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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.

157512-5


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

¥ 12 ZF R Acta Phys. Sin.

Vol. 67, No. 15 (2018) 157512

NS P K 180° B A, BT T — P MURR Y
TEAE ARG 54 PO 4R 6 BT, X R 45 44 T
AR 1A Sk, B A, i s i s
2 Jh I T PR i 7 T Ak T R ) 1 ol e S . 2
Jiti o B 5 AT B T e e e, R % 90° 194 i R
AN ) i 1 25 (PRFFITS L), M4 3%, &)
il 2 2 1 ) 32 g o), BT 2 VN e R S s )
WA TT IR 4 SRR U % 90°, B 24k 3] 180° [ #%.
X R T e R EE AR B0 O N F 3
R 5 G S VR IR & 5 1) %% 2l i A 22 |l %) 2K
URATE e 5l SEBUAR MR 180° B3l FIFHIX Fh s
5, IR Vv DY B RR Pl A, A4S R LE DY
A5 R I, AT 2 26 DU 25 476k M (500, J
T5 iR — PR A 10 S T e e 1 4 A R TSR
FEAN L, SRS I0 7 A0 TR B SR AR E S
IePE.

3) Z W HL I Bk P IR Bh W S B Bk, B R B
T I N 2 AN 5 ) L P AR 2 R AR SR IR )
R B B 1 g s, RIVIE kB AS [R) 5 1R 9 g, 7R
A AN TR 5 1) B 4% 1) S, B Bh 7 A 180° il B

2013 4F, Cuig 61 78 Ni/PZT )5 45 b Ni i 4 A
B PZT EAK 7 WX 3 B 40K Bk, @A H
FL R 43 9 0 AR 170 5 180 (% 7K P HiL 3, W] £E NG S
PR NIRRT M EOAS R R R 5.

2017 4, Biswas 2 (02 FISZIRIGAIE T X Fh 772
W 7 fror, 18 PMN-PT - T 1) % 9 6 32 ) E A%,
T EEL AR R B) S Co A B AR R . 224085 — X
(AA' B, BB') fita K~V H37, B IE T 77 /& At
R 77 bl 72 A 5 Bk 7 v 2 L) 2
Hh, SRR — N AR, 1E %K E 545 A
AL LE 53— 56t FUA bt AN ) 1 ) ko A 45
Wh 2k SR 3 2 — AN F . MRk h 45 AR A T A ot
F)180° JIA). (HAF 402, HT B hE S
gk T KAl — AN 300 1A, 613 5 HE R I
BER/INT 900, FRAUERE Ak B S #R U [H — A7 A ik
AT, IR AR — P AR B A AR, S Rk e T A S
G 2 K00 7 1 RS 5 SRV 2 7 S R P 4
Z, FESZEG 5 T Se Bl R BT A AT ILAE
FA UL Je B AN 34 20, U 358 43 A AT LA 180° il
B, XRS5 R R S 1 B

6 R “TEA IRGUKREFH B L IKSh 180° Rk 59 (a) ARSI BT, FErpASRIFRIN (1 AOMAIEI AR 3 3507 A2 45 i S A 1 2
BRI (b) RBES ISR B, 89 PMN-PT A RAE K <887 IRPKTEAE; (c) 725k 17 T AR3) 180° 11 = Fll % i
AR IR AL 1B, 38 3 I o B P ik o RT3 BSOS £ 90° BRES, T B K U J5 RT 4R 8254 90° RSt 180°, TN MM R Ak b i T £
e 180° FZIRI BIWIARIRAS, ForhRRBR BT A Al B O R AR £ H ) e 3

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.

Initial After 6 V
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(c) EJ/ [001],
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109° MeAuBEs, Horh PARERAL, L 2R SUgktibih, Mc i

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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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.
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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.
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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.
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