hz
T 70 pT/vHz I RBUE. 20154, Salzer 2 79 %
VU T R 37 A R L R A ) S S A S e L. B
SR A5 I L4521 T IR K e &, (22 iR
PRI A FRAR 22 B3 Il 1+ oy 2 —, H 3840
TR AR FE T R T Mg 75 . 25 RE RN B AL RN

157508-7


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 38 % 3k Acta Phys. Sin.

Vol. 67, No. 15 (2018) 157508

I BE TS FEM R 3, Hayes 25 590 F 2016 E 4R E T —
ol 35 - VR R L S S 5 (O 3 A TR %, % FEL S IR
ZE3 L B3 A LS B 10 Hz #43% F 10 nT/vHz )
PRI R BUE.
3.1.3 HAREERS

A 56 T 1 P80 1 4R 30 = B4R vh FE S IR G
Sy R b i P T W S R ) A R X LA
FE37RG I B SR AEH . 2006 4, Dong %5 B2 43 1
— P L-T &5 ¥ ff] Terfenol-D/PZT 5 i 45 #4 KL, FF
FLEE A — DN IRGEAE 5 5 45 4 R4 TH 145785 58 U i
T (Loc) PN A 22 1B 4 R L T 3 A o . LI
W37 15 5 K0 I 0 JRUER A0 TR s 1) e PR o £ 1 it
0.01—1 Oe I8 5 55 58 L 1 30 Bl W v, S Jo 466
HARE DT RS 2) A /N R BB e R AR Ak D
3% Hpe FIUNEAE. Seal (¥ 230 i 78 R W, 760—
300 Oe (1170 [l Py, B P 57 o 445 1O i L P R R 0 5 01
T B wi 3 2 18] B 2P 9% & Terfenol-D/PZT
YAk A AE B IRAS T A LLSE K %2 0.1 mOe ) H
THESHAM. Bl G, Gao %% 99 X4 T % T Met-
glas/PZT 5 i 45 ) B b3 A% 13 2%, HAE1 Hz B

— 58,30 e R
M N
O o i e s
~
Q
el
£ 5835 55312
H
3 8
© S -58.316
(%)
£ —58.40(
]
e —58.320.
£ 1 2 3 4
< H/nT
—58.45}
0.1 1 10 100

Magnetic field/nT

Admittance amplitude/dB

AT LA E] 6 nT 155 BRI

FR AR T PRI A 205 1) L 3 4K 0 e A 5
FL 0 &5 1T FH T BRI A B, (HRTE — e Al
N IR Eh i F A S RO LRGSR N AR AR
R REYS, TP A RS T RE S I Th R AR K A K
A PR R P A A5 Bl v A AR IR B i B
E KRB, BOAh, Bl HAL AR TR T A TERCR )
1/ fWErs R R A KR AR TAESU) Tl
Wee AT F 25 PO AL b 0 0 90 2 i o AL AER AT T 10 4%
RICRE M 75 R4 R 10 Hz 2237 1 RARE. SR, 3
— 35 PRI LA B 5 (AL H U IR AT e 0 5 B304 Uk
FICTIE K, 388 T 384/ B EEK.

2013 4, Nan 25 330 4R 8 7 — Fp 3 F AIN/
(FeGaB/Al,03) x 10 i HL 9K IE IR 14 B i B 1
HLAR B, B 7 () s, B 7 (b) JBR T 4HLH
FRY1 (NEMS) i HAR IR TAENLIE, BT R h gl
KA IR 15 90 2= B8 LR 3% 240 5F HIS(E T 90
FE R 2EMC R, FIIZKIE IR 7T LA
FE B, NEMS ) i A% A se Bl 748
BEMIASE T 300 pT IRESH IR TR, I HILAE

o —40 (b) Af — A AY
> N \ :

g

= =50

R

8,

g

S —60}

jol

Q

g — 0 Oe

E-m0p 15 Oe

g

Z | — 60 Oe

—80 . .
210 215 220 225
Frequency/MHz

—57.810 |- (d)

600 pT

—57.814 [

—57.818 |

@zero bias magnetic field

—57.820

0 1 2 3 4 5
Magnetic field/nT

7 (a) MRS RSHIR R, (b) AR B E AN, W5 A S O AL (c) MBS 5 Oe I, HiMA1EIK
PRI RN RE, RIUN S ABE R B R AL (d) BETCRRRASE T, M e BRI TE TR B R T ) R U Mgk s 183]
Fig. 7. (a) Schematic of the layered structure of the NEMS magnetic field sensor; (b) admittance curve of the NEMS sensor

at various bias DC magnetic fields; (c) the sensitivity and linearity of the magnetic field sensor, showing the admittance

amplitude as a function of a minute varied DC bias magnetic field superimposed a fixed DC field of 5 Oe; (d) the sensitivity

and linearity of the magnetic field sensor at zero bias magnetic field in a magnetically unshielded environment
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Fig. 8. Schematic representation of the conventional flux gate senor and the proposed magnetoelectric flux gate

sensor [3%], The structure of (a), (b) a race-track flux gate sensor and (c), (d) the proposed magnetoelectric flux gate

sensor; (a), (c) in the absence of DC magnetic field (Hpc); (b), (d) in the presence of DC magnetic field (Hpc)-
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Fig. 9. (a) Sequential interactions of magneto-mechano-electric generation. (b) magneto-mechano-electric generator per-
formance of the anisotropic (011) single crystal fiber composite with d32 ode under a small magnetic field of noise level:
(i) under the condition of 60 Hz, and Hac ~ 500 uT, the maximum generated voltage is ~34 Vpp (~ 12.4Vims); (ii) the

power from the magneto-mechano-electric generator was high enough to fully charge a 220 pF electrolytic capacitor after

rectifying for 3 min; (iii) using the charged power in the capacitor, it was able to turn on 35 commercial high intensity

LEDs with a turn on/off frequency of ~1 Hz!30]
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Fig. 10. Fabrication of textured Fe-Ga and design of the magneto-mechano-electric generator (871 (a) (i) Rolling and
subsequent annealing of polycrystalline Fe-Ga to obtain textured Fe-Ga, (ii) bonding of textured Fe-Ga and PMN-PZ-PT
SCMF layers, (iii), (iv) schematic and photo of the magneto-mechano-electric generator designed with the magnetoelectric
composite cantilever structure; (b) rectified output DC voltage and DC current and the calculated generated electric power

at various load resistances.
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Fig. 11. Multilevel nonvolatile memory based on the Ni/PMN-PT/Ni memtranstor [°}): (a) The structure of the

device and the measurement configuration; (b) the magnetoelectric voltage coefficient ag as a function of dc magnetic
field with the PMN-PT layer prepoled to +Ps and —Ps, respectively; (c) repeatable multilevel switch of ag by
applying selective voltage pulses (—80, 100, 58, and 52 V), in the zero-dc-bias magnetic field. After each voltage

pulse (10 ms) ag is measured for 100 s.
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SPECIAL TOPIC — Multiferroicity: Physics, materials, and devices

Magnetoelectric heterostructure and device application”
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Abstract
The magnetoelectric (ME) heterostructure is composed of ferromagnetic and ferroelectric materials. The het-
erostructural ME effect originates from piezoelectric effect in the ferroelectric component and magnetostrictive effect in
the ferromagnetic component. The magnetoelectric heterostructure has higher magnetoelectric coupling coefficient and
lower dielectric loss than the particulate composites, and thus leading to several promising applications such as in the
magnetic field sensors, the energy harvesters, antenna and memory devices. In this paper, we review the recent research
progress in ME heterostructure for device applications, and present a development course of ME heterostructure. Finally,

we also summarize the challenges of developing the ME heterostructure and point out its perspectives.

Keywords: magnetoelectric effect, magnetoelectric heterostructure, magnetic sensor, magnetic device
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Fig. 1. (a) Schematic structure of ionic donor (D) and acceptor (A~) mixed stacks in high- and low-temperature phases
of TTF-BA. The arrow, underline and ellipsoid represent spin —1/2, a dimer and a singlet state, respectively. P denotes
electric polarization. (b) Crystal structure of TTF-BA. (c) Temperature dependence of spin susceptibility. (d) Normalized

spectral weight of the a; mode at 1422 cm™! as a measure of local DT A~ dimerization. (e) Dielectric constant at 10 kHz.

(f) Spontaneous polarization along the b axis [40].
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Fig. 2. (a) Hlumination-dependent saturation magnetization of anisotropic P3HT¢.75:PCBMo.25 complex at room temperature

(1 emu/cm® = 10% A/m); (b) illumination-dependent saturation polarization of anisotropic P3HT¢.75:PCBMg.25 complex at

room temperature; (c) magnetic field-dependent saturation polarization; increasing magnetic fields of two directions, parallel

(Fy,) and perpendicular (F|) to the fiber axis, were applied to the sample to measure two in-plane polarizations (P,, and P, );

(d) the relative dielectric constant can also be tuned by magnetic field [

45]
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Fig. 3. Anisotropy of magnetization and magnetoelectric coupling in SCTCs: (a) The in-plane and out-of-plane

magnetic hysteresis (M-H) loops of SCTCs; (b) the atomic force microscope image of one SCTC, and the scheme

of spin cone distribution due to the exciton-lattice coupling; the width and orientation of spin cone would be

different based on the exciton-lattice coupling extent and spin direction; (c) the length/thickness of SCTC dependent

anisotropy of magnetization (AM) between in-plane (easy axis) and out-of-plane (hard axis) directions; the inset

shows the angle dependent saturation magnetization M (the 0°, 180°, and 360° means magnetic field parallel to

in-plane direction); (d) electric field dependent magnetization (magnetoelectric coupling) of SCTC devices; the inset

shows the magnetic field dependent magnetoelectric coupling coefficient
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Fig. 4. (a) Spin cone distribution along the long axis (b axis) of the charge-transfer cocrystal superstructures
(CTCCs) and the polarization induced by charge ordering and charge-transfer at the interface. The direction and
width of the spin cone depend on the spin direction and the charge-lattice coupling extent. The positive and negative
charges in polythiophene and Cgg are used for the illustration of charge-transfer and dipoles, which do not represent

the real charge distribution in the cocrystals. (b) Light intensity-dependent magnetoelectric coupling of CTCCs (561,
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Fig. 5. (a) The scheme of the nanocarbon device structure; (b) the tunability of magnetization by electric field
with and without the ferroelectric P(VDF-TrFE) layer, ON (OFF) means applied electric field (1.8 x 10° V/cm)
is tuned on (off); (c) the P(VDF-TrFE) thickness-dependent tunability of magnetization in both bottom (circles)
and top locations (squares), where the optimized thickness of P(VDF-TYFE) is 45 nm, applied electric field is
1.8 x 105 V/cm and SWCNT loading ratio is 2 wt%; (d) the electric-field-dependent magnetoelectric coupling with
45 nm thick P(VDF-TYFE) [39],
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SPECIAL TOPIC — Multiferroicity: Physics, materials, and devices

Excited charge-transfer organics with multiferroicity”

Yuan Guo-Liang"" Li Shuang" Ren Shen-Qiang? Liu Jun-Ming®?
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Abstract

Multiferroics, showing simultaneous electric and magnetic degree of freedom, has aroused increasing interest due
to tailored multiferroic properties and magneto-electric coupling for shaping the development of energy-efficient mul-
tifunctional devices. Now, the multiferroics can be classified as two groups: 1) inorganic multiferroics, which can be
single-phase, multi-phases oxide multiferroic or multiferroic heterojunction and 2) organic counterpart, which is mostly
determined by instinct charge-transfer behavior. But it is difficult to find the polarization and the magnetization co-
exist in a single-phase oxide multiferroic material, and their coupling range in the multiferroic heterojunction is only
several atomic layers, which limits the applications. As a result, more and more different types of organic multifer-
roics have been studied. Some organic complexes can display dual ferroelectric and ferromagnetic properties at ambient
temperature, e.g. thiophene-fullerene donor-acceptor charge-transfer networks. The organic charge-transfer complex
is based on electron donor (DT) and acceptor (A™) assembly. DTA™ are long-range ordering, the excitons have s
lifetime and £1/2 spin, which contributes to the room temperature ferroelectricity and ferromagnetism. The excitons
can be excited by external magnetic field, electric field, illumination and stress, and eventually influence the polariza-
tion, magnetization and magnetoelectric coupling coefficient. However, there are still many problems to be solved, i.e.,
searching for new charge-transfer systems and preparing supramolecular co-crystal with ordered molecular chain, further
improving magnetoelectric properties; developing the heterojunction technology and epitaxial growth of organic ferro-
electric or ferromagnetic systems on excited organic films, which is expected to greatly improve their magnetoelectric
coupling effects; inventing more new charge transport organic multiferroic devices to extend the application scope of new
multiferroic devices in actual industrial production. Generally speaking, the organic charge-transfer complexes not only
greatly enrich the room temperature multiferroics materials, but also provide the technical basis for developing the new

multifunctional electronic devices.

Keywords: organic multiferroics, magneto-electric coupling, charge-transfer
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Fig. 1. Schematics of magnetic memory devices: (a) Simplified unit cell structure of magnetic random access

memory; (b) unit cell structure of magnetoelectric memory device [l; (c) crossbar architecture of a high-density

magnetoelectric memory device [18].
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Fig. 2. Electric field control of magnetic domains in a multiferroic heterostructure consisting of pattered micrometred Ni
magnet on PMN-PT single crystal [46]; (a) Schematic diagram of the multiferroic heterostructure; (b) scanning electron
microscopy image of a 2 pm-wide Ni square magnet; (c) evolution of the magnetic domains imaged by XMCD-PEEM under
various electric fields for the Ni magnet (upper panels), and the corresponding micromagnetic simulation images (bottom
panels), in which the arrows indicate the directions of strain (upper panels) and orientations of local magnetic moments

(lower panels).
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Fig. 3. Electric-field control of magnetic switching of single domain nanomagnets in Ni/PMN-PT(110) multiferroic het-
erostructures [47]: (a) Schematic of the structure of the heterostructure; (b) schematic of a Ni array of 150 nm x 100 nm
nano-islands for the test region, in which long axis of the ellipses are alighted along 90°, —45°, 45°, and 0° directions;
(c) the evolution of the XMCD-PEEM images of the magnetic domains for the Ni nano-ellipes under three different applied
electric fields, in which the Ni nano-ellipses marked by circles, squares, and triangles respectively represent different types

of magnetic switching behaviours.
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Fig. 4. Purely electric-field-driven full 180° magnetization reversal via successive precession in multiferroic het-

erostructure by phase-field simulation [°3]: (a) Schematic of the Ni (nanomagnt)/PZT heterostructure; (b) magnetic

precession reversal path of the Ni nanomagnet; (c) evolution of the three components of the magnetization as a

sequence of time during the repeatable 180° magnetization reversal driven by square-waves electric field; (d) the

phase diagram of the switching windows as function of strain and pulse-width.
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Fig. 5. Phase-field simulation approach of electric-field driven magnetization reversal assisted by “flower”-shaped patterned

magnet

(58], (a) Schematic of the heterostructure of a flower-shaped patterned nanomagnet with four-fold shape sym-

metry grown on a ferroelectric layer (011)-PMN-PT. (b) Shape anisotropy of a nanomagnet. (c), (d) Evolution of total

anisotropy and magnetic states at four different electric fields, illustrating the reversal mechanism: total anisotropy (c) and

corresponding magnetic states (d), in which the arrows present the orientation of net magnetization.
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Fig. 6. A theoretical approach of electric driven magnetization reversal assisted by “peanut” shaped nanomagnet

[59].

(a) Schematic diagram for the design of the “peanut” shaped nanomagnet, in which a ellipse shape with two notches

give rise to both a major and a minor easy axis of shape anisotropy; (b) schematic of the device structure, consisting of

the “peanut” shaped nanomagnet on a PMN-PT substrate; (c) the evolution of micromagnetic states of the nanomagnet

demonstrates a back and forth cycle of 180° reversal triggered by using a single electric pulse; here, a single electric can

rotate the magnetization for 90° first and then relax to 180° direction after removing the field, and second electric can

switch the magnetic state back, in which special designed minor axis can help ensure that the magnetic state rotation is

only along clockwise direction.
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Fig. 7. Experimental approach of strain-induced complete 180° magnetization reversal by using two in-plane electric field

Stress cycle 2

Pre-stress Stress cycle 1

pulses (621 (a) The schematic diagram of the multiferroic heterostructure consisting of elliptical Co nanomagnets on PMN-PT
single crystal substrate, in which 2 pairs of electrodes were also fabricated on the PMN-PT that allow applying in-plane electric
field along AA’ and BB’ directions, with angles of +30° and —30° respectively to the major axis of the elliptical nanomagnet;
(b) the schematic diagram for the evolution of potential energy (left) and domain states (right), where the electric field generate
an anisotropy with easy axis perpendicular to the electric fields; (c) the timing diagram of the voltage pulses at the two electrode
pairs; (d) atomic force microscopy (AFM) image at initial state, MFM images at initial state, after the first reversal, and second

reversal; the arrows in the MFM images mark the net magnetization orientations of the nanomagnets; MFM images show the

domain changes before and after electric driven magnetization reversal for four nanomagnets.
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Fig. 8. Electric-field driven 90° magnetization rotation in multiferroic heterostructure consisting of CoFe micromagnets on
BFO film on STO substrate 09): (a)-(c) Reversible switching of both ferroelectric polarization in BFO film and magnetic

states of the micromagnet induced by applying in-plane electric fields, as indicated by the lateral piezoresponse force mi-

croscopy and XMCD-PEEM images, for the initial state (a), after applied an electric field that rotates the net magnetization

of the micromagnet for 90° (b), and after applied a reversed electric field to switch the magnetization back (c).
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Fig. 9. Electric-field-induced net-magnetization 180° reversal in BFO/CoFe heterostructure on (110) DSO substrate [70]:
(a) Lateral PFM image of BFO (left) and corresponding XMCD-PEEM images of the magnetic layer on top of BFO
(right), in which a well-recognized one-one correlation between the ferroelectric/magnetic domain can be identified;
(b) electric driven 180° magnetization reversal reflected by angular dependent anisotropic resistance; (c) schematic
diagrams revealing the mechanism of exchange coupling mediated magnetization reversal, including correlation between
net polarization and net magnetization (upper), and the relations between net M, antiferromagnetic vector L, and

polarization P in BFO atomic unit cell (lower), before and after applying an electric field.
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Fig. 10. Deterministic 180° switching of magnetization triggered by an out-of-plane electric field in BFO/CoFe
heterostructure [71]: (a) Schematic diagrams of the heterostructure in this work, in which the micromangt is either
single layered Cog.9Fep.1 or spin valve multilayer structure used for magnetoresistance measurement; (b) XMCD-
PEEM image of magnetic domain before and after applying an electric field, in which the dark-bright contrast
indicates the orientation of y-component of the local magnetic moment; (c) schematics of atomic unit cells structure

illustrating the mechanism of multi-step switching of polarization and M..
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109° # 5.  T 465 0 2k HL IR B A A W] OR 4 M AN
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BFO(200 nm) £ 857 Fi 4t B, Hoop i Sk 28 FMR O i3 09/ B2 7 1505 (b) 7 B ok i 19 8k F s A ik
TahWe 24, F o gk LA T 1 L A ) TS U R BRI, 10 CoFe T R 25 )T 7 A1 JUU 388 41 8 P 7 S B R A A
SR (SEMPA), 85 50R BLUKF 7 IO BEAR 5 s A R IF MG R &R CRATEURFAT); (o) B AR [ LR G FMR 4/
XRG4 0 28, AT RS € B 100 AN (d) 0 BFO (30 7 1) B R AR Ak [ 26 5 W A S e [l 2R BB 77
& o, ARMEIHKRANN BT Oe, MiHAL S5 BFO A7 17 A2 i 178°

Fig. 11. Probing of exchange coupling that mediates the electric driven magnetic reversal in CoFe/BFO heterostruc-

ture by using ferromagnetic resonance (FMR) technique [72]: (a) Schematic of CoFe(2.5 nm)/BFO(200 nm) mul-

tiferroic heterostructure for the FMR measurements; (b) ferroelectric domain structure of BFO and ferromagnetic

domain structure of CoFe detected by scanning electron microscopy based back scattering electrons and polarization

analysis (SEMPA) technique, respectively, in which the enlarged SEMPA image indicates that the lateral compo-

nent of local magnetic moments show either parallel or antiparallel to that of the polarization orientation; (c), (d)

hysteresis loops of relative resonance magnetic field (c¢) and orientation angle of net canted magnetic moment of BFO

(d) as a function of driven electric field; it was found that the effective exchange-coupling field can be quantified as

57 Oe, and net canted moment of BFO can be rotated for around 178° upon polarization switching.
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Fig. 12. Magnetization reversal driven by the changing of spin structure of BFO during polarization switching in

BFO/Co heterostructures [7?l: (a) Schematic diagram of the heterostructured device based on monodomain BFO

and Co films, in which the STO substrate of heterostructure was miscuted along (110) direction before deposition

of BFO film; (b) M-H hysteresis loops of Co layer before and after polarization switching, indicating the apparent

switching of anisotropy easy axis; (c) the local magnetic domain structure measured by XMCD-PEEM, indicating

an 90° rotation of magnetic orientation after polarization switching; (d) schematic diagrams for the switching

mechanism; the spin states of BFO shows spiral structure at downward polarization and a collinear spin structure

at upward polarization; at downward polarization state the interface anisotropy is dominated by miscut strain

producing an easy axis along miscut direction, while the occurrence of collinear antiferromagnetic spin structure at

upward polarization state produce an easy axis along perpendicular direction, perpendicular to the initial state.
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Fig. 13. Magnetoelectric couplings in well-ordered array of epitaxial BFO/CoFe204/SrRuO3 heterostructured nanodots

(~60 nm) [76]: (a) Schematic diagrams of nanodot array and testing system based on PFM and MFM; (b) effect of magnetic

fields on piezoelectric properties of a selected nandot; (c) MFM images of the nandots before and after applying an scanning

electric bias through atomic force microscopy probe, indicating the occurence of magnetization reversal in some nanodots.

157512-12


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

Sin.

Y38 % 3R Acta Phys.

Vol. 67, No. 15 (2018) 157512

PFM&MFM

T-BiFeO3
Lao‘7Sr0_3Mn03
LaAlO;

200 nm

14 HEEAMIBGEK Co UMDY JT AR BFO 4L % Bk 5 1 45w i R 3R Bl 120° 1 5 fi e (77

(a) ZERRIEE TR

FEEL: (b) TR IR BRE R KR A RS A AL ), R A 3 (M-E) (2%

Fig. 14. Electric field driven 120° magnetic state reversal in multiferroic heterostructure consisting of triangular

shape Co nanomangts on super-tetragonal phase BFO film (77

I: (a) The schematic of a device structure; (b) magnetic

state evolution of the triangular nanomagnts driven by various voltages, analogue to a M-FE hysteresis loop.

N T R AR RO I e (R T $ 4, 2018 4E,
UL T R v TR DU U7 A BFO /2K = f T4
K Co s BEFIM O 5 285 (DB 14). R Bt o =
B, o SECR K 120° R, HF T 2 KA
R XA AT N O VAR A A s
AN Bl [ R 8 R, I 38 3 Pl = UL RAIE 1
X 22 HUER Bir [R] R P2k S e BRI AT IR, AT R
F, XS5 S VFIE I N 10 VKA 10 ns
{1 etk FL K R R S B T S e, R R B AR e AR E
P, Bt 5 AR R L AR AR I 284 . IX AR
SRR T — b b R e R Y e L A
SAFRUE IR AR, BN SEBLRLAE ik S OE O i, 1B
R /N RUBE 1) e R B 180° Bl e e, H i 1k 5 IR
A (> 100 0%), MR EEAS SR F B [ S e il T %

S5 i AL

B4k

X Ao

5 B A

ib 24 W3 IR S BRI O 4 S IR R 5
e, BHERATCIRE T 2 FF ) i LA 7
&, JESEILT 90° B 180° ML IR B AR #L, SR S =
P P AR E L B SRE G AN D 2R R T 2 Bk
A S IR AR Y SO RN AN R E 7 £ N ST 7 B2 2
At 5 73 SR B R X A JE A T AR (R B

1) FALELRE iR R R, 40K RS A g
Tk J Bt 100 S L3RR 7 VA RE i — B R R, W
I FH G T R AT S THT HE AL A N SR B AL EE, DA
K23 & M PUE.  Hlr, Yids st g

WA R T R T R 2K, kT
Pt/FePt/MgO 5 i 45 (F rf ik U MR R 5 44), IF
I FH B — 1 Ji B 4 A A R B ) 2 SR B AT
TR, R 3 Jin bk v EEL 3% AT S0 B T ERL T
F5 T 7 AR % ) S e, DT X ) 10 W 7 A B e
B FE180° W I e, KRR ST IREIME . Bauer
25 [19] 7F S04 /Ta/Pt/Co/GdO, T &5 vh & B, il
Tt n H 3 m S B T Co L IR JR OB, 5 5L
il 4% 170 7 1k ) A D) . Nawaoka %5 501 36 & 3,
1E Au/Fe/MgO H it il H1.3%, & Wi 5 7= 4 B g
DM I ELAEF. I BB 78 20 (51 34 36 3ok fe ke At 5t
it HL 3 AR TN TR BRI % 2 Y Ruderman-
Kittel-Kasuya-Yosida #H BAE . 1% L2387 #1145
MUEE, 2590k RS s pE B ok B 2 ik B 5 .
HAN, SRR, Z2PEEKE LGRS

B S, SRR IKEhZh . 1, Gao %5 (521 FI| H
[ AR FNAZ 4 s B [RIVE Y, S B A 18 135° I IR
B M0 AR E], R BFO A RS AN 0k A A
F, AT 200K B = AR AN K R 05 77 A i R
58 M R S U7 R T 2 LRI T B —
TR 42 T s 2 R A RO A%

7, 7 IR S A e A A T —
LA R, (B 51 RERTE. WfeK /KR
I Onion M52 K BERS, I AT Lhd i 4 ig S AR
1] Onion W EEFE ), SLI 90° A [F] £ FE (¥ 7T 4%
R s 19531 (13— 4R, A HIE R fdg
300 T A (1 T e (800 3k 7 7 0 R 3 1 9 i B
T (skyrmion) FEZS BO—890 (X SR 5 I — L

157512-13


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 67,

No. 15 (2018) 157512

FTLG HILER BT T CL R 28 1 FH & 11
K17,

2) JRBLERAETT R B SR F b 1) R AR A
PRI, R SRR AU T B — D e Wl
A S ERLF RIS N, T e i s H Al — A
o) @, 41 Ramesh B 78 41 71 8128 223 ) 3 1 e
8 45 44 (spin vale) Sz HH BT ). 346, SRfEAH AR
FRRFIE SRR bR 1S M AR A TE 4T, B AT R LS 1)
FeE AT, B K 2 P 28 1F B E M IR AR K 4T,
W% F 1 H BFO 7 45 10 i i i, R Re e R R 8%
3AMEIR, T K m L R ER . A, 1
Z R, BFO T P 5 X DLAR SRR 8 1 B,
SRR AT E R, N, W LR #EE BFO
VRS AN A K By, A T4 v PR s 2 iff R R B
S AN, TEAAE BTG RE S, AN A2 T
Rl S 5 I AR ) BAR H RTIE ARG B 2 ¢
T QITESCER [61] H, BN [FIRE AR F 2 AN 9K
B, PRy Bl AR DR AR S B 3 T R FLBE A
5 PR SR B AT FLAOR BT B DR, 2 v I s A 11
5350 VR0 — BT A BR8P R g YD 1) 8.

B2 A SCER K EE A A R A R I DG
R, SRR R P H A il S R T A IR i A T
— S [, S G R 3 N TR IR Bl I
DA BT BFO 57 45 58 46 (i B 0K 3l L P A 11— 2
AT TREE, e T AR T AR
F S ) ) A JE AL TARSR T — s e
A B AR SR X SR DR ST 7T I R AT A AR
TAEFH .

S0k

[1] Fiebig M 2005 J. Phys. D: Appl. Phys. 38 R123

[2] Eerenstein W, Mathur N D, Scott J F 2006 Nature 442
759

[3] Ramesh R, Spaldin N A 2007 Nature Mater. 6 20

[4] Vaz C A F, Hoffman J, Ahn C H, Ramesh R 2010 Adv.
Mater. 22 2900

[5] HuJ M, Chen L Q, Nan C W 2016 Adv. Mater. 28 15

[6] Song C, Cui B, Li F, Zhou X, Pan F 2017 Prog. Mater.
Sci. 87 33

[7] Ma J, Hu J, Li Z, Nan C W 2011 Adv. Mater. 23 1062

[8] Wang K F, Liu J M, Ren Z F 2009 Adv. Phys. 58 321

[9] Dong S, Liu J M, Cheong S W, Ren Z F 2015 Adv. Phys.

64 519

Vaz C A F 2012 J. Phys.: Condens. Matter 24 333201

Sun N X, Srinivasan G 2012 Spin (Singapore: World

Scientific Publishing Company) 2(03) 1240004

(12]
(13]

(14]

(15]

[16]

[17]

157512-14

Taniyama T 2015 J. Phys.: Condens. Matter 27 504001
Worledgea D C, Hu G, Abraham D W, Sun J Z, Trouil-
loud P L, Nowak J, Brown S, Gaidis M C, O’Sullivan E
J, Robertazzi R P 2011 Appl. Phys. Lett. 98 022501
Katine J A, Fullerton E E 2008 J. Magn. Magn. Mater.
320 1217

Durlam M, Naji P J, Omair A, Durlam M, Naji P J,
Omair A, DeHerrera M, Calder J, Slaughter J M, En-
gel B N, Rizzo N D, Grynkewich G, Butcher B, Tracy
C, Smith K, Kyler K W, Ren J J, Molla J A, Feil W
A, Williams R G, Tehrani S 2003 IEEE J. Solid-State
Circuits 38 769

Liu L, Lee O J, Gudmundsen T J, Ralph D C, Buhrman
R A 2012 Phys. Rev. Lett. 109 096602

Miron I M, Garello K, Gaudin G, Zermatten P J,
Costache M V, Auffret S, Bandiera S, Rodmacq B,
Schuhl A, Gambardella P 2011 Nature 476 189

Hu J M, Li Z, Chen LL Q, Nan C W 2011 Nat. Commun.
2 553

Barthélémy A, Bibes M 2008 Nature Mater. 7 425
Amiri P K, Alzate J G, Cai X Q, Ebrahimi F, Hu Y,
Wong K, Greézes C, Lee H, Yu G Q, Li X, Akyol M,
Shao Q M, Katine J A, Langer J, Ocker B, Wang K L
2015 IEEE Trans. Magn. 5 1

Zhou W, Xiong Y Q, Zhang Z M, Wang D H, Tan W S,
Cao Q Q, Qian Z H, Du'Y W 2016 ACS Appl. Mater.
Interfaces 8 5424

Kosub T, Kopte M, Hiithne R, Appel P, Shields B,
Maletinsky P, Hithne R, Liedke M O, Fassbender J,
Schmidt O G, Makarov D 2017 Nat. Commun. 8 13985
Jaiswal A, Roy K 2017 Sci. Rep. 7 39793

Zheng R K, Li X G 2013 Prog. Phys. 33 359 (in Chinese)
D=2, ZRB% 2013 M3 33 359)

Yang J J, Zhao Y G, Tian H F, Luo L B, Zhang H Y,
He Y J, Luo H S 2009 Appl. Phys. Lett. 94 212504
Heron J T, Schlom D G, Ramesh R 2014 Appl. Phys.
Rev. 1 021303

Weisheit M, Fahler S, Marty A, Souche Y, Poin C,
Givord D 2007 Science 315 349

Maruyama T, Shiota Y, Nozaki T, Ohta K, Toda N,
Mizuguchi M, Tulapurkar A A, Shinjo T, Shiraishi M,
Mizukami S, Ando Y, Suzuki Y 2009 Nat. Nanotechnol.
4 158

Molegraaf H J A, Hoffman J, Vaz C A F, Gariglio S, van
der Marel D, Ahn C H, Triscone J M 2009 Adv. Mater.
21 3470

Nan C W 2015 Sci. Sin.: Tech. 45 339 (in Chinese) [
FC 2015 HERE: BEARRIE 45 339]

Liu J M, Nan C W 2014 Physics 43 88 (in Chinese) [Xl
R, BEESC 2014 PP 43 88]

Duan C G 2009 Prog. Phys. 3 215 (in Chinese) [BZiR|
2009 MR 3 215]

Yao X, Ma J, Lin Y, Nan C W, Zhang J 2015 Sci. China:
Mater. 58 143

Gao X S, Zeng M, Liu J M 2014 Physics 43 246 (in
Chinese) [=%#%, W&, XIZH 2014 )3 43 246)


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1088/0022-3727/38/8/R01
http://dx.doi.org/10.1038/nature05023
http://dx.doi.org/10.1038/nature05023
https://doi.org/10.1142/9789814287005_0003
http://dx.doi.org/10.1002/adma.200904326
http://dx.doi.org/10.1002/adma.200904326
http://dx.doi.org/10.1002/adma.201502824
http://dx.doi.org/10.1016/j.pmatsci.2017.02.002
http://dx.doi.org/10.1016/j.pmatsci.2017.02.002
http://dx.doi.org/10.1002/adma.201003636
http://dx.doi.org/10.1080/00018730902920554
http://dx.doi.org/10.1080/00018732.2015.1114338
http://dx.doi.org/10.1080/00018732.2015.1114338
http://dx.doi.org/10.1088/0953-8984/24/33/333201
https://doi.org/10.1142/S2010324712400048
https://doi.org/10.1142/S2010324712400048
http://dx.doi.org/10.1088/0953-8984/27/50/504001
http://dx.doi.org/10.1063/1.3536482
http://dx.doi.org/10.1016/j.jmmm.2007.12.013
http://dx.doi.org/10.1016/j.jmmm.2007.12.013
http://dx.doi.org/10.1109/JSSC.2003.810048
http://dx.doi.org/10.1109/JSSC.2003.810048
http://dx.doi.org/10.1103/PhysRevLett.109.096602
http://dx.doi.org/10.1038/nature10309
http://dx.doi.org/10.1038/ncomms1564
http://dx.doi.org/10.1038/ncomms1564
http://dx.doi.org/10.1038/nmat2189
https://ieeexplore.ieee.org/document/7120957
http://dx.doi.org/10.1021/acsami.5b11392
http://dx.doi.org/10.1021/acsami.5b11392
http://dx.doi.org/10.1038/ncomms13985
http://dx.doi.org/10.1038/srep39793
http://www.cnki.com.cn/Article/CJFDTOTAL-WLXJ201306002.htm
http://dx.doi.org/10.1063/1.3143622
http://dx.doi.org/10.1063/1.4870957
http://dx.doi.org/10.1063/1.4870957
http://dx.doi.org/10.1126/science.1136629
https://www.nature.com/articles/nnano.2008.406
https://www.nature.com/articles/nnano.2008.406
http://dx.doi.org/10.1002/adma.v21 :34
http://dx.doi.org/10.1002/adma.v21 :34
http://www.cnki.com.cn/Article/CJFDTOTAL-JEXK201504001.htm
 http://www.wuli.ac.cn/CN/Y2014/V43/I02/88
http://www.cnki.com.cn/Article/CJFDTOTAL-WLXJ200903001.htm
https://link.springer.com/article/10.1007/s40843-015-0024-7
https://link.springer.com/article/10.1007/s40843-015-0024-7
 http://www.wuli.ac.cn/CN/Y2014/V43/I04/246

¥ 12 ZF R Acta Phys. Sin.

Vol. 67,

No. 15 (2018) 157512

[50]

[51]

Dong S, Liu J M 2010 Physics 39 714 (in Chinese) [#
Ui, XU 2010 4B 39 714]

Duan C G, Zhao Y G 2014 Physics 43 99 (in Chinese)
[BLatifl, Bk HI 2014 #1243 99)

He H C, Lin Y H, Nan C W 2008 Chin. Sci. Bull. 53
1136 (in Chinese) [fTiM, #yute, B L 2008 Bl 2@k
53 1136]

Weiler M, Brandlmaier A, Geprags S, Althammer M,
Opel M, Bihler C, Huebl H, Brandt M S, Gross R, Goen-
nenwein S T B 2009 New J. Phys. 11 013021

Xie Y, Ma J, Ganguly S, Ghosh A W 2017 J. Comput.
Electron. 16 1201

Thiele C, Dorr K, Bilani O, Rédel J, Schultz L 2007
Phys. Rev. B 75 054408

Venkataiah G, Shirahata Y, Itoh M, Taniyama T 2011
Appl. Phys. Lett. 99 102506

Sander D 1999 Rep. Prog. Phys. 62 809

Pertsev N A 2008 Phys. Rev. B 78 212102

Hu J M, Nan C W 2009 Phys. Rev. B 80 224416

Hu J M, Nan C W, Chen L Q 2011 Phys. Rev. B 83
134408

Finizio S, Foerster M, Buzzi M, Kriiger B, Jourdan M,
Vaz C A, Hockel J, Miyawaki T, Tkach A, Valencia S,
Kronast F, Carman G P, Nolting F, Kladui M 2014 Phys.
Rev. Appl. 1 021001

Buzzi M, Chopdekar R V, Hockel J L, Bur A, Wu T,
Pilet N, Warnicke P, Carman G P, Heyderman L J, Nolt-
ing F 2013 Phys. Rev. Lett. 111 027204

Ba Y, Liu Y, Li P, Wu L, Unguris J, Pierce D T, Yang
D, Feng C, Zhang Y, Wu H, Li D, Chang Y, Zhang J
X, Han X F, Cai J W, Nan C W, Zhao Y G 2018 Adwv.
Funct. Mater. 28 1706448

Yang S W, Peng R C, Jiang T, Liu Y K, Feng L, Wang
J J, Chen L Q, Li X G, Nan C W 2014 Adv. Mater. 26
7091

Ghidini M, Pellicelli R, Prieto J L, Moya X, Soussi J,
Briscoe J, Dunn S, Mathur N D 2013 Nat. Commun. 4
1453

Li X, Carka D, Liang C Y, Sepulveda A E, Keller S M,
Amiri P K, Carman G P, Lynch C S 2015 J. Appl. Phys.
118 014101

Gao Y, HuJ M, Wu L, Nan C W 2015 J. Phys.: Con-
dens. Matter 27 504005

Hu J M, Yang T, Wang J, Huang H, Zhang J, Chen L
Q, Nan C W 2015 Nano Lett. 15 616

Peng R C, Hu J M, Momeni K, Wang J J, Chen L Q,
Nan C W 2016 Sci. Rep. 6 27561

Peng R C, Hu J M, Chen L Q, Nan C W 2017 NPG Asia
Mater. 9 ed04

Yi M, Xu B X, Miiller R, Gross D 2017 Acta Mech. 10
1007

Preobrazhensky V, Klimov A, Tiercelin N, Duschb Y,
Giordanob S, Churbanovd A, Mathurinb T, Pernodb P,
Sigov A 2018 J. Magn. Magn. Mater. 459 66

Wang J J, HuJ M, Ma J, Zhang J X, Chen L Q, Nan C
W 2014 Sci. Rep. 4 7507

(59]
[60]

[61]

(6]

(67)

(68]

(69]

[70]

[71]

[72]

73]

[74]

157512-15

Cui J, Keller S M, Liang C Y, Carman G P, Lynch C S
2017 Nanotechnology 28 08LT01

Salehi-Fashami M, D’Souza N 2017 J. Magn. Magn.
Mater. 438 76

Cui J, Hockel J L, Nordeen P K, Pisani D M, Liang C
Y, Carman G P, Lynch C S 2013 Appl. Phys. Lett. 103
232905

Biswas A K, Ahmad H, Atulasimha J, Bandyopadhyay
S 2017 Nano Lett. 17 3478

Zhao T, Scholl A, Zavaliche F, Lee K, Barry M, Doran
A, Cruz M P, Chu Y H, Ederer C, Spaldin N A, Das
R R, Kim D M, Baek S H, Eom C B, Ramesh R 2006
Nature Mater. 5 823

Martin L W, Chu Y H, Ramesh R 2010 Mater. Sci. Eng.
68 89

Martin L W, Chu Y H, Holcomb M B, Huijben M, Yu
P, Han S J, Lee D, Wang S X, Ramesh R 2008 Nano
Lett. 8 2050

Wu S M, Cybart S A, Yu P, Rossell M D, Zhang J X,
Ramesh R, Dynes R C 2010 Nature Mater. 9 756
Popkov A F, Kulagin N E, Soloviov S V, Sukmanova
K S, Gareeva Z V, Zvezdin A K 2015 Phys. Rev. B 92
140414

Elzo M, Moubah R, Blouzon C, Sacchi M, Grenier S,
Belkhou R, Dhesi S, Colson D, Torres F, Kiwi M, Viret
M, Jaouen N 2015 Phys. Rev. B 91 014402

Chu Y H, Martin L. W, Holcomb M B, Gajek M, Han
S J, He Q, Balke N, Yang C H, Lee D, Hu W, Zhan Q,
Yang P L, Arantxa F R, Scholl A, Wang S X, Ramesh
R 2008 Nat. Mater. 7 478

Heron J T, Trassin M, Ashraf K, Gajek M, He Q, Yang
S Y, Nikonov D E, Chu Y H, Salahuddin S, Ramesh R
2011 Phys. Rev. Lett. 107 217202

Heron J T, Bosse J L, He Q, Gao Y, Trassin M, Ye L,
Clarkson J D, Wang C, Liu J, Salahuddin S, Ralph D
C, Schlom D G, Iniguez J, Huey B D, Ramesh R 2014
Nature 516 370

Zhou Z, Trassin M, Gao Y, Gao Y, Qiu D, Ashraf K,
Nan T, Yang X, Bowden S R, Pierce D T, Stiles M D,
Unguris J, Liu M, Howe B M, Brown G J, Salahuddin
S, Ramesh R, Sun N X 2015 Nat. Commun. 6 6082
Wang J J, Hu J M, Yang T N, Wang, Feng M, Zhang J
X, Chen L Q, Nan C W 2014 Sci. Rep. 4 4553

Wang J J, Hu J M, Peng R C, Gao Y, Shen Y, Chen L
Q, Nan C W 2015 Sci. Rep. 5 10459

Saenrang W, Davidson B A, Maccherozzi F, Podkaminer
J P, Irwin J, Johnson R D, Freeland J W, fﬁiguez J,
Schad J L, Reierson K, Frederick J C, Vaz C A F, Howald
L, Kim T H, Ryu S, Veenendaal M V, Radaelli P G,
Dhesi S S, Rzchowski M S, Eom C B 2017 Nat. Com-
mun. 8 1583

Tian G, Zhang F, Yao J, Fan H, Li P, Li Z, Song X,
Zhang X, Qin M, Zeng M, Zhang Zh, Yao J, Gao X, Liu
J 2016 ACS Nano. 10 1025

Yao J X, Song X, Gao X S, Tian G, Li P L, Fan H,
Huang Z F, Yang W D, Chen D Y, Fan Z, Zeng M, Liu
J M 2018 ACS Nano DOI: 10.1021/acsnano.8b01936


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://www.wuli.ac.cn/CN/Y2010/V39/I10/0
 http://www.wuli.ac.cn/CN/Y2014/V43/I02/99
http://csb.scichina.com:8080/kxtb/CN/abstract/abstract371056.shtml
http://csb.scichina.com:8080/kxtb/CN/abstract/abstract371056.shtml
http://dx.doi.org/10.1088/1367-2630/11/1/013021
http://dx.doi.org/10.1007/s10825-017-1054-z
http://dx.doi.org/10.1007/s10825-017-1054-z
http://dx.doi.org/10.1103/PhysRevB.75.054408
http://dx.doi.org/10.1103/PhysRevB.75.054408
http://dx.doi.org/10.1063/1.3628464
http://dx.doi.org/10.1063/1.3628464
http://dx.doi.org/10.1088/0034-4885/62/5/204
http://dx.doi.org/10.1103/PhysRevB.78.212102
http://dx.doi.org/10.1103/PhysRevB.80.224416
http://dx.doi.org/10.1103/PhysRevB.83.134408
http://dx.doi.org/10.1103/PhysRevB.83.134408
http://dx.doi.org/10.1103/PhysRevApplied.1.021001
http://dx.doi.org/10.1103/PhysRevApplied.1.021001
http://dx.doi.org/10.1103/PhysRevLett.111.027204
http://dx.doi.org/10.1002/adfm.v28.11
http://dx.doi.org/10.1002/adfm.v28.11
http://dx.doi.org/10.1002/adma.201402774
http://dx.doi.org/10.1002/adma.201402774
http://dx.doi.org/10.1038/ncomms2398
http://dx.doi.org/10.1038/ncomms2398
http://dx.doi.org/10.1063/1.4923350
http://dx.doi.org/10.1063/1.4923350
http://dx.doi.org/10.1088/0953-8984/27/50/504005
http://dx.doi.org/10.1088/0953-8984/27/50/504005
http://dx.doi.org/10.1021/nl504108m
http://dx.doi.org/10.1038/srep27561
http://dx.doi.org/10.1038/am.2017.97
http://dx.doi.org/10.1038/am.2017.97
https://link.springer.com/article/10.1007/s00707-017-2029-7
https://link.springer.com/article/10.1007/s00707-017-2029-7
http://dx.doi.org/10.1016/j.jmmm.2017.12.028
https://www.nature.com/articles/srep07507
http://dx.doi.org/10.1088/1361-6528/aa56d4
http://dx.doi.org/10.1016/j.jmmm.2017.02.003
http://dx.doi.org/10.1016/j.jmmm.2017.02.003
http://dx.doi.org/10.1063/1.4838216
http://dx.doi.org/10.1063/1.4838216
http://dx.doi.org/10.1021/acs.nanolett.7b00439
http://dx.doi.org/10.1038/nmat1731
http://dx.doi.org/10.1038/nmat1731
http://dx.doi.org/10.1016/j.mser.2010.03.001
http://dx.doi.org/10.1016/j.mser.2010.03.001
http://dx.doi.org/10.1021/nl801391m
http://dx.doi.org/10.1021/nl801391m
http://dx.doi.org/10.1038/nmat2803
http://dx.doi.org/10.1103/PhysRevB.92.140414
http://dx.doi.org/10.1103/PhysRevB.92.140414
http://dx.doi.org/10.1103/PhysRevB.91.014402
http://dx.doi.org/10.1038/nmat2184
http://dx.doi.org/10.1103/PhysRevLett.107.217202
http://dx.doi.org/10.1038/nature14004
http://dx.doi.org/10.1038/nature14004
http://dx.doi.org/10.1038/ncomms7082
https://www.nature.com/articles/srep04553
http://dx.doi.org/10.1038/srep10459
http://dx.doi.org/10.1038/s41467-017-01581-6
http://dx.doi.org/10.1038/s41467-017-01581-6
http://dx.doi.org/10.1021/acsnano.5b06339
https://pubs.acs.org/doi/abs/10.1021/acsnano.8b01936

¥ 12 ZF R Acta Phys. Sin.

Vol. 67, No. 15 (2018) 157512

(78]

[79]

(80]

(81]

(82]

(83]

[84]

Yi M, Zhang H, Xu B X C 2017 npj Comput. Mater. 3
38

Bauer U, Yao L, Tan A J, Agrawal P, Emori S, Tuller
H L, Dijken S, Beach G 2015 Nat. Mater. 14 174
Nawaoka K, Miwa S, Shiota Y, Mizuochi N, Suzuki Y
2015 Appl. Phys. Ezxpress 8 063004

Yang Q, Zhou Z, Wang L, Zhang H, Cheng Y, Hu Z,
Peng B, Liu M 2018 Adv. Mater. 30 1800449

Gao Y, Hu J M, Nelson C T, Yang T N, Shen Y, Chen
L Q, Ramesh R, Nan C W 2016 Sci. Rep. 6 23696

Hu J M, Yang T, Momeni K, Cheng X, Chen L, Lei S,
Zhang S, Susan T' M, Gopalan V, Carman G P, Nan C
W, Chen L Q 2016 Nano Lett. 16 2341

Xiao Z, Conte R L, Chen C, Liang C Y, Sepulveda A,
Bokor J, Carman G P, Candler R N 2018 Sci. Rep. 8

(85]

(86]

(87)

(88]

(89]

157512-16

5207

Li Q, Tan A, Scholl A, Young A T, Yang M, Hwang C,
Diaye A T N, Arenholz E, Li J, Qiu Z Q 2017 Appl.
Phys. Lett. 110 262405

Shibata K, Iwasaki J, Kanazawa N, Aizawa S, Tanigaki
T, Shirai M, Nakajima T, Kubota M, Kawasaki M, Park
H S, Shindo D, Nagaosa N, Tokura Y 2015 Nat. Nan-
otechnol. 10 589

Upadhyaya P, Yu G, Amiri P K, Wang K L 2015 Phys.
Rev. B 92 134411

Zhang X, Zhou Y, Ezawa M, Zhao G P, Zhao W 2015
Sci. Rep. 5 11369

Nakatani Y, Hayashi M, Kanai S, Fukami S, Ohno H
2016 Appl. Phys. Lett. 108 152403


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1038/s41524-017-0043-x
http://dx.doi.org/10.1038/s41524-017-0043-x
http://dx.doi.org/10.1038/nmat4134
http://dx.doi.org/10.7567/APEX.8.063004
http://dx.doi.org/10.1002/adma.v30.22
http://dx.doi.org/10.1038/srep23696
http://dx.doi.org/10.1021/acs.nanolett.5b05046
http://dx.doi.org/10.1038/s41598-018-23020-2
http://dx.doi.org/10.1038/s41598-018-23020-2
http://dx.doi.org/10.1063/1.4990987
http://dx.doi.org/10.1063/1.4990987
http://dx.doi.org/10.1038/nnano.2015.113
http://dx.doi.org/10.1038/nnano.2015.113
http://dx.doi.org/10.1103/PhysRevB.92.134411
http://dx.doi.org/10.1103/PhysRevB.92.134411
http://dx.doi.org/10.1038/srep11369
http://dx.doi.org/10.1038/srep11369
http://dx.doi.org/10.1063/1.4945738

) I8 % 4 Acta Phys. Sin. Vol. 67, No. 15 (2018) 157512

SPECIAL TOPIC — Multiferroicity: Physics, materials, and devices

Electric field driven magnetic switching in nanoscale
multiferroic heterostructures”
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Abstract

Recently, there has been a surge of research interest in the electric field control of magnetism due to its promising
application in spintronic and memory devices, which has become a hot topic in the field of multiferroic research. In current
spintronic technology, magnetic reversal is usually driven by a large electric current via current generated magnetic field
or spin-torque effect to write/erase a magnetic bit, and thus producing large power consumption and heat dissipation.
While using insulating multiferroic materials, the reversal of magnetization can be triggered by applying an electric
field instead of current, hence dramatically reducing the energy consumption and heat dissipation. With the current
miniature trend in microelectronic technology, it is very essential to explore the electric field driven magnetic reversal
(EFMS) behaviours in a micro/nanometer scale. In this article we briefly review the new progress in the field of EFMS
based on multiferroic heterostructures, including some new features arising from size reduction, as well as some recent
experimental and theoretical advances towards nanoscale EFMS, e.g. strain-mediated coupling, or spin exchange coupling
in BiFeOs-based heterostructures, and their associated mechanisms. Finally, some key challenges in developing future

EFMS based magnetoelectric devices, and some prospects for future research are also discussed.

Keywords: electric driven magnetic switching, multiferroics, nanomagnets, magnnetoelectric random
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Fig. 1. (a) Hlustration of the multiferroic heterostructures combining ferromagnetic with ferroelectric mate-

rials; (b) schematic of electric-field-controlled magnetism via strain-mediated magnetoelectric coupling.
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Fig. 2. (a) Scheme of the CoFeB/PMN-PT multiferroic heterostructures and experimental configuration; (b) dependence

of magnetization and the corresponding polarization current on electric field (1 emu/cm?® = 10% A/m) [26],
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Fig. 3. (a) Schematic of the polarization orientations for PMN-PT (001); (b) correlation between domain switching
and distortion; (c)—(f) the reflections of RSM around the (113) peak at different electric fields [26].
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Fig. 4. (a)-(c) Different behaviors of magnetization under electric fields for different ferroelectric domain switchings [35].
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Fig. 5. (a) Dependence of out-of-plane electric displacement on electric field; (b) in-plane piezostrains along the x

and y directions (23],
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Fig. 7. (a) Schematic of the sample combining exchanged-biased system with ferroelectric material; (b) angular

dependences of exchange bias with 8 kV /cm on and off; (c) illustration of magnetization orientations at zero magnetic

field under electric fields for optimized anisotropy configuration; (d) magnetic hysteresis loops under electric fields
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Fig. 8. (a) Illustration of a flower-shaped nanomagnet grown on a ferroelectric substrate; (b) the non-

collinear structure of the magnetic easy axis and the uniaxial piezostrain; (c) the mechanism of reversible

180° magnetization switching achieved through a series of continuous 90° switching (631,
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Abstract

Electric-field control of magnetism has recently received much attention because of low-power consumption, which
has potential applications in low-power multifunction devices. Ferromagnetic/ferroelectric multiferroic heterostructure
is a useful way to realize the electric-field control of magnetism. Strain-mediated magnetoelectric coupling with large
magnetoelectric coupling coefficient at room temperature is one of the current research hotspot. In this paper, we
give an overview of recent progress of strain-mediated magnetoelectric coupling in multiferroic heterostructures. This
review paper consists of five parts: introduction of multiferroics, electric-field control of magnetism in multiferroic
heterostructures, electrical control of magnetization reversal, electric-field control of magnetic tunnel junctions, and the
future prospects of multiferroic heterostructures.

The basic concepts of multiferroics and background of magnetoelectric coupling effect are introduced in the first
part.

In the second part, a brief review of the recent work on the Pb(Mg; /3Nbj/3)0.7Ti0.303 (PMN-PT) based multiferroic
heterostructures is given. The PMN-PT has a FE domain structure, which plays a vital role in electric-field control of
magnetism, especially the 109° domain switching. For PMN-PT (001), the importance of 109° domain switching on the
nonvolatile electrical control of magnetism is discussed. For PMN-PT (011), it is shown how to obtain nonvolatile strain
which induces magnetic easy axis to be rotated by 90°. The work on electric-field modulation of ferromagnetic material
with perpendicular magnetic anisotropy is also mentioned.

Electric-field control of magnetization reversal is still a challenge and remains elusive. Combination of strain-
mediated magnetoelectric coupling and exchanging bias is a promising method to reverse magnetization by electric field,
and the exchange-biased system/ferroelectric structures are given in the third part. There are also some theoretical
attempts and proposals to realize the electrical control of 180° magnetization reversal. Then the method to manipulate
magnetic tunnel junctions by electric field is given through integrating multiferroics and spintronics. Further outlook of

the multiferroic heterostructures is also presented finally.

Keywords: multiferroic heterostructures, converse magnetoelectric coupling effect, electric-field con-

trolled magnetism, magnetization reversal

PACS: 75.85.4+t, 77.55.Nv, 85.75.—d DOI: 10.7498 /aps.67.20181272

* Project supported by the National Basic Research Program of China (Grant No. 2015CB921402) and the National Natural
Science Foundation of China (Grant Nos. 51788104, 51572150).

1 Corresponding author. E-mail: aitian.chen@kaust.edu.sa
1 Corresponding author. E-mail: ygzhao@tsinghua.edu.cn

157513-13


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.67.20181272

Chinese Physical Society
IR Acta Physica Sinica

. Institute of Physics, CAS

T PbMg, /3Nb, 305-PbTiO; [EFE B RAVHELFE £ & B IEM RISt R
wE RHER BREF E AR FRE
Progresses of magnetoelectric composite films based on PbMg; ,3Nb,,303-PbTiO3 single-crystal sub-

strates
Xu Meng Yan Jian-Min Xu Zhi-Xue Guo Lei Zheng Ren-Kui Li Xiao-Guang

5] 1% |2 Citation: Acta Physica Sinica, 67, 157506 (2018) DOI: 10.7498/aps.67.20180911
TE2L 7% 132 View online:  http://dx.doi.org/10.7498/aps.67.20180911
214 7% View table of contents: http://wulixb.iphy.ac.cn/CN/Y2018/V67/115

TG AT e RS R Bt S EE
Articles you may be interested in

V477 AH 2 Bk BIMnOg FRAZEREVE H) BAR B 7L
Theoretical study on magnetoelectric effect in multiferroic tetragonal BiMnO3
YH 24,2018, 67(15): 157511 http://dx.doi.org/10.7498/aps.67.20180946

BT 1k AR 5 RSO R R A L B TC AT R EE 5 SR I AR A 2%
Fundamental circuit element and nonvolatile memory based on magnetoelectric effect
PP 24,2018, 67(12): 127501  http://dx.doi.org/10.7498/aps.67.127501

FIN GRS A 2R B P R R 2R S A A e ) 45 25k R R AR Y

Equivalent circuit model for plate-type magnetoelectric laminate composite considering an interface cou-
pling factor

YH % 4.2018, 67(2): 027501 http://dx.doi.org/10.7498/aps.67.20172080

FET R B 0 R PR P R PR S R AITRIE P N ) A

Low frequency magnetoelectric response analysis of magnetoelectric laminate material based on energy
conversion principle

YE = 4.2014, 63(20): 207501  http://dx.doi.org/10.7498/aps.63.207501

Z YA EL HoMNO HH o 22 MR SURH R AR SR 5y 1Y) 25— 1 S BRI
Research on optical absorption and distortion driving in multiferroic HoMnO3 from the first principles
PP 2EH%.2013, 62(12): 127502  http://dx.doi.org/10.7498/aps.62.127502


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml
http://dx.doi.org/10.7498/aps.67.20180911
http://dx.doi.org/10.7498/aps.67.20180911
http://wulixb.iphy.ac.cn/CN/Y2018/V67/I15
http://wulixb.iphy.ac.cn/CN/abstract/abstract72431.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract72216.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract71454.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract61496.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract54164.shtml

) I8 ¥ 48  Acta Phys. Sin.

et PR MRS
EFPbMg; /3Nby,303-PbTiO; EH H &K
R ESEEMMIRER"
2R A g 2)

1) (hEB AR LIEEERR T FORT, o RE M FA R R M R SR, B 200050)
2) (FHEEBFEHEARNE, SIEHREMFRZEFT RS LR, S 230026)

Vol. 67, No. 15 (2018) 157506

Ji g 1)

/ MY
i Y

N %Elg?%l)

(201845 A 7 Hig®; 2018 45 5 A 21 HURBIE R )

L 15 AR (1 T3 R 5 R R T BE S AR ISR R BE AL 22 ThRB AL DL R R MU | mT S AR T AR S 40
PR T RS TR, AL G PR RE R T READRL O H B A BRI 2 IR TR, TR A A RL [ B
R HE T AR AR PR S PR DRI REH R R TR SR F N TR R R Th RE SR E. R R
HEMBAMMUEAG IR £ & WY B RS, 111 HAEFIREIRNEE | 2 DA S BOAE 62 B mT A
MIRTAE DR 35 FEAR S L RS A A b 0 B AT ) el PR R FH 5%, DRI 52 30 BB 22 R I B 5 55 V2 1)
RYEANGIL. A2 ZRME A B A ARE b, Tl kT /B e B0t e o 225 DR G o) 46 17 B L 5 A 0T h ROR R ik 38 R VR
DA L RS 7 B FE 2, Bl T ARSI T SR Z B A N ARk, BT, DLEA R 2k A ek
BEM (1 — 2)PbMgy /3Nbs,303-2PbTiO3(PMN-PT) H gt {4 e, #2 DREHR /PMN-PT 7 i 45 £ N
W AN 2Bkt 5 A AT R AR B T 2 —. AT I E R, RE R 2R IR R R SRR
T REAE SCEAE 51 F BT TR AL T4 S b Ay, 2 B 3 L E Dy Re v 15 /PMIN-PT 548 3 J5t 45 77 THI T 5 5247 1
. A NIE, BRI T AR AL A /PMN-PT . 8k 4& /PMN-PT. 2k#i 4 J8 /PMN-PT . #ii
1 /PMN-PT. &Yk /PMN-PT. 41kl /PMN-PT. £ JZ# i /PMN-PT . i 53 5 /PMN-PT 2 £ Fh 2
R R 4G, 7E R AT USRI T AR IS 1 38 ORI SO RR. AR SO JE T PMIN-PT H H 58 4 1 1 L 525 0
FEAPRL R T FE AT T A4 RSN T S5 D REWEIR /PMIN-PT 5 03 25 AH 5 OB S8 SCR R IVIR; M4 T
PMN-PT 5 5 75 A [7] A 57 B BRI R AR AR s 422 [ )y e ST R P o 4k 30t S B A kAT T 702K, OF
TEHUER /AR M (OTIE T RS, A48 T AR RE FRE REAN PSR I BN 5 At B WA A AR I R R ke
FIRERI R 77 AT T g f R EE.

KPR WL E AR, SRR, SR AR, B A RN
PACS: 75.85.+t, 77.55.Nv, 77.80.bn, 77.80.Jk DOI: 10.7498 /aps.67.20180911

B 15 [ I H AT Bk 1 (R ik fa k) BRI (B Bk
FANE S TEBRBAYE) RERFPE IR R, 2 —SRER L, ik
PERET — S Z DhREMBL. ZERIEM B EA %

1 5 =

FEAREM AL TR 2L N TR AL A B
PR T, ALGE 3R B BRI SE A — T
REMTEIC AR 25 Bt s R R 2. 285
PER R B 2 N AT DO Red kel v R A Ak
RTIAE S I EOR M 2 BB TEN RIRTE. 28k

Foft B8 — FR M (B Bk F P BRI ) Thie, T Hoadad
Fr 2 &2 MR IR &, W] RA AR R BB R A
RO, B, T LA S 4 4 o) R R A B S e
iz HIRERAL. 2 BRIERPRERT LI 9 B AR 2 BT
BURIE & 2 BVERDRPIRSE, B ETR 2 B AR 2 8k

* [E X HRRBIAIES (MHES: 51572278, 51790491) FE K& SAT A T4 (HkdE=: 2016 YFA0300103) 55 BIIK URE.

T #EVE#E. E-mail: zrkQustc.edu
© 2018 FEYIEF S Chinese Physical Society

http: //wulizb.iphy.ac.cn

157506-1


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.67.20180911
http://wulixb.iphy.ac.cn

¥ 38 % 3k Acta Phys. Sin.

Vol. 67, No. 15 (2018) 157506

PERRLAEAE WG AR B 089 HLIR AR AR ) A, R
il ARSI R, TR A 2 B R T
FLER BT FOE TE A BOR B s & R 8, RO
ZARNERD R U — A R 7T e Do),

FER G ZERNERR T, XTI Bk 2 Bk
HREEMEI S, RILJLAE, R Ekmiis i 5 gk h
A AR 4G G K2R i B G WA R IR, R
WHE R A RAEA LR 4 ML 1) 181 e it
7R f) 2 HOR, FE A AU A A R BR A4 R
BATR G, AIERAT LRI ) S A L 5 A
VL 2) 1R R AR b, TSI BRI A B R T A
JR 7 R E5 G, AT AT R S T 20 5 4
kK, REEAAR S RS 3) MIDR i H] SR AR AT,

B AR R s A S BR AR R LAAE S

KRB B AT M4, PRI Al A S 1 RUBE Lk T LA
SR 4) R RSB G T H RN BN (EHE R
FERILHBLEAK), a5 s pl/ e o
Pk, AR T AR RO SRR, T I BRI AT
il B S VR A R T B AR IR AL e
e e AT B A AT a3 T Rl AR A
AR P ER I BT H 5, W] T ORI 2 R
MR- gPSES

et R R YOS (a5 a7 s N o ling N R )
FEN D3 BOR B bk T L B H AT U0 7 Bk A AN I LA
RE A5 B PR A IR, B B AR % SR T eV A
Bl R T BE I / Bk LR S R A X SR T
FEAFNATIASEE R R B A FU s F Al & R, BE AR

Total publications

2006 2008 2010 2012 2014 2016
Publication years

|- 700

(b)
600

500

- 400

- 300

Sum of times cited per year

- 200

- 100

-0
2006 2008 2010 2012 2014 2016
Publication years

() 2005—2017: Percentage of publications

20.45%

57.27%
I China [ usa I Germany
[ Jsingapore [ India [ Portugal
I south Korea [l France [l England
I Others

43.49%
0.81%
I china [ usA I Germany
[ Jsouth Korea [ India [ ]singapore
I France Bl Finland [ UK
I Others

(d) 2005—2017: Percentage of citation

30.58%

2.13%

BEl1 2005 2] 2017 4, . Web of Science Pyl 28 (1 ) GEHIE /PMN-PT 5 F R G S G 8l (a) &8k
ERFHISCEHEMRE; (b) KBRS FHFR T FHXERHARE; () AREZKERZEARR RN S E S (d) &

I7] 5 A 2 A8 SC A 5 IR BLT o5 1 43 Ee

Fig. 1. The statistical datas of articles related to functional film/PMN-PT crystal heterostructures retrieved via the
Web of Science from 2005 to 2017: (a) The histogram of articles published annually throughout the world; (b) the

histogram of annual citation of these articles; (c) percentage of publications for different countries; (d) percentage

of citations for different countries.

157506-2


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 67, No. 15 (2018) 157506

Bt 7030 [ 40 i BV 1) R 2 e, A SRR
5 s R DL R BIR TIREZ MR R, &5 N
1k, BEFEN IR R T A S 1 /PMN-
PT. %% & /PMN-PT. %4 J&/PMN-PT. Fi
Wé 2 5 8 /PMN-PT. & % # k/PMN-PT. —
Y4k /PMN-PT. % JZ# I /PMN-PT. i T
Ji/PMN-PT 25 2 MR A () 5 R 45, FEA& 1T JLAE,
— S LA 3 ) AN (R R (o 4k O]
S AR 8] Weyl 2 4@ ), 1 8845 1)) Mott
i 2R V| SR SCR R b 112018 450 ok s gl R BAT
WA, W0 AR K I L Ty B S A K7 Bk FL B A IR
b, AR R Th R I R R R A, AR
LB BRI G ANZLRE, H R Rk 4 1 H At
2 E P, T — DS F T A
IR .

Xof T8k F B R AT AR, B AN DR I
BERREY -BRIREY (1 — x)PbMgy /3Nby/303-2PbTiO;
(PMN-PT) £k f 8 8 . SRER I (BaTiOs) 5 it B B
ERIR Y (Pb(Zr,Ti)O3) #: B 2. 5 BaTiOg . LA
S Pb(Zr, Ti)Og 5 W & AH L, 4b T v [7] B4 AH 7t b
) PMN-PT 5 B A E AL 7 2 H (2P, = 60—
80 uC/cm?) A HL (da3 > 1500 pC/N) HERE, [
SR N G R k. B 145 H T 2005—2017
FEOR KNS Th e i /PMN-PT B 5 5 5 45 4
KRGS EAE. 7TUURI, HXKR
JoT 435 AH G 10 5 AR SO A R R B R I AR T |
FHrE S, W 1 (a) s, I HIX 59 S0 & 4
51 B 2 B H IR TR s, W 1 (b)
Fion. M HAME X, RER S EXTLRERER
1) 3C B R I 2 B 51 F RO TS T AR L
WFFC R (1 () A 1 (d)), 200 & 7F o) it
JiE /PMN-PT H i 7 o3 25 77 TH T 98 S 3.

1A 41 T BE S /PMN-PT 58 5 5 45 2 |,
FAT e X PMN-PT 5 i ] 22 /v 24, DA 52 %
RE B 47 Hh B AR MK R R 45 ) B PR RE. PMN-
PT Hy 5t B2 8k F 4 B 86 12 #5 (PbMg; 5Nby /303,
PMN) i1 38 2% H 44 2K BR &Y (PbTiO3, PT) ¥ #h
B ERRT Y Bk AR VR . W2 (a) FTow, BE
EPT & BN, PMN-PT M35 7 AH % 48 i 2
AL AH T AR A Y 5 AR DAL AE ME TR AL A S (mor-
photropic phase boundary, MPB) (PT ~ 33 mol%)
Bt i, PMN-PT % B8 75 SRR DY 75 #H 26 A B8
FoA i AN A 2 Rk, A IR ST B ERAT S5,

HHa ~ b~ c~ 402 A, HKZESRKT
A ALY ) R BUE R, WE3FT N, EMPB
Bt T ) PMIN-PT 5 5 HA 0 5 00 8k L, & AN
e PERE. 140, (001) B 4 0.67PMN-0.33PT
AL ) R AR AL SR E P KT 30 pC/em?, B
Ec ~2—3 kV/cm, & % dss 7115 2500 pC/N,
A L H H A 38000 192101 KAk i, PMN-PT #.
i PN B EAE B 7 6 P HES, B % it i 7E PMN-PT
B TR ARG K, TE T HE ) H AR )
T 37 77 A HESI, 512 PMN-PT B & 1) & 4% 76 16
BT I 07 R (2 (b)), 1047 T s 07 [
F A AKX PMIN-PT(001) B & it ik T H 55
T R 1 FEL 7 I, T P AR i FL 3 A A T 28 5
LAY, Gl 2 (b) WAEE BT, 2 e 4 0 AR H
HL37 20 0 B REAR S 0, 2283 RAR K /N5 HL3% 7 W) G
K H AR TE 325 J5 18] B B IR IR A, BV R AR
Ao kM. 5 (001) B ) PMN-PT 8@ AN [E, %t
(O11) BRI Ffy B & Bt N 74 [011] 5 1 B4 HRL 3 e, LT
P AR I HE A% 1) e M ) AR 4K, B AR R [100] T
S, T WS [011] 77 A, 2t hn i /g /T 81
PR Ec B, Bk R AR 71° /109° [BREE
TEH 2 )G, B I N AR RS BRI IR FFA AR,
K2 (c) PR D ME SR 7. £
NOWE, BT CHMERANRAIRE. b, 3
XF (011) B ] F B & it 0 52 K () THD 2 FRLSZ B, AT iR
B R T K 2 W L O T A, TS
O I R 22 5 AR B DY 5 A 7 AR SR AR AS I IR AL
FUSL S i), WA 0 IE S A AT RE AR A
A AT BT A SR I 28 B Y U A, IR EER T4
I PT & &R/, HI7%E S R AR5 5
B AE T BRI SRS AR, ) A AR X
B, ATSZELGT PMN-PT (011) B8 1 AR K ) 8 i
() FEL R I REHEAT AR 5 2R R % ) S PR A%, 5 (011)
1) ) B i AL, X6 (111) BRUIA) ) PMIN-PT 5 i it
TR R 0 0B 1 H 3 e, AR g 2 4, 5 300 8 T
it T o AR ) S AR M E I I B2 g S R R
FFAETR A3 AR, 43 A0 B 2 () H 4 £ R0 S €0 ) il
PR, AN A AR T PMN-PT B RAZ R
A, W TR TR R AR A R AN SR AR TE SR TH A%
L HLTT 755, PMN-PT AT 1E | St Ak 25 e i) 51
SR A 5 55 5 A A R E AR A H Aer 155 5 DA e,
B2 (d) A Ha e [ 28 B s

157506-3


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 38 % 3k  Acta Phys. Sin. Vol. 67, No. 15 (

2018) 157506

0.67PMN-0.33PT(001)

20% 1 1339
| Te
400 -
X
~
5
™
o
4
9 3
= 00
T
0 " i ; : : =] 1) i
0 10 20 30 40 50
x/% (PbTiOs)
1250 D
L ) ! 0.2
1000 @ Y(Bipolar) .
| ¥ X(Unipolar) i
750 - 4 Y(Unipolar) °
i X
£ 500 T ook
= & 0.
~ w
2 250F
3
£ L
n ok
—250 - or
—500 -
1 " 1 " 1 " 1 " 1 " 1 " 1
—0.6 —-04 —-0.2 0 0.2 0.4 0.6 _8

Electric field E/MV-m~!

—A— Symmetric bipolar

—k— Asymmetric bipolar
—e— Ferroelectric
hystersis loop

E/kV.cm~!

40

20

P/pC-cm~—2

—20

—40

B2 (a) (1 —z)PMN-zPT 7E MPB Mz FIHIE 14 (b) X RZALHT 0.67PMN-0.33PT (001) 55 B 77 [ M hn FL 3z e, L Py Sz
AR P37 (K AR A M 2, 376 11 T XOURR 1 P 37 e O T A 2 AR B R 32 (A 28 (<) 0.68PMIN-0.32P'T (011) . ) T A0 SRR 1 87 4%
2 (L) AT P9 2R A8 28 (SR @) (17); (d) 0.67PMN-0.33PT (111) HITH PR RO (GE) FIAERHR (5 ) SR
A b 2 LA PR [ 28 (20 € 28)
Fig. 2. (a) Modified phase diagram of (1 —z)PMN-zPT around the MPB [14]; (b) the electric-field-induced in-plane strain of an
unpoled PMN-PT (001) single crystal versus electric field (red curve); the inset shows the in-plane strain versuss bipolar electric

field; (c¢) out-of-plane (z direction) strain value of the PMN-PT (011) single crystal as a function of electric field (red curve),

in-plane strain value along the z (green curve) and y (blue curve) directions [17]; (d) the symmetric (green curve), asymmetric

(blue curve) in-plane strain as a function of unipolar and bipolar electric fields and the ferroelectric hystersis loop (red curves)
of the PMN-PT (111) single crystal.
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Fig. 3. Lattice constants of PMN-PT and other perovskite oxides.
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Fig. 4. The classification of film/PMN-PT structrues and the schematics of some representative structures.
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displacement (Al) of the PMN-PT substrate as a function
of time when a sinusoidal electric voltage with a peak-to-
peak magnitude of 40 V (~ 0.8 kV/cm) (solid red curves) is

applied to the positively polarized PMN-PT substrate [26]

R SHR TR Lag, 7Sto.sMnOg 4 E 3 5 i PH 2 22
EHAS I 3 4 201

FEER B i /PMN-PT 85 7R 45, B
T RIS A5 T 1 R R AR AT R 4 IR
REZ Ah, g AT R IR AR A S5 AE AR Bk
3y 850 e B R 280 Nt ik R PR i A A R 2
HAWEEER. 20094, @mIERSH SR T
Ah 0 L 3% 3 Lag . Ca,MnO3 /PMN-PT 5 Jii 45
Laj_,Ca, MnOg {5 F 2% 14 B8 (1) R 3 B0, R %
PMN-PT 5 it i oK T FH i i Hdg iy, =35 T
HIBH /N T 3.61%, AATT R BIA% o3 25 v [R] B A7 AE
e ke AR A0SR L 37 280, 3 R P 280 A A 5
Hixfh s 5RO, AR EIRT &8 -4 2k
FHAZ R BE I, BRI 8 s 2 AE R, IR & T4
J& -HEGARARAR IR LR, SRR AR [ 3 S AE .

SR AE 2014 4F, FB A= 25 1 540 B9 Lag 5-
CagsMnO3 (LCMO) FEAMMEAAE (111) HLIA)
Pb(In; oNb; /2)O3-Pb (Mg; 3Nby 3)O3-PbTiO5(PIN-
PMN-PT) B @ 4% b, R B Ao AR AL 75 7]
) R PR A PR AR 1 s LT R DLZZS, TR 2
SMINHE H = 0 TikE H =9 T, BEMREIX A,
VLI L LR A SR AL T IE AR AL P S A4 P 3
TILTFEA A (K6 (a), I HBIHUNAL %R
JREE AR R S, A4 R ILAE 390 K I, X IE
] #5446 1] PIN-PMN-PT Jite i1 1E [2] HEL 3%, B & B 3%
BWE K, LOMO ¥ fHAE E = —2 kV/cm [ff
2R R (B6 (b)), [EIE, A AT & T 390 K i
PIN-PMN-PT 4] & (I THI P9 A2 i HL 37) 1) A8 40 it 2%,
R IR IARA, 5 R e BH AR b A SRR B, S5 A
S B HCI AN A A SC SCHR AR R 25 R, X —H
W55 3 I AT I it % 1. 7% 0 9 R L 174 2 K RS R
3715 5 PIN-PMN-PT &4 122 75 210U 5 194544
FHAZ. LA, ARATTIE i 30 A 580 A0k 7 o i I, 2 11k
WAIRKFM, 24 8IS 1% 377 T PIN-PMN-
PT [z iy, Fa X F 3% 1 1 il 28 o — A ¥
Je B4 L BH AR A s 28 T R G i 28 a0 1E 6 (d) Y
AREN S Y7 e S AP byl KR S bR A |
180° 2k HU G F i, T2 iR A% - L d7 i Js 2 (16 (e)
2l 2R, E /AN 0B, PIN-PMN-PT 7] AALT
O 5% B BARRAS . FIFH AL, % PIN-PMN-PT jifi
TN T i ik f 7 v] DA R 5 2R L w]
Hh I R F B A, Wl 6 () FTR.

157506-6


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

38 % R Acta Phys. Sin. Vol. 67, No. 15 (2018) 157506

6.9

17 | (d)  T=300K B
[ ]

106
o]
% 10% <
<
104
103
or (e) T =300 K
; &
0.06 | o
—o0.3} Il .k
X of —— 300K I il
e _o3l ar [\ A
E ?’Q‘: 0.3 —eo— 350 K X 0.04 F ® o B ‘.
£ -06¢f £ —o6f —e— 360 K = * o 18 L
= = —oof —e— 370 K 2 .’ % 4 ’."A )
-~ ~ S | [ A o
oL —e— 380 K % 0.02 [ ° 2 ®, %
5 —0.9} S L E—64kv/em 200 K K ¢ 9 o o
~ = _1.5L0 1 1 1 *—
300 330 360 390 :
T/K
—_1.2F or
R R+T T
715 1 1 n 1 1 1 1 1 _002 1 n 1 A 1 " 1 i 1
0 1 2 3 4 5 6 -6 -3 0 3 6
E/kV-cm~1! E/kV-.cm~!
6.8
ol (<) PINT(111)  1Of—1kHz () T =300 K
T=390K :ig(rrl-ziz — r— — e 3
—1MHz
—0.0005 | 6.7 | 12
8 417
= —0.0010 S oo g
S . 0 =
¥ < %
5 —0.0015 [ o
W 4=
=)
—0.0020 | 6.5 d_9
— E— — — -3
—0.0025F & = —
L L 1 L L L L L 6.4 PR I N I |
0 1 2 3 4 5 6 7 0 100 200 300 400
E/kV.cm~! Time/s

E6 (a) PIN-PMN-PT (111) &4k F EMRASF GRS E LCMO #EAE H = 0819 T WA EH (¥ B H BRI R4k, fER =
S5 S 9 5 L L 7 7 TE AR A ) PIN-PMIN-PT 4 /5 ) FEL353 025 40 h 288 LA R AR AL B 5 v RS 0 7 7 S T 10 A R e R s i ) 139,
(b) LCMO(111) 7 5 i) A BEL7E AN [RI38% T Bifi it £E IE %L B9 PIN-PMN-PT (111) #J€_E R IE A AL, R E = 6.4 kV/cm I
1 (AR/R)strain-T 125 39: (¢) T = 390 K B} PIN-PMN-PT (111) 4 J& T P AL I I 72 15 B2 A% iK1 (B Ak 77 1 346 1o ) e JE b fk) 1
W] EL % AR AE, F (1) /& PIN-PMN-PT (111) 46 i[9 B S0 1R % 197284k, 461 (11) /& PIN-PMN-PT (111) A J 1T A AR 7R &
391 (d) I (e) 4351 o et JE B P, LRGeS THT P41 %728 B UM P R BT v riL 3 () A8 0 1390 () SR b e JES T ik sk L35, o A b BEL 3
AT RS K AT R 139

Fig. 6. (a) Temperature dependence of resistance for the LCMO (111) film at H = 0 and 9 T when the PINT (111) substrate was
in the Pt and P states, respectively. Insets in (a) : AR/R of the film as a function of negative E applied to the positively poled
PINT substrate (lower panel) and schematic of the polarization switching-induced accumulation or depletion of charge carriers of
the film 39, (b) (AR/R)strain of the LCMO (111) film as a function of positive E applied to the positively poled PIN-PMN-PT(111)
substrate at the temperatures as stated. Inset: (AR/R)strain at £ = 6.4 kV/cm as a function of temperature (391, (c) Electric-field-
induced in-plane strain de,,pinT) @s a function of positive E applied to the positively poled PINT substrate at 7" = 390 K. Inset
(I), temperature dependence of the dielectric permittivity of the PINT substrate; inset (II), schematic of the experimental setups
for measurements of electric-field-induced in-plane strain of the PINT substrate [39]. Electric-field-induced (d) relative resistance
change for the LCMO (111) film and (e) in-plane strain of the PIN-PMN-PT substrate as a function of bipolar and unipolar F

applied across the PIN-PMN-PT at T = 300 K [39]. (f) Non-volatile resistance switching of the LCMO (111) film by a pulse electric
field at T = 300 K [39],

157506-7


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 67, No. 15 (2018) 157506

FE R H 3 R AR AT R B[R] I, 38 AT BL
I Al Ah 3 (A0 g S, Ot HRAE) T 45 I I R
BEL. o [ R} 25 5t 4 B P 75 T R 5 A A 4 (600
Lag.9Bag.1 MnO3(LBMO) # i 41 4E 2E K /£ PMN-
PT 8 @ 4 b, D& 7 r 37 ARG 3 3% [ 1
I T R B B R R ) AR A 2, B T (a) BT,

0.6 K —s—E=01=0 05[0T, 250K M
—&— E= —12kV/cm,H=0T /\
—e— E=+12kv/em H=0T
0.5 —O—E=0H=5T
: —A—E=—12kV/em,H=5T
—0— E=+12kV/em H=5T R e
~10-5 0 5 10
0.4 Ejas/kV-cm~!
3
S 0318
~
U
0.2F L il cxlion,)
0.1F
ol
[ I 1 I 1 i 1 I 1 I 1 i 1 i 1

0 50 100 150 200 250 300 350 400
T/K

230
® Dark (111)

#® 532 nm laser

500 (1)

228F

I

EQQG-

400 - £ = 10 kviem

8 kv/cm
300 6 kVicm 224¢ 4
< 4kviem ) '/
gf 2 kV/iem 0 3 4 6 8 10
200 0 kV/cm
100 -

160 180 200 220 240 260 280 300
T/K

B 7 (a) PMN-PT # &4 T AR WA 1EAR AR 574K A B
LBMO #EAE H = 0 F1 5 T i T i BB 2 i 224k, 47
(T) 79 LBMO 5 H BE A AR R AR A0 B Bz i A8 4k, 4 ) (IT)
AIGIEL X LBMO i i B A K 1 (601, (b) % PMIN-PT i A
[ 95 2 (Y L I, LCMO R PR B FE A2 4k, 5 18 (TIT)
9 LCMO #5453 ) Ab T FRIE AT X = 532 nm JGRMAME T, Ty
Wit FBL 7 19 28 b K R 48]

Fig. 7. (a) Temperature dependent resistivity of LBMO film
under a magnetic field of 0 and 5 T when the PMN-PT (011)
substrate is in P2, Pt and P~ state, respectively. The inset
(I) shows the relative change in the resistance of the LBMO
film as a function of the electric field applied to the PMN-
PT substrate. The inset (II) shows the expanded view of
the resistivity of LBMO film in the region of low tempera-
ture 691, (b) The temperature dependence of PR for the
LCMO film when the different electric field is applied to the
PMN-PT substrate. The inset (III) shows T}, as a function of
E when LCMO is kept in the dark and under the irradiation

of 532 nm laser, respectively (48]
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Fig. 8. (a) Magnetization // [100] versus electric field E// [001] applied to the LSMO/PMN-PT structure [2!]; (b) magne-
tization // [100] versus the in-plane strain of the PMN-PT substrate [2!]; (c) temperature dependence of the resistance for
the LPCMO films under H = 0, 3, 6, and 9 T when the PMN-PT substrates were in the Pr0 and P states, respectively [38];
(d) temperature dependence of the field-cooled magnetization for the LPCMO (111) film when the PIN-PMN-PT substrate
was in the PO and P states, respectively; inset shows the temperature dependence of zero-field-cooled and field-cooled
magnetization for the LPCMO (111) film when the PIN-PMN-PT substrate was in the unpoled P9 state [38].

T
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Fig. 9. (a) Off mode piezo-strain EB};%‘ vs. electric field loop for PMN-PT crystal along the [011] direction at
room temperature [°4; (b)-(i) dynamic process of the MEA rotation [°¥; (j) schematic of the side polarization
configuration °4]; magnetic hysteresis loops along [100] and [011] orientations measured by SQUID, (1) In P and

(m) Pr+ states, the insets show a schematic of the strain status and MEA direction in both P, and Pt states [54],
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Fig. 10. (a), (b) Voltage dependence of spinwave spectra measured at 173 K in the Lag.5Sro.s MnOsz/PMN-PT
multiferroic heterostructures when the H-field angles were 90° and 70°, respectively [58], (¢) contour plot of SWR
spectra on the angle- H-field plane, showing the SWR phase diagram; the critical angle for the disappearance of spin

waves is labeled inside the top panel (58],
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Fig. 11.

(a) The schematic for the remnant magnetization measurement with electric field applied to the PMN-PT sub-

strate [°21; (b) the hysteresis loops of the remnant magnetization of the LSMO film along the [100] (black sphere) and [011]
(red square) directions; the inset is the corresponding tunability of the remnant magnetization t[100] and t[o11) (557, (c) mag-
nification of the STEM-HAADF image showing the in-plane rotation of the LSMO lattices; the bottom gives schematics of

the LSMO structure and body spin-wave excitations between two boundaries with different wavelengths (571, (d) angular

dependence of electric field induced FMR field shifts from both the strain effect and the two-magnon scattering effect at
173 K, while the magnetic field is parallel with the (011) plane of LSMO/PMN-PT (011) [°7],
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Fig. 12. (a) In-plane strain of PMN-PT (011) substrate along [100] directions as a function of asymmetric bipolar electric
field (S-E) with different maximum positive amplitudes [70]; (b) illustrates the directions of ferroelectric polarization states
in remnant strain states a and c, respectively [701; (c) temperature dependences of resistivity (p-T') for LPCMO layer along
in-plane [100] direction under different poled states[70l; (d) temperature dependences of magnetic moment (M-T) for
LPCMO/PMN-PT (011) heterostructure under different poled states [70).
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Fig. 13. (a) The LBMO film resistance as a function of asymmetric bipolar electric fields with different positive amplitudes
measured under a magnetic field of 0 and 1 T [69]; (b) multifield parallel switching of LBMO film resistance between different

states under the coactions of electric field pulses and magnetic field at 300 K (691,
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Fig. 14. (a), (b) Temperature dependent electric resistance of (011)-PCSMO/PMN-PT measured under bias field of
0 and 10 kV/cm for in-plane [100] and [011] directions. The inset presents the resistance under bias field of 0 and
—10 kV/cm for corresponding directions. The black arrows indicate the directions of temperature sweeping while red
and blue ones denote the hysteresis gap AT 62, (c), (d) Diagram of the percolative picture when the metal domains
elongate along [011] due to the significant anisotropic strain-field induced by electric-field bias during cooling and
heating processes, respectively. Green regions represent insulating phases while blue ellipses indicate the elongated
metallic domains. Yellow and red dotted lines with arrow indicate the possible current channel in insulating regions

along two directions, respectively 1621,
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Fig. 15. (a) The film resistance changes induced by symmetric and asymmetric bipolar electric field sweeping at room

temperature. The arrows indicate the directions of electric field sweeping. With the application of an asymmetric bipolar

electric field, two stable film resistance states “A” and “B” can be realized. The inset is the schematics of 71°, 109° and

180° polarization switching induced by applying a negative voltage on a positively poled PMN-PT (011) substrate (741,

(b) The film resistance as a function of temperature under two different poled states, where the polarization points to the

out-of-plane direction (left inset) and stays in the (011) plane (right inset). These two strain states “A” and “B” correspond

to the two remanant resitivity states (7], (c) Shift of the R-T curves of the VOs films as a result of applied electric field to
the substrate and the change of the strain in VO3 films. The inset shows schematic of the VO3 /NiFe2O4/PMN-PT (001)

structure [79]. (d) Temporal profiles of resistance responses to the electric field pulses. Four nonvolatile resistance states are

switched under the electric field pulses [13],
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Fig. 17. (a) In situ 6-20 XRD (004) peaks of the epitaxially grown CFO layer 100 nm thick under various E-field
(82]. (b) correlation of AMg /Mg with the E-field-induced in-plane strain of the CFO layer epitaxially con-
strained by the bottom PMN-PT piezoelectric substrate [82]; (c) STEM image of CFO/PMN-PT [85]; (d) structural

model fit to the atomic arrangement in the interface area 1851,
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Fig. 19. Ferromagnetic resonance absorption spectra shifts for the Fe3O4/PMN-PT structure while the external

mangetic field along tensional (a) and compressive (b) directions of PMN-PT (901, (c) schematic of the magnetoelec-

tric measurement in the Fe3sO4/PMN-PT heterostructure 1921, (d) out-of-plane magnetic anisotropy of the angular
dependence of resonance field for the Fe3O4/PMN-PT heterostructure 192],
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Fig. 20. The types of ferromagnetic metal /PMN-PT heterostructure: (a) Pure metal /PMN-PT structure; (b) fer-
romagnetic alloy/PMN-PT structure; (c) multilayer ferromagnetic metal or alloy/PMN-PT structure.
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Fig. 21. (a) Schematic of the Ni/PMN-PT heterostructure and the MOKE measurement [17]. (b) Normalized Kerr

rotation hysteresis curves (M-H) along the y direction under different electric fields (letters are the representatives

of the labeled strain states in the inset) (171,

The inset shows in-plane strain difference (¢4 — &) as a function of

electric field. The drawings indicate the magnetization state: (C) Permanent easy plane, (A) and (B) temporary

easy axis along, and (D) and (E) permanent easy axis along (171, (¢) In-plane piezoelectric strain value along the

and y directions [17]. (d) Out-of-plane (z direction) electric displacement as a function of electric field
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Fig. 22. (a) XMCD-PEEM images of 1 and 2 pm Ni squares under the action of an electric field applied through the
PMN-PT thickness [110]; (b) schematic of sample in the XMCD-PEEM experiment [119]; (¢) white frames indicate
the magnetic structures with an initial magnetic vortex state, induced after the application and the subsequent
removal of an external magnetic field, moHi, = 250 mT; colored squares indicate the successful electrically driven

transformation from a magnetic vortex to a two-domain state (1107,
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Fig. 23. (a) Schematic diagram of the sample, where ¢ is the direction of the magnetic field with respect to [010] of PMN-
PTUII6L (1), (c) Magnetic hysteresis loops at different polarization states: P~ (b) and P~ (c) represent the remanent
polarization states after poling electric fields of +8 kV/cm and —8 kV /cm, respectively, are turned off[116] (d) XRD 6-26
scan pattern for the Co/PMN-PT heterostructure; (Inset) RHEED patterns of Co thin film and PMN-PT U7 (e) H,

dependence on the electric field at 170°. (Insets) FMR integral spectra under different positive and negative electric fields

at 170° 1171 (f) The saturation magnetization change with electric field |
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Fig. 24. (a) Polar MOKE loops of Terfenol-D film for different applied voltage from 0 to 90 V; inset shows the sample geome-
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Fig. 25. (a) Schematic of the sample and experimental configuration (142}, (b) in-plane magnetic hysteresis loops

under electric fields of 8 kV/cm (circle) and —8 kV/cm (square) [142]; (c) the repeatable high/low magnetization

states (open circle) switched by pulsed electric fields (blue line) 142]; (d) in-plane magnetic hysteresis loops of
FeCoB/PMN-PT (011); insets are schematic (upper left) and FMR spectra (bottom right) [143]; () FMR. frequency

responses under unipolar (red) and bipolar (blue) sweeping of electric fields at room temperature [143]; (f) voltage-

impulse-induced non-volatile switching of FMR frequency (143]

BT LA B H A R 4 8 B 4 B/ PMIN-
PT RR 42, WHTZH AN AMET 228
Wb R Bl A 4 T /PMN-PT i 45, 440, IrMn/
CoFeB/PMN-PT (011) '™ ThCoy /FeCo/ PMN-PT
(011) ') Ru/FeCo/PMN-PT(011) ' Pt/Co/
Ni/Co/Pt/PMN-PT(001) ['™], Co/Cu/PMN-PT
(011) ') FeCo/NiFe/PMN-PT(001) ['*%), (Co/Pt)s/

PMN-PT(011) '8!, Pt/FePt/PMN-PT(011) [
Pt/CoPt/PMN-PT(011) ['**l, FeGaB/NiTi/PMNPT
(011) '%4) Ru/Ta/IrMn/CoFe/Cu/CoFe/Ta/PMN-
PT(011) [187] &,

2017 4, o [EH BF 5 B B o S AR 0 5T R £
TR % R A 178 AE PMIN-PT(001) 5 8 4 6
FAK T Pt(4 nm)/Co(0.4 nm)/Ni(0.2 nm)/Co

157506-24


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

38 % R Acta Phys. Sin. Vol. 67, No. 15 (2018) 157506

(0.4 nm)/Pt(2 nm) £ 2 # B, #& T Pt/Co/Ni/ WAt 5, P A At mT A SR B I e 1 T 48 5 1)
Co/Pt/PMN-PT(001) 5 J5i 45, KILIHE 1 N IR B (28 (b) A1 B 28 (c)), T 5 it n ik o v 3 ) A7
3 16 it 0 P R 3 T LA S 4% A R 1 e 7D S 1) 3R DL S I 6T RS REAK 7 1) R RT3 A 5 Rk R i,
%, T PMN-PT it i H 37 65 L 58 42 1E ) 8167 ) B 28 (d) k.

(a) (b) 94§ —4— 0 kV/cm Warming
—+——6.7 kV/cm 4 240
—4—+6.7 kV/cm
21 1
4 200
c g
< o
< ¢
18 A A
4 160
15 = Cooling -
T T 120
50 100 150
T/C
600 = () (d) a— FeRh (001)
500 3
Z | —=—0kViem
-
o 400 s | —0—8kV/em c1=2.993 A
3 3
£ 300 > 3 =2.995 A
< G
2 =]
200 g ;
—a—0 kV/em e %
100 ——6 kV/em %Q%;;p
—a—8§ kV/em
i 1 i 1 I 1 1 1 1

150 200 250 300 350 400 29.50 29.75 30.00 30.25
T/K 20/(°)

+0.2 +0.2
w0 2]
= =2
=t = =}
= =1
8 g
~ ~
< <
-~ ~
A A
O O
= =
~ "

—0.2 0.2

0 1.0 2.0
26 (a) % FeRh/PMN-PT,/ Au 45 4 il f 370 5 78 5 L Ao 2 181 11620 () % PMIN-PT 3 e i i3z 0 (40
), +6.7 kV/cm (&) Fl —6.7 kV /cm () BF FeRh 5 (¥) H BHBE IR B2 (178 4k ih 28, 20 EHT hRon FHRaE 72, 15 i
SkFEBRIEE R (1621 (¢) 43 BT E RN 0, 6 F1 8 KV /cm HIZIS, FeRho.ogPdo.oq ML M-T Hi%k, 36 K2 THR 2 o
dM /dT B2 1631, (d) 4» BN 0 F1 8 KV /cm HLI%IT, FeRh(001) #7406 ) XRD 74t 1631 (e), (£) W —A
X, MM E AN V = —100 VRV = Vg B, #5487 XMCD-PEEM [&{% [164]

Fig. 26. (a) Schematic of the four-probe device in which the E-field is applied across the FeRh/PMN-PT/Au
sandwich structure 162, (b) p-T' (or R-T)) curve for E-field values of 0 (red), +6.7 KV /cm (green) and —6.7 kV/cm
(blue). Hysteresis is clearly visible, with the arrows indicating the warming (red) and cooling (blue) processes [162],
(¢) The temperature dependence of the magnetization curves (M-T') for the FRP film under applied electric fields of
0, 6, and 8 kV /cm, respectively. The inset shows the temperature dependence of d M /dT on heating [163]; (d) FeRh
(001) peak under applied electric fields of 0 and 8 kV /cm, respectively 1631, (e), (f) XMCD-PEEM image collected
in the very same region at V= —100 V and V = V{5, respectively. The false color scale corresponds to the projection

of the magnetization onto the incident X-ray beam direction (horizontal from the left) (164],
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Fig. 27. (a) The in-plane M-H loops for 8 nm FePt/PMN-PT heterostructure under Eq. = 0 and 10 kV/cm,
respectively. The inset shows the schematic of the sample structure and the measurement configuration (1507
(b) The hysteresis loop of AM /M as a function of bipolar electric field for 8 nm FePt film with a bias magnetic field
of 500 Oe 1501, (c¢) The in-plane M-H loops for 3 nm FePt/PMN-PT heterostructure under Eq. = 0, 4 and 8 kV /cm,
150]

respectively | (d) the variation of the in-plane magnetization (M) of 3 nm FePt film as a function of electric

field. The inset of (d) is the schematic illustration of the spin-polarized charge state of the 3 nm FePt/PMN-PT

interface at two different polarization states of PMN-PT [
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Fig. 28. Electrical controllable deterministic magnetization switching by current pulses without magnetic field:
(a) A schematic diagram of the measurement set-up. The voltage is applied on the PMN-PT substrates along
the z-direction with the distance between two electrodes of 1 mm. The applied voltage V' PMN-PT was removed
during the current switching measurements [175]. (b), (c) The current-induced magnetization switching after the
polarization with +500 V and —500 V on PMN-PT substrate [178). (d) The deterministic magnetization switching
by a series of current pulses applied to the device with 3-nm-thick bottom Pt layer. A small current Iy (0.1 mA)

was applied to measure the Hall resistance to distinguish the magnetization state (178],
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Fig. 29. (a) Schematic of the Ni nanocrystals/PMN-PT
(011) structure [!86], (b) Atomic force micrographs (AFM)
and magnetic force micrographs (MFM) of four nominally
identical elliptical Co nanomagnets delineated on a PMN-
PT substrate showing how their magnetizations evolve with
stress. (I) AFM image shows the topography of the nomi-
nally elliptical nanomagnets. (IT) The nanomagnets are mag-
netized with a high magnetic field (~ 0.2 T) in the direction

of the green arrow (approximately parallel to the major axes

of the ellipses) prior to applying stress. (III) MFM image of
[187]

post-stress magnetization states
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Fig. 30.

(a) Schematic diagram of the CogoFeio(5 nm)/BFO(70 nm)/SRO(5 nm)/PMN-PT/Pt structure 192, (b) M-H

loops of exchange bias and E-field control effect from P9 to Pr+, the situation near zero field is amplified in the inset [192];
(¢) NiO/Ni/SiO2/Ti/Pt/Ti/PMN-PT sample schematic, depicting film thicknesses, PMN-PT crystallographic directions and
applied voltage (E-field) polarity; Hp is the positive magnetic field direction for the initial 15 kOe bias; an E-field generates

tensile strain along Hp (y-direction), and compressive strain along [100] (z-direction), which are indicated by e, and e,

respectively 193] (d) M-H data in the spontaneous exchange bias direction (y-direction) for multiple in-situ E-field value:

(193]
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Fig. 31.

(a) Schematics of four-point-probe resistivity measurement using voltage-induced strain of NNO/

STO/PMN-PT (001) heterostructure [195]; (b) temperature dependence of the in-plane resistivity for the NNO
thin films without out-of-plane electric field (black solid line) and with out-of-plane electric field of 410 kV /cm (red

solid line); the insets shows the magnified plot of temperature dependence of resistivity and the first derivative of

resistivity with respect to temperature (dR/dT") plot as a function of temperature between 120 K and 180 K 1

95]

)

(c) sample structure of the MTJ device and schematic of the measurement setup; voltage pulses were applied to

the MTJ using a pulse generator, and the ac resistance of the sample was monitored using a standard lock-in tech-

nique [198]; (d) the tunneling magnetoresistance under the in-plane magnetic field at different external electric fields

of PMN-PT with 0y = 0° [198],
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Fig. 32. (a), (b) Schematic of the experimental setups for the photovoltaic and strain measurement circuits

when an electric field was applied to the PMN-PT substrate along the thickness direction. The arrows

in the PMN-PT represent the polarization direction [201] (c) Photocurrent as function of applied electric

voltage under dark and light illumination (A = 405 nm) with and without the application of an electric
field of +10 kV/cm to the PMN-PT substrate for the Pt/BFO/LSMO/PMN-PT device where the BFO
was in the unpoled state while the PMN-PT was in the positively poled state 201, (d) and (e) Show the
open-circuit voltage Voc and short-circuit current Igc as a function of time when the light was turned on
and off, respectively, with and without the application of £ = +10 kV /cm to the PMN-PT [201]
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Fig. 33. (a) The setup used for measuring the luminescent and ultrasonic characteristics of ZnS:Mn film grown
on PMN-PT substrate under an AC electric-field [293]; (b)—(d) light emission photographs of ZnS:Mn film fab-
ricated on PMN-PT substrate operating with peak-to-peak voltages of (b) 50 V, (c) 100 V, and (d) 200 V un-

der the same applied frequency of 500 Hz [203];

(e) the setup used for measuring the upconversion photolumines-

cence of (BTO:Yb/Er)/PMN-PT under an external electric field [204); (f) the upconversion emission spectra of the
(BTO:Yb/Er)/PMN-PT heterostructure under DC bias voltage ranging from 0 to 10 kV/cm; inset shows the PL
spectra of (BTO:Yb/Er)/PMN-PT heterostructure under unpolarized and polarized states of the PMN-PT [204];
(g) schematic experimental diagram for the modulation of the PL responses in the BTO:(Yb/Er)/SRO/PMN-PT

structure [205]; (h) the in situ PL responses under different bias fields during the first poling process[

205]
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Fig. 34.

(a) Electrical transport in the GBFeFET at different gate-voltage sweep ranges, Ip versus Vg

[207]

)

(b) schematic illustration of the structure of the GBFeFET [207]; (¢) a schematic view of the ferroelectric gate
FET of MoSz/PMN-PT structure [298]; (d) the time-resolved photocurrent in response to IR on/off at an irradiance

of 6 mW/mm?2 with 1064 nm laser [208],
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Fig. 35. (a) The evolution of the ZnO:Mn film resistance with electric field during the positive and negative poling processes of
the PMN-PT substrates. Before applying electric field the PMN-PT substrates are in the unpoled state. Insets illustrate the
accumulation/depletion of electron carriers due to the ferroelectric field effect 2111, (b) M-H hysteresis loops of the ZnO:Mn film
after subtraction of the diamagnetic contribution from the PMN-PT substrate. Inset (I): M-H hysteresis loops of the ZnO:Mn/PMN-
PT sample. Inset (II): M-H hysteresis loops of the PMN-PT substrate after the removal of the ZnO:Mn film 2111, (¢) non-volatile

resistance switching of the ZnO:Mn film by a sequence of pulse electric field at room temperature [211],
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Fig. 36. (a) Relative change of the resistivity (Ap/p) as a function of positive and negative pulse electric fields (E = +
6.6 kV/cm, the blue curve) applied to the PMN-PT [212]; (b) Ap/p as a function of time upon the application of a

negative pulse electric field of E = —6.6 kV /cm to the PMN-PT [212]; (¢) schematic of in situ resistance measurement
for the TiOg_s5/PMN-PT structure [212], (d) magnetoresistance of the TiOs_s film as a function of the magnetic
field H when the PMN-PT was in the P;¥ and P states [212]; (e) resistance of the TiO5_s film as a function of
bipolar electric fields with different strengths applied to the PMN-PT [213],
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Fig. 37. The dependence of resistively measured superconducting transitions on the applied piezoelectric voltage for
a YBCO film deposited on PMN-PT with a StRuO3 buffer layer: (a) Change of transition temperature with different

applied voltage [214]; (b) dependence of the transition temperature on the applied strai

n [214); (¢) shift of transition

temperature with applied field for LSCO for E = —10 kV/cm (black), E = 0 kV/cm (red) and E = 10 kV/cm
(blue), the inset shows the logarithmic scaled resistivity [21°]; (d) schematic of the film architecture [215],
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Fig. 38. Electric-field modulation of superconductivity of FST thin film: (a) Schematic of the sample structure and

measurement configuration (218,

(b) superconducting transition curves for a 200 nm thick FST film under different

electric fields; the inset shows the magnified view around the superconducting transition (218], (c) variation of T
for FST films with different thicknesses and strain of PMN-PT as a function of electric field [218].
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SPECIAL TOPIC — Multiferroicity: Physics, materials, and devices

Progresses of magnetoelectric composite films based on
PbMg;/3Nb;/,303-PbTiO3 single-crystal substrates
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Technology of China, Hefei 230026, China)
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Abstract

Owing to the rapid development of microelectronic technology, higher requirements are raised for miniaturization,
intellectualization, sensitivity, reliability, low-power consumption and versatile functions of electromagnetic functional
devices, but conventional block magnetic or electrical functional materials cannot meet those requirements mentioned
above any longer. Layered magnetoelectric composites, by contrast, have ferroelectric, ferromagnetic and magnetoelectric
properties, so they are possible to satisfy these demands above and be applied to the next-generation magnetoelectric
functional devices. Layered magnetoelectric composites not only have rich physical phenomena and effects, but also
possess broad application prospects in weak magnetic field detectors, multi-state memories, electric-write/magnetic-read
memories, electrically tunable filters, phase shifters, antennas, etc, which have attracted extensive attention of mate-
rial scientists and physicists. Among layered magnetoelectric composites, the “functional thin film/ferroelectric single
crystal” heterostructures have aroused increasingly interest due to their simple preparation method, flexible structural
design, effective electric field control and low power consumption. Currently, because of the excellent ferroelectric
and piezoelectric properties of the (1 — x)PbMg;,3Nby/303-2PbTiO3 (PMN-PT) single crystal, the functional thin
film/PMN-PT single crystal heterostructure has become one of the hot research topics in the multiferroic composite thin
film material field. On this research topic, Chinese scientists have made their own significant contributions to the re-
search of functional thin film/PMN-PT single crystal heterojunction. So far, researchers have built multiple types of thin
film/PMN-PT heterostructures, such as manganese oxide/PMN-PT, ferrite/PMN-PT, ferromagnetic metal /PMN-PT, di-
lute magnetic semiconductor/PMN-PT, luminescent material/PMN-PT, two-dimensional material/PMN-PT, multi-layer
film/PMN-PT, superconductive material/PMN-PT, etc., and they have made great achievements in both theoretical and
experimental studies. In this review, we summarize the research progress of magnetoelectric composite thin films based
on PMN-PT single crystal substrates in the last decade. We first briefly describe the current status of articles related
to functional film/PMN-PT heterostructures. Then we introduce the phase diagram and electric-field-induced strain
properties of the PMN-PT single crystal around the morphotropic phase boundary. We also classify the heterostructures
according to different categories of functional thin film materials and discuss the representative research findings of each
category in the past few years. Our discussion focuses on the magnetoelectric properties of materials and the intrinsic
physical mechanism. Finally, we also discuss the scientific problems to be solved and predict the possible application

directions in the future.

Keywords: magnetoelectric composite films, multiferroics, lattice strain effect, interfacial charge effect
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A N4 )&, 1428, Bi, Pb, RE (¥t t% rare
earth) 55; B NS B E 1.

Z B R A A 1 BF 7T B - B Somlen-
skii fl Chupis '*] AR 1R 2 H Bl KBTI, &
I7E B A B i i ABOs A F R 35 1 3B 40 BUAR
B AR G B 7, DUATECR B A & A Ak
MIRTHE T, 8 A Wl A i — 2 SRR T, WA
Fh 1 1) Fe B 7 HUAX PbNbO3 A [ AR RE 1 Nb B 1.
B 44 01 T4 Ph(Fel [,NDT) Oy, 3R BRARFE
143 K, Bk R BIE A 385 K 19201 E B K
Hd P 2 7 10 BiFeOs W R BLI WL 7 5 8k Ha 7 3L 47

[+
Lerod 0090
) . o~ | o

&
0_@\5,06) o °

El1 ABOs3 8kl dilmaEl, R asRREk A a1, &
AR B AL, MAGRNRE O BT, BOs \HfEANEE

Fig. 1. The perovskite structure of ABO3. A cation, pur-
ple spheres; B cation, cyan spheres; O anion, pink; BOg

octahedron, yellow.
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TERE T 2 8RB SR T R S ANTRE R
#& BiFeOs K HEF (T ~ 643 K) 58 F (Tc ~
1100 K) ¥ A32 if JE e = 1 20, 92 BRI R
SEHIVESRAE T AT RE 2122 DL BiFeOs M BiMnOs Jy
JRAY ) AR T TR TS ERA 45 0 2 M
BHIBFFE, W1 BisNiMnOg 23], BisFeCrOg 21 25, H;
ZYNMENLIE S BiFeOs ML, B2 H AL Bi & 1
(R B 777 ARk B ik, B/ B A i B R4t
WETE. BRI G O A RLRRIRIE, A A
%\zﬁs[%]‘

WEEOT, G gk, N1
BB AT B AL 48 B o5 4 )\ TH A B Ar
() B Az, Az (1288 8) i A7 B K B 1 & 4,
RIERE S ME A S8l B O E 0 m, AN
TN S ) A R O A A A AR DL B
B—O ) JUT B R VE R B e ik v 1 i) 46 ¢
KRR E, PRI NES 242 B REVE 25 F (40 M2+
S NN R S5 4 TR I AR, TE R A LR B ALY
BB FIED. BT/ NS TERE T A
B, 2SS, T A R 146 LS R 1) 7

(b)

FeTiOz

AR A Y, AT 2 B LR BE N == & A A BE A .
N T UG RIESERT MR 7, 22 A48 A AL/ 1
o 38 1 i MR A2 B ARy St A AR

2 BRAE S BRI W (18— A 3= 22 ) iR
AR A, 48 K 20 RN R R B AT i P
AR T =, PR 7N, AR AR g8 AR A
Bl ALY AR N e I < Jo T P I S A
BRI AR R 1 A WA S A A SRR AR
WiAT il B AN FELPERE, H 2 AT T . IR,
[l 5% AR NEUNE T 1) Ao BB O S5t 8 AU ERE 18
B, AR ES A T HAT BRI R AN, B4 T
H Al OB 2 84 A, BB O M EHME R, IR E
T 5tH Ay BB'O¢ RN ZHRANEM BT TR A7 LI
L FUBHT R 2 BRI R e

2 AyBB'OgHy%E KA

ALY /N T B UES AR AL
Ay BB'Og ' LI M 45 K K R0 181 2 o, B0 46
W AT ESERAT G544

HF FeTiOz Y

K2 Af/NETHIE A2BB O L G WIN A REMIE SR EE () HONFREMENIE (AL) 454, Jh A, B
B’ TJ7HE5; (b) #kIE LiNbO3(LN) 4544, Hrh B #1 B’ TJFHEF; (c) T NisTeOg (NTO) 4544, Ht A, B B’ )7
HEF, ABLAE WA @R ASE 547 (d) HOXTFR FeTiOg (ilmenite (IL) £5#4), H 5 B 1 B’ TFHEF; (e) H)F FeTiOg
(order ilmenite (OIL) £45#4), Hit A, B #1 B/ 7SI, A A AR RSN 5475 (f) 8578 GdFeOs RS ERT 4514, A
(%t4), B (i) f1 B" (4th) HIPHEA, A G — ks bz, 9 AOg Bihs

Fig. 2. The possible crystal structure types of A2 BB’Og oxides: (a) Centrosymmetric alumina corundum structure
(AL), A, B, and B’ are disordered; (b) polar LiNbOg3 (LN) structure, B and B’ are disordered; (c) polar NigTeOg
(NTO) structure, A, B and B’ are ordered with two crystallographically independent A-sites; (d) ilmenite (IL)

structure, B, and B’ are disordered; (e) order ilmenite (OIL), A, B, and B’ are ordered with two crystallographically

independent A-sites; (f) distorted GdFeOgs-type perovskite structure with one crystallographically independent A-

site in AOg coordination. A (purple spheres), B (blue spheres), and B’ (green spheres) are ordered.
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NIl & R AT A S5 89 93 9 Alo Oz B w0 3 RR I &
45 K (alumina (AL), 7% 8 #f R-3c), ™0 X FRER
BB 45 K (ilmenite (IL), R-3), #% P LiNbO3 45 1
(LN, R3c), WA PR 4514 (ordered ilmenite
(OIL), R3) LA KRt NisTeOg 4544 (NTO, R3). H
H LN, OIL, NTO B ¥t P 253 B A 5 3 K B tkdl
(spontaneous polarization, Ps) % %, 124 C.HkiE
MBI Ps K Z 1650 puC/em? L |, /& BaTiO; 1)
A 1200 2 R T AR GdFeO3 45 £k 45 1)
(P21 /n, ARLEF R8N, BAIE T N6 BIAL), H
LR kg, A, BALE THEA 6 FLfz, &
PN THAR B AL, I8 )\ A 7E = 4 25 () Fh 3R 2k
LTI TH R B, TR RS N 1) = 4 b AR 45 4.

MeiR 2 A R, NIEE58 1) A, BB'Og 5
FERAT 45 (1) Ao BB' O 1) BOg 7 1) 3% 422 77 UM
[, #8 SR T A4 3 T 2 45 1) o 6k 465 A FE A
ZHAET AL A AR 2. B3 BLLN AH
SER 9, IR A A ) SR (T [835) 7 IAl), HA
A5 ERA AL\ A R 7 2, ANk o\
TR AR P M AR R 2 B vy, RN s R A2 A F B[R]
J\ TH] A% FE 57 B0 553 1) 85 SR 0 S5 44, e AT N FE 25 44
K RAHE ), S E R E VR R 451
MR

MEERIZERITT A, Mtk LN, OIL, NTO Z5441f)
A BB'Og R WEAE I B Ve B, a0 S it [R)Isf R
BHEE, WA B 2 TR 2 B Rl MG 25

HI A BE 73 Hr, B/ B L AT LA iy il I < Je il 1 1 1
4, A LI H AR AR % 2R T LA R
YR T, ERRHAFHES N, P A TR R A
TRIITHESE R, AT B A TR BBk s Ak, U,
Ay BB'Og B & 15 B A AL 25 K 4 AN 2K,
DA 93 4 Ao BB' O B A0 H AR M 235 1) Bl
TR S5 A0 3 BUR 2 Bk 1

K13 M [835] J7 FIMLEE(K LN AHAL S 10 PRk 2 44
Fig. 3. The crystal structure of LN phase viewing
along [835] direction.

3 WM RN FE R

FI AT 4538 24> A BRI 254 10 57 3 LS R
A, FITR L.

R Wtk A2 BB Og KXUAE REM, 3 TEARMBLA K Py ERISTH E (27)
Table 1. Polar magnet in double perovskite-like A3 BB’Og oxides; the Py values are predicted unless specified (271,

iR SiRRAY % 21 Ps/pC-cm™2 SCHR
Ni2NiTeOg NTO 1073 K, AP 0.332 [28, 29]
Ni2ScSbOg NTO 1073 K, AP 7 [30]
Ni2InSbOg NTO 1073 K, AP 7 [30]
Mn2ScSbOg NTO 1523 K, 55 GPa 283 [31]
MnyMnWOg NTO 1673 K, 8 GPa 629/69 [32]
MnyFeWOgq NTO 1673 K, 8 GPa 595/678 [33]
MnzFeNbOg LN 1573 K, 7 GPa 32 [34]
MnzFeTaOg LN 1573 K, 7 GPa 23 (34]
MnsFeMoOg NTO 1623 K, 8 GPa 68 [35]
MnsFeMoOg OIL 1623 K, 8 GPa 55 [36]
ZnaFeTaOg LN 1623 K, 9 GPa 50 37]
Zn2FeOsOg NTO Predicted 547 [38]
ScoFeMoOg NTO Predicted 71 [39]
LusFeMoOg NTO Predicted 87 [39]

> S L.
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3.1 Ni;BB’Og

I BRI H A M NTO 45 #1125 F 5 XL
FEART S AL W2 NigNiTeOg (NisTeOg), %44 BHE
1000 K PAF B, WA Pl N T ~ 50 K,
B A L2 S ik g 45+ 28] 35 [ Rutgers K 2 1)
Cheong ¥R ZH, (29 7E Nig TeOg B ke S b R IR, T
& ¢ B 77 1) 0 R 3 DR 1 R i (] 286 A SE A I SR
Yy Ho W2 AT 5, H BEIN R B2 1 FEAC T S R,

@) NTOD

4 P//c,H//c
Ll—uH=1T
__8.5T
—9T

3500 [ ' P//e, H//c
3000 T mH=1T
—— 85T
w2500 F 97T
g
O 2000 F
a
1500
1000
500 |-

T/K

RIS, 7£ He A E KL T 90° #ilfe (B4 (c)). HH
b T BH L A4 REAN AL, NigTeOg H Y H BERH L % H
I E IR, FEAE Ty = 50 K DU HA kel
Tt (B 4 (a)). FEah TR AL IR S RE A R 93 A K
U, Ry 0 R A W T3 He——FF A2 TR 7
INENs S He i, AL S22 qe (B5). 1F
W, fE He 4, B EREE, B e It
Hh ) B e A A i B A JC T e R PR A RO Y
JELEAL

()
08t NTO-a

ZFC H//c

M/pp-fou. 1t

w111

woH/T

4 NigTeOg [] (a) #BEHLIL (b) HIBAL () BEHTEIZEAN (d) WA 129]
Fig. 4. (a) Pyroelectric, (b) polarization, (¢) M-H loop and (d) magnetodielectric properties of NizTeOg [29].

SRM, Zhao 2 VO {BF 58 & B, N IE 7] 5 )% )
H1L 37 B 4K Nig TeOg BF it I 0 75 (14 $A0BE v 7 I AN B
FL 37 P S 1 B T, B E AR AR 7 1) 38 R A
(1 6), iX % IR NigTeOg A 2 HTERE. B4
NizTeOg 1 2 kMR ZE A HMNE? Cheong ZIA
G NTO X B 2 MR, FLREEr AR b 2 R
BERAT 1 AR AR A, DRIk, G SR R A 1 AR
AT 1 0E, RGO A RIS, W
TR ) ) AL AN B . 3 R 22 R X )T H
IR K28k, TR PERE .

2011 4F, Tvanov % B0 3)3E T B /B’ i ¥ 1In, Sb,

Sc 1 NioInSbOg Fll NipScSbOg % i i ' F: i tB A
AL NTO G54, oS Bk G AR R 73 791 24 60 Al
76 K. ML R A AT, B G R ALY
NP/ T SPGB VIS [ 57%  S  e r
(second harmonic generation, SHG) 185 115 H
WALSREZ L T uC/em?, {5 HH I &G XA
PoF it Bk F A AR L UK P A SR A BT — 1R
[¥172, NiInSbOg 1 NigScSbOg 4 14 72 B &
SRR AR A BRI S A AR, TR LR AT RE R
A L P75 S B L RAL.
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1 nTob H) Je, P/ e
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pnoH/T

K5 AFEEE T il ST Ak &, RIS
He 4, sttt SuiAst, 129)

Fig. 5. The polarization dependent of the magnetic
field. The polarization change robust near the critical
field H, [291.
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Fig. 6. (a) Dielectric constant vs. temperature at
different frequencies, and (b) pyroelectric properties
by polarizing at positive and negative electric field of
Ni3TeOg crystal [40]

3.2 MHZBBIOG

Mny BB'Og 245 NTO, LN 5 OIL &5 44, B/B’
£ 7] LLsE Fe/(Mo, Ta, Nb, W), Mn/W 5k Sc/Sb.
AN[A T Nig BB'Og, %1 &5 ¥4 1) Mny BB’ Og £ i
H AN Mn, B/ B’ AL #S B R RE YA 5T R

B, W I SRR A 25 A A R} 5 A e il e T N 4
BEMl %, W MngScShOg, H FAHAE H1 O X R R-3
M, B RGREYE 1Y e 5.5 GPa 77 il £ )
A 3RAF R3S HIAE (B 2 (), R H WY,
JEHIR T Te = 42 KPP, #£ MnyScSbOg H, f71E
K112.3% 1 Mn/Sc A TCIT, 1855 T 45 /w5 AL FE
&, Ps #1759 28.3 puC/em? () H 5 H g7 155 8 11 B 1
SEL), R MnoScShOg /& 7B E 1 22 M4 K

M JE T R B MnyFeB'Og(B’ = Ta,
Nb) £ i (7 GPa, 1573 Kl %) [ B % 6 /2 i
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Jahn-Teller R R 535, Mn-Fe 1928 #e/F ) S B0kt
s 1) SRR B, FEAE IR A 200 K B U %5 20 Ji 72 1k
AIFOL% P R L2 5 P& RE S s 2k
S HE F A A MRS, (HAEARIELI, DRIRE & () FEL R T
AU AR IR

NTO 4512 & MnyFeWOg (8 GPa, 1673 K
il #) 75 K N RA SR REHF, 4130 KA
B B0 R (— BAHAE). 5 — MR
THE R, BT AFTE Fe & 111 d Ul 4 J8 M 1A
A5, FE S AR A A e B0 % 191, (B H AT 1k % g
T RS B S8 (R AIE SE. T [F A ) MngMnWOg
(8 GPa, 1673 K il %) i85 —PH R PHE R AT, K
LA Ak BE % B8 8% (21 Mno,MnWOg B9 Ty = 58 K,
Wk S5 46 RIS A e I R, ab T B A IR e 45
R 73, AT ASE A5 [001] 75 [ F 58] #E e 2k 1 £ 184
. BB S & S R AR A A A 2
LR EERZE. MnaMnoWOg FE 5 E Ty 6 E
DA, H Mn2—Mna3 3 [ 5% 42 7] 1 1 350 45 5
i JR 2 A [001] 77 B IR, R A T WA R
fF, Mn2—Mn3 8K 2 8900, T 2k T 5 A gy A Y
THEI B R R AL B 18 63.3 pC/em?. 1E Ty i
FEE B AT H B A FL S i DA RS TR 3 T I R v
RUNAT 5, R WIRE 5 A7 75 R S0 45 AR AL AR A DA
KRR A, 2 R ST = BRI ) B
(piezoelectric force microscopy, PFM) SZ46 45 5]
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SPECIAL TOPIC — Multiferroicity: Physics, materials, and devices

Multiferroic properties of exotic double perovskite
A>,BB’Og"
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Abstract

Multiferroic material in which there co-exist at least two of the ferro-phases, namely ferroelectricity, (anti-) fer-
romagnetism, and ferroelasticity, has attracted considerable attention in recent years due to its intriguing physics and
potential applications for advanced multifunctional devices. However, multiferroic materials are rare due to the contra-
dictory requirements between electrical polarization and magnetism. So far, only several compounds have been reported
to show above-room temperature multiferroics. Thus, it is essential to search for new materials. The two most sig-
nificant strategies to obtain multiferroics are 1) to incorporate magnetic transition-metal ions into polar structures to
obtain polar magnets, and 2) to introduce special magnetic structure to drive ferroelectricity (the so-called type-II mul-
tiferroics). Exotic double perovskite-related oxide A; BB'Og with small A-site cations is one of the most extensively
studied multiferroic families in recent years. The small A-site cations give small perovskite tolerance factor (t), and
mostly high-pressure synthesis is required to stabilize the exotic perovskite structure. The crystal structure of exotic
A2BB’Og oxides can crystallize into either the centrosymmetric alumina corundum (AL), ilmenite (IL), or distorted
GdFeOs-type perovskite structure, or the polar LiNbOs (LN), NizTeOg¢ (NTO), or ordered ilmenite (OIL) structure.
The polar LN, NTO, and OIL structures can accommodate magnetic transition-metal ions at both the A and B/B’
sites in octahedral coordination, giving enhanced magnetic interactions and thus robust magneto-electric effect and high
spontaneous polarization as well (usually above 50 pC/ cm ™2, more than twice that in the renown BaTiO3), examples
include the LN-type MnyFeNbQOg, and MnyFeTaOg, OIL-type MnoFeMoOg, and NTO-type MnzFeMoOg, MnaFeWOg,
and MnaMnWOg. These polar magnets show potential multiferroic responses even above room temperature (e.g., fer-
romagnetic ordering temperature up to 340 K in NTO-type Mn2FeMoOg) and magnetoelectric coupling effect as in
Mn2MnWOQOg. Magnetoelectric coupling can also arise in centrosymmetric 1L structure in the absence of helical spin
structure, such as those that are observed in MnyFeSbOg, which exhibits colinear ferrimagnetic spin arrangement but
magnetostriction induced antiferroelectricity. The corundum derivatives (AL, LN, IL, OIL, and NTO) and perovskite
phases are competitive, depending on the electron configuration and synthesis pressure, and usually higher pressure
favors the formation of perovskite structure. Compared with polar magnets in the corundum family, the exotic double
perovskite adopts distorted GdFeOs-type structure (P2;/n) with eight-coordination of the A-sites. In some double
perovskite materials, the electric polarization can be induced by the special magnetic order, such as the 11| magnetic
structure induced type-II multiferroics exemplified by A2CoMnOg (A = Lu, Y, Yb, Lu). In this review paper, we first
compare the structure features of conventional and exotic double perovskite A2 BB’Qg derived from the simple ABO3
analog, then summarize the recent progress of multiferroics in exotic double perovskite family, such as the polar magnets
with transition-metal (Mn and Ni) cations at the A sites, type-1I multiferroic Mn2FeSbOg, and A2CoMnOg (A = Lu, Y,
Yb, Lu). Finally, the problems and prospection of multiferroics in exotic double perovskite A2 BB'Og are also discussed
to give a reference for the future research.
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