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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.
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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. 4. The classification of film/PMN-PT structrues and the schematics of some representative structures.
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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],
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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

157506-9


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

) 32 % 8  Acta Phys. Sin. Vol. 67, No. 15 (2018) 157506

v E=0 kY/cm [0111
O = = ()

O E=7 kV/em I“‘l]i‘
Teal) 5
E |
600
) L H//[100] Q
‘S 300
2 o 100
9 : MEA)
S —300 .."I
—600 - i L .- 1 i L i
400 [~ HI/|01T) (m)
T o00f Pt
g | R
= oF
‘% 200 I
8§ 00l
E —400

—300 .—1'50 ' 0 : 150 ’ 300
H/Oe

K9 (a) TERIRT, 5% PMN-PT & J71, 5oz DU (b)—(1) SRk (MEA) #3hini i B4 () Mk
bR & 154 R SQUID M i /5 B9 IE% [100) A [01T) 77 1 A RN E1 Z5: (1) #1 BN IEMAGAS, (m) 41N MR Ab A 46
%Vﬁ’l‘*&%ﬁ?%%%?ﬂlﬁF'J%DJ"‘}‘Z/H(%“EI’]TM@[54]

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,

157506-13


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

¥ 12 ZF R Acta Phys. Sin.

Vol. 67, No. 15 (2018) 157506

A 4F, F 2O R 4 700 SR bk b 3o AR
IAAE (011) B i PMN-PT 4 EAEK 7120 nm
] Lag.305Pro.3Ca0.37sMnOs  (LPCMO) # . 11
12 (a) #1 & 12 (b) T 7%, XF (011) HL 7] 1) PMN-
PT jita /N T %5 i 37 (1 5 2 g i, 3% S 1
W ARRES A HE 5 e, AT SEIl T sz 6 i
L L L A0 R AL 5 B2 10 R 5 e PR 4R, W 12 (c)
FE 12 (d) Bt s, 15 4R -4 2 0k 7% A8 IR FS I i
(~90 K), §iin1.5 kV/cm HI7H 1 ¢ 55 KWk
[ a ZSAHEL, BBHERI/N T 18.4%, WiALsREH N T
2.37%.

7] FE & F F PMN-PT(011) . &% fE 7= £ IR 5
oMk AR I L 2016 4F, T SO B4 59
Lay/3Bay ;sMnOg 7 5 41 %E 4 K 7£ PMN-PT(011)
Ao 8 -, 8 O A ff 45 1 it N £ PMIN-PT 44 i€ E
W RN, F 4G ER, ELaz/gBal/g,MnOg
W N B A 2 AN R S R R EL RS, A& 13 (a)
FroR, 2% PMN-PT 4 e i 1.5 A1 1.3 kV/em [
AT FRE I I (Frmidz LAF), BT ELE S H 3 AN HLFE
A, WHNA, BHMDZ, HFHH KA A 18%.
I B 0 8% 31 LBMO 8 i 8 B A 5 K R L BHL, 7F
FI| T MRWIE~13%. T 52, AR H 35
Fih 37y T e [ 18 5 v FEE R BEL PR R 1, S IR T R
TE IR RN, HE— 25 % 4 & it n fik
L7 R R IS e 3 R /), SEE T LBMO i
JEAE Z AN HE 5 Rk L BRAS Z [ [ V) 6, 40 & 13 (b)
JioR.

Btz Ah, AMIT#E PMN-PT _E4EK T PrMnOs

FEHE R U0 Pry_,Ca, MnOs, Pri_,Sr,MnOs, Pri_,-

(CaySri_y),MnOg 55 P401=63.65] - Joepr - o [5] ) 2
Rt A0 BRI 0 BT 14D 5 RS R A N X SR R T AR
L5 10191 2014 4, Al 17E PMN-PT(011) 4 )i
A& T Pro.7(Cag.eSro.4)0.3MnOg 4 4E 7 fii 1071,
B ok 0 S P L IR B R R R R, R
5SS TR P9 [001] AT [011) J7 1) ) 4 i 446 % 1k
AR RE T AR IR 22 AT ¥IAE 2 5. Wit
INXURRE 37 B = 410 KV /cm i, I F R 56
REJC 2 W5 [100] 77 191 B M BB R AR T BRI AR 4k
W 14 (a) i, MNES E = 10 kKV/cm i, ¥
[100] 77 1]t B # i L 5, B ARSI 22 9 —17.5 K
(RWALET 4.5 K). 78+ 72 3 5 L FH A
A AR/R (AR/R = [R(E) — R(0)]/R(0)) #£
T = 95 Kt Kik #) 11460%, 15 B iR 72 b i

AFACEIAR /N, T [011) 7 [v) H B B iR 00 A8 A0 3
A I I BT BRI FL P AR I R, ] 14 (b)
Jirs. IXFRELR A R 1) SRS R W o H
R B R R R A S AR 37 1) 77 18] HE A, T HL 3 4R
8 [011) 77 1) 7= AL B R AR, [001] T ) 77 A S N AR
& )& P % s s [011) HESY, Ao 14 (c) FTow,
I, [001] 777 7] FAY FEL BHL 3G R B2 K 2) TR e A v
JEE o 2 IR B O R A AR ) DR R < i
K, tnlE 14 (d) Brow, 8OR TAEE 3 b & 2w
R bl i 3 B B R ) 4 AR B . 2015 4, AT
7f Lag.7Sro.3MnO3/PMN-PT(011) 5 Jii &5 H W %2
) THT P9 B A 58 B 1) 25 ) S R 1980 O EL G I vh 3
YEH, £ & )8 -4 AR 5 AR TR (~230 K) BAR,
5 [100] 77 1) A1 [011] J77 7] FA) F A, 58 B2 (1) AH XS 32 4
AM /M (0) F K774 57.7% M —26.3%.

3.2 HENMEE/PMN-PT RRLE

% E R KA ERETD fE R K%
Petraru [, o [B B} 2 Hi AR K 2 5 ¢ Jil A 5 S
M 130 S50 R 2 43 39 76 R TR ) £ PMIN-PT 4
EAK T VO, #2014 4, PN FE R S 7
HE T VO, /PMN-PT (011) 5 Jif 45, F| FH PMN-
PT(011) ¥ I E &5 R FIR LA, LB T VO,
J R BH ) AR 5 Ok A%, Wi 15 (a) AT 15 (b) Bt
JR. £ VO, /NiFey Oy /PMN-PT(001) 7 Jif 45
FeH, Petraru 25 7] J& It 0 L 37 7T DA S BN
&8 - GRS IR R, W 15 () Fis. 1B
VO, /PMN-PT(111) 5 i 45 FIF 78 1, & < JAL AN =
AR A 1] R PMN-PT(111) # R 3E 5 %%
ol R BLAZSEIL T DA R S R HPHAS, & 15 (d) F
N, (EERE, B A AR/R KL
10.7%, AN N B X275 (XRD) 17 565 &
F B PMN-PT(111) 41 H A [R] 980 2 B AR IR i
T8 T2k H I P T )

3.3 BEINERE/PMN-PT RRs

B T R AR S A AL A AN BT
N GO 2 IR B 5 A A 1 Bk A R A
K 7E PMN-PT 5. & 4 Ji& b, BF 50 7 48 35 X
VB EL . RETE RE RO R, RS T 2 R A 7007
H T CoFe04(CFO) i K H A5 11 w1 i J& 5L
(Te = 790 °C) FIEK (1 HE B 48 REL (Moo =

157506-14


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

¥ 12 ZF R Acta Phys. Sin.

Vol. 67, No. 15 (2018) 157506

—350 x 1076) 5085 1R Z R B4 H A K AE PMN-
PT H AR . 2000 4E, 35 He K 20K R 0z i
R 151 SR PR Bk b 38O UARVE 7E PMIN-PT 5 e
JE EAEK T 200 nm JE 1) CFO AR X4 Ji it o vy
JERETT I E = +0.83 KV /em (/MK eI 5 | 5
T A R A 8 3 A 26 T TR S 1) R B AR Ak AR A A

(a)

8 -
[ vo,/PMN-PT(011) 08
6 T=298 K
X
2
~ 4
=
<
2
0 —8— Asymmetric bipolar
—©— Symmetric bipolar
1 L 1 L 1 L 1 L 1 L
—5.0 —2.5 0 2.5 5.0
Electric field/kV-cm~!
T T T
—— 0 kV/cm
—— 5 kV/cm
Strain difference: 0.8 X103
[
100
9 F
5 Cooling
% ‘Warming
2 Au pads
~
—I—_ PMN-PT
10 -_ 1 Au 1 1
40 60 80

T/C

AM = M(E) — M(0) = 1.67 emu/cm?; %44 i
IR T He iz K R P (B = 6.67 kV /cm) I,
PMN-PT [{TH A1 AR H LT (A AT g, AR
A3t A YR, 51 A YA PR T PA R T A1 B P B R S B
T (AR A AT D, 20 B B 16 (a) AT 16 (b) F
7, TN IEE AR S RN 3.2 x 1078 sm ™t

<
o
?\/) 7l r2

\ Poled (+)
=

[100)

Resistance/MQ

360
T/K
T T T T T
b @) 3 )

760 (4) -
[
B 2
g 720 kL A et e -l
= 1
‘0 S ——
Q
g L )l

680 — 0—
7 o2f .
g ’
> o -
x k
g -1r ]

72 u -

E 1 1 1 1 1
0 500 1000 1500 2000
Time/s

E 15 (a) ZRET, 7EXRRFIAEXT RO B IHIE R, VO, I o BE AR X A8 b BE F 37 AR 4k, &Sk o5 Mo g3 7 1, @it
FEINAEGT AR I, T LLSEE R N FRE 1 RS <A R <BY, 3 BUEST IERR AL PMN-PT (011) o8 i A0 61 f 351 51 2 Ak 4k 77 7]
71°, 109° F1 180° FHEE R 74, (b) 7846 B IR KA A RS T, W d G IR B A1k, AR “A” SRR ER, A1
KR B SR EE T (o) ERBIEAT, VO W BHERZ 1A (L, & VO, /NiFe; O4 /PMN-PT (001) R4 T E
(751, () FEWKAFEIAME R, VOo MU 5 5 B BHASFE Ikt e2.3% T R [12)

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-

try of the measurement [120]; (b)
(121].
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structure and the measurement configuration

PT in the absence of an applied electric field
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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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% [100] (x 77 1) FIFEAERAE, 2 Bl ey Rl e Fom 193] (d) EARRMRIBIEM T, £ HEZHMmME 7R (y 771H) L M-H iz 193]

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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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.
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